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Populations adapt to their environments 
through multiplication, variation, and 
selection – Darwins natural selection.

All forms of (terrestrial) life descend
from one common ancestor – phylogeny
and the tree of life.



Three necessary conditions for Darwinian evolution are:

1. Multiplication,

2. Variation, and

3. Selection.

Biologists distinguish the genotype – the genetic information – and 
the phenotype – the organisms and all its properties. The genotype is 
unfolded in development and yields the phenotype.

Variation operates on the genotype – through mutation and 
recombination – whereas the phenotype is the target of selection. 

One important property of the Darwinian mechanism is that variations
in the form of mutation or recombination events occur uncorrelated to
their effects on the selection of the phenotype. 
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Motoo Kimuras population genetics of 
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The molecular clock of evolution

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



1. Charles Darwins pathbreaking thoughts

2. Evolution without cellular life

3. Chemical kinetics of molecular evolution

4. Neutrality in replication

5. Modeling optimization of molecules

6. Complexity of biology



James D. Watson, 1928-, and Francis H.C. Crick, 1916-2004

Nobel prize 1962

1953 – 2003  fifty years double helix

The geometry of the double helix is compatible 
only with the base pairs:

AT, TA, CG, and GC

The three-dimensional structure of a 
short double helical stack of B-DNA



‚Replication fork‘ in DNA replication

The mechanism of DNA replication is ‚semi-conservative‘



Complementary replication is 
the simplest copying mechanism
of RNA.
Complementarity is determined 
by Watson-Crick base pairs:

G C and A=U



Kinetics of RNA replication
C.K. Biebricher, M. Eigen, W.C. Gardiner, Jr.
Biochemistry 22:2544-2559, 1983









Evolution of RNA molecules based on Qβ phage
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RNA  sample

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

Time
0 1 2 3 4 5 6 69 70

Application of serial transfer to RNA evolution in the test tube



Stock solution: 

activated monomers, ATP, CTP, GTP, 
UTP (TTP);
a replicase, an enzyme that performs 
complemantary replication;
buffer solution

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



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



Die SELEX-Technik zur evolutionären Erzeugung von stark bindenden Molekülen



tobramycin

RNA aptamer, n = 27

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)



Application of molecular evolution to problems in biotechnology



Artificial evolution in biotechnology and pharmacology
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Results from evolution experiments:

• Replication of RNA molecules in vitro gives rise to exponential 
growth under suitable conditions.

•Evolutionary optimization does not require cells and occurs as
well in cell-free molecular systems.

•In vitro evolution allows for production of molecules for 
predefined purposes and gave rise to a branch of biotechnology.
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1977
1988

1971

Chemical kinetics of molecular evolution
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Complementary replication as the simplest molecular mechanism of reproduction



Chemical kinetics of replication and mutation as parallel reactions







Error rate  p = 1-q
0.00 0.05 0.10

Quasispecies Uniform distribution

Stationary population or quasispecies as a function of the mutation or error rate p



Fitness landscapes showing error thresholds



Error threshold: Individual sequences

n = 10, = 2 and d = 0, 1.0, 1.85,
s = 491 



Quasispecies

Driving virus populations through threshold

The error threshold in replication





Molecular evolution of viruses



Results from kinetic theory of molecular evolution:

•Replicating ensembles of molecules form stationary populations 
called quasispecies, which represent the genetic reservoir of 
asexually reproducing species.

• For stable inheritance of genetic information mutation rates
must not exceed a precisely defined and computable error-
threshold.

•The error-threshold can be exploited for the development of 
novel antiviral strategies.
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A fitness landscape including neutrality



Motoo Kimura

Is the Kimura scenario correct for frequent mutations?
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Motoo Kimura

Pairs of genotypes in neutral replication networks



Neutral network: Individual sequences

n = 10, = 1.1, d = 1.0



Consensus sequence of a quasispecies of two strongly coupled sequences of 
Hamming distance dH(Xi,,Xj) = 1. 



Neutral network: Individual sequences

n = 10, = 1.1, d = 1.0



Consensus sequence of a quasispecies of two strongly coupled sequences of 
Hamming distance dH(Xi,,Xj) = 2. 



N = 7

Neutral networks with increasing :  = 0.10, s = 229



N = 7

Neutral networks with increasing :  = 0.10, s = 229



N = 24

Neutral networks with increasing :  = 0.15, s = 229



N = 70

Neutral networks with increasing :  = 0.20, s = 229
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Definition of RNA structure



N = 4n

NS < 3n

Criterion:   Minimum free energy (mfe)

Rules:     _ ( _ ) _   {AU,CG,GC,GU,UA,UG}

A symbolic notation of RNA secondary structure that is equivalent to the conventional graphs



many genotypes          one phenotype



Evolution in silico

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



Phenylalanyl-tRNA as 
target structure

Structure of 
randomly chosen 
initial sequence



Replication rate constant

(Fitness):

fk = / [ + dS
(k)]

dS
(k) = dH(Sk,S )

Selection pressure:

The population size, 

N = # RNA moleucles, 

is determined by the flux:

Mutation rate:

p = 0.001 / Nucleotide Replication 

NNtN ±≈)(

The flow reactor as a device for
studying the evolution of molecules

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 



Evolutionary trajectory

Spreading of the population 
on neutral networks

Drift of the population center 
in sequence space







A sketch of optimization on neutral networks



Neutrality in molecular structures and its role in 
evolution:

• Neutrality is an essential feature in biopolymer structures at the 
resolution that is relevant for function.

• Neutrality manifests itself in the search for minimum free energy
structures.

• Diversity in function despite neutrality in structures results from
differences in suboptimal conformations and folding kinetics.

• Neutrality is indispensible for optimization and adaptation. 
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1 2 3 4 5 6 7 8 9 10 11 12

Regulatory protein or RNA

Enzyme

Metabolite

Regulatory gene

Structural gene

A model genome with 12 genes

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).



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

Man: Genome length 3×109 nucleotides

Number of cell types 200

Number of genes 30 000

Complexity in biology



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



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. 
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