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Three necessary conditions for Darwinian evolution are:

1. Multiplication,

2. Variation, and

3. Selection.

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

One important property of the Darwinian scenario is that variations in the 
form of mutations or recombination events occur uncorrelated with their 
effects on the selection process. 

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



 
 

 
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
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Genotype = Genome

GGCTATCGTACGTTTACCCAAAAAGTCTACGTTGGACCCAGGCATTGGAC.......GMutation

Unfolding of the genotype:

Production and assembly of 
all parts of a bacterial cell, 

and cell division

Fitness in reproduction:

Number of bacterial cells
in the next generation

Phenotype

Selection

Evolution of phenotypes: Bacterial cells





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
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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.
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Genotype = Genome

GGCUAUCGUACGUUUACCCAAAAAGUCUACGUUGGACCCAGGCAUUGGAC.......GMutation

Fitness in reproduction:

Number of genotypes in 
the next generation

Unfolding of the genotype:

RNA structure formation

Phenotype

Selection

Evolution of phenotypes: RNA structures and replication rate constants



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



Reproduction of the original figure of the
serial transfer experiment with Q  RNAβ

D.R.Mills, R,L,Peterson, S.Spiegelman, 

. Proc.Natl.Acad.Sci.USA 
 (1967), 217-224

An extracellular Darwinian experiment 
with a self-duplicating nucleic acid 
molecule
58



Decrease in mean fitness
due to quasispecies formation

The increase in RNA production rate during a serial transfer experiment
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The three-dimensional structure of a 
short double helical stack of B-DNA

James D. Watson, 1928- , and Francis Crick, 1916-2004,
Nobel Prize 1962

G C and   A = U



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

G C and A=U



Complementary replication as the simplest molecular mechanism of reproduction



‚Replication fork‘ in DNA replication

The mechanism of DNA replication is ‚semi-conservative‘
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Reproduction of organisms or replication of molecules as the basis of selection



Selection between three species with f1 = 1, f2 = 2, and f3 = 3



s = ( f2-f1) / f1;  f2 > f1 ; x1(0) = 1 - 1/N ; x2(0) = 1/N 
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Selection of advantageous mutants in populations of N = 10 000 individuals



Point mutation is the most common 
error in RNA replication. Its mechanism 
is based on mispairing of nucleotides,
here

U G instead of U=A.

The result is a replacement A G in 
the minus strand and U C in the plus 
strand.
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Chemical kinetics of replication and mutation as parallel reactions



Mutation-selection equation: [Ii] = xi 0,  fi > 0, Qij 0

Solutions are obtained after integrating factor transformation by means 
of an eigenvalue problem
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Error rate  p = 1-q
0.00 0.05 0.10

Quasispecies Uniform distribution

Stationary mutant distribution – called „quasispecies“  – as a function of the error rate p



Formation of a quasispecies
in sequence space
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Formation of a quasispecies
in sequence space



Formation of a quasispecies
in sequence space



Uniform distribution in 
sequence space



Chain length and error threshold
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Definition of RNA structure



5'-End

5'-End

5'-End

3'-End

3'-End

3'-End
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GCGGAUUUAGCUCAGDDGGGAGAGCMCCAGACUGAAYAUCUGGAGMUCCUGUGTPCGAUCCACAGAAUUCGCACCASequence

Secondary structure

Symbolic notation

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



RNA sequence

RNA structure
of minimal free 

energy

RNA folding:

Structural biology,
spectroscopy of 
biomolecules, 
understanding 

molecular function
Empirical parameters

Biophysical chemistry: 
thermodynamics and 

kinetics

Sequence, structure, and design
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RNA sequence

RNA structure
of minimal free 

energy

RNA folding:

Structural biology,
spectroscopy of 
biomolecules, 
understanding

molecular function

Inverse Folding
Algorithm

Iterative determination
of a sequence for the

given secondary
structure

Sequence, structure, and design

Inverse folding of RNA:

Biotechnology,
design of biomolecules

with predefined 
structures and functions



Inverse folding algorithm

I0 I1 I2 I3 I4 ... Ik Ik+1 ... It

S0 S1 S2 S3 S4 ... Sk Sk+1 ... St

Ik+1 = Mk(Ik)   and  dS(Sk,Sk+1) = dS(Sk+1,St) - dS(Sk,St) < 0 

M ... base or base pair mutation operator

dS (Si,Sj) ... distance between the two structures Si and Sj

‚Unsuccessful trial‘ ... termination after n steps



Target structure Sk

Initial trial sequences 

Target sequence 

Stop sequence of an
unsuccessful trial 

Intermediate compatible sequences

Intermediate compatible s
equences

Approach to the target structure Sk in the inverse folding algorithm



Minimum free energy
criterion

Inverse folding of RNA secondary structures

1st
2nd
3rd  trial
4th
5th

The inverse folding algorithm searches for sequences that form a given RNA 
secondary structure under the minimum free energy criterion. 



Mapping from sequence space into structure space





The pre-image of the structure Sk in sequence space is the neutral network Gk
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Degree of neutrality of neutral networks and the connectivity threshold



A multi-component neutral network formed by a rare structure:  < cr



A connected neutral network formed by a common structure:  > cr
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Genotype = Genome

GGCUAUCGUACGUUUACCCAAAAAGUCUACGUUGGACCCAGGCAUUGGAC.......GMutation

Fitness in reproduction:

Number of genotypes in 
the next generation

Unfolding of the genotype:

RNA structure formation

Phenotype

Selection

Evolution of phenotypes: RNA structures



Replication rate constant:

fk = / [ + dS
(k)]

dS
(k) = dH(Sk,S )

Selection constraint:

Population size, N = # RNA 
molecules, is controlled by 

the flow

Mutation rate:

p = 0.001 / site replication 

NNtN ±≈)(

The flowreactor as a 
device for studies of 
evolution in vitro and 
in silico
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Replication rate constant:

fk = / [ + dS
(k)]

dS
(k) = dH(Sk,S )

Evaluation of RNA secondary structures yields replication rate constants



Phenylalanyl-tRNA as 
target structure

Randomly chosen 
initial structure



Formation of a quasispecies
in sequence space



Migration of a quasispecies
through sequence space
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including molecular phenotypes



AUGC alphabet GC alphabet

connected neutral network   disconnected

Evolutionary optimization of RNA structure





00                                 09                     31                                     44

Three important steps in the formation of the tRNA clover leaf from a randomly chosen 
initial structure corresponding to three main transitions.



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



Spreading and evolution of a population on a neutral network:  t = 150



Spreading and evolution of a population on a neutral network :  t = 170



Spreading and evolution of a population on a neutral network :  t = 200



Spreading and evolution of a population on a neutral network :  t = 350



Spreading and evolution of a population on a neutral network :  t = 500



Spreading and evolution of a population on a neutral network :  t = 650



Spreading and evolution of a population on a neutral network :  t = 820



Spreading and evolution of a population on a neutral network :  t = 825



Spreading and evolution of a population on a neutral network :  t = 830



Spreading and evolution of a population on a neutral network :  t = 835



Spreading and evolution of a population on a neutral network :  t = 840



Spreading and evolution of a population on a neutral network :  t = 845



Spreading and evolution of a population on a neutral network :  t = 850



Spreading and evolution of a population on a neutral network :  t = 855



Mount Fuji

Example of a smooth landscape on Earth



Dolomites

Bryce Canyon

Examples of rugged landscapes on Earth



Genotype Space
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Evolutionary optimization in absence of neutral paths in sequence space



Genotype Space
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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
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Chemical kinetics of molecular 
evolution

M. Eigen, P. Schuster, `The Hypercycle´, 
Springer-Verlag, Berlin 1979



Four phases of major transitions
leading to radical innovations in
evolution

M.Eigen, P.Schuster: 1978
J.Maynard Smith, E. Szathmáry: 1995



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



All higher forms of life share the almost 
same sets genes. 

Differences come about through different 
expression of genes and multiple usage of 
gene products.   

Are there molecules with multiple functions ?

How do they look like?

RNA switches as an example
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GkNeutral Network

Structure S  k

Gk  Ck

Compatible Set  Ck

The compatible set Ck of a structure Sk consists of all sequences which form 
Sk as its minimum free energy structure (the neutral network Gk) or one of its
suboptimal structures.



Structure S  0

Structure S  1

The intersection of two compatible sets is always non empty:  C0 C1



Reference for the definition of the intersection 
and the proof of the intersection theorem



A ribozyme switch

E.A.Schultes, D.B.Bartel, Science 
289 (2000), 448-452



Two ribozymes of chain lengths n = 88 nucleotides: An artificial ligase (A) and a natural cleavage 
ribozyme of hepatitis- -virus (B)



The sequence at the intersection: 

An RNA molecules which is 88 
nucleotides long and can form both 
structures



Two neutral walks through sequence space with conservation of structure and catalytic activity
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