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Populations adapt to their environments 
through multiplication, variation, and 
selection – Darwin‘s „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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Charles Darwin, The Origin of Species, 6th edition. 
Everyman‘s Library, Vol.811, Dent London, pp.121-122.



Modern phylogenetic tree: Lynn Margulis, Karlene V. Schwartz. Five Kingdoms. An 
Illustrated Guide to the Phyla of Life on Earth. W.H. Freeman, San Francisco, 1982.



The molecular clock of evolution

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

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

Application of serial transfer to RNA evolution in the test tube



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



„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



A point mutation is caused by
an incorrect incorporation of 
a nucleobase into the growing
chain during replication:

plus strand U C

minus strand A G

Replication and mutation are
parallel chemical reactions.



Stock solution: 

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

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

F.Öhlenschlager, M.Eigen, 30 years later –
A new approach to Sol Spiegelman‘s and 
Leslie Orgel‘s in vitro evolutionary 
studies. Orig.Life Evol.Biosph. 27 (1997), 
437-457



Evolutionary design of RNA molecules

A.D. Ellington, 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 

L. 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 preparation of „aptamers“ through applied evolution



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)



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



Application of molecular evolution to problems in biotechnology



Artificial evolution in biotechnology and pharmacology

G.F. Joyce. 2004. Directed evolution of nucleic acid enzymes. 
Annu.Rev.Biochem. 73:791-836.

C. Jäckel, P. Kast, and D. Hilvert. 2008. Protein design by 
directed evolution. Annu.Rev.Biophys. 37:153-173. 

S.J. Wrenn and P.B. Harbury. 2007. Chemical evolution as a 
tool for molecular discovery. Annu.Rev.Biochem. 76:331-349.



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



Chemical kinetics of replication and mutation as parallel reactions



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



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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What is neutrality ?

Selective neutrality = 
= several genotypes having the same fitness.

Structural neutrality =
= several genotypes forming molecules with 
the same structure.
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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



A fitness landscape including neutrality



Motoo Kimuras 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.



The average time of replacement of a dominant genotype in a population 
is the reciprocal mutation rate, 1/ , and therefore independent of 
population size.

Is the Kimura scenario correct for virus populations?

Fixation of mutants in neutral evolution (Motoo Kimura, 1955)
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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
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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





Charles Darwin. The Origin of Species. Sixth edition. John Murray. London: 1872 



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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