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Prologue 



Phenotypes   

Charles Darwin, 1809 - 1882 
Voyage on HMS Beagle, 1831 - 1836  



Three necessary conditions for Darwinian evolution are: 
 
 

1. Multiplication, 
 

2. Variation, and 
 

3. 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.  

Variation through mutation and recombination operates on the genotype 
whereas the phenotype is the target of selection.  
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Make things as simple as possible, 
 

but not simpler. 
 

Albert Einstein,  1950 (?) 
 

Occam‘s razor: Sir William Hamilton, 1852 

Biological evolution of higher organisms is an exceedingly 
complex process not because the mechanism of selection is 
complex but because cellular metabolism and control of 
organismic functions is highly sophisticated. 

The Darwinian mechanism of selection does neither require 
organisms nor cells for its operation.  
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There will never be a Newton  

of the blade of grass. 
 

Immanuel Kant, 1790 

Is it really impossible to cast the questions concerning 
evolution into a concise mathematical formulation?  

Darwin‘s selection and Mendelian genetics have been first 
united in the mathematical model of population genetics. 

Present day molecular life sciences urgently need a suitable 
theoretical basis – I call it theoretical biology new. 
 

Sydney Brenner, 1999 
 

Theoretical biology in the third millenium. Phil.Trans.Roy.Soc.London B 354:1963-1965 



Leonardo da Pisa 
„Fibonacci“  

~1180 – ~1240  

Thomas Robert Malthus, 
1766 – 1834 
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1, 2 , 4 , 8 ,16 , 32 , 64, 128 , ...  

geometric progression 

The history of exponential growth 

Leonhard Euler, 1717 – 1783 

exponential function 
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The chemistry and the mathematics of reproduction 

autocatalysis 

competition 



Pierre-François Verhulst, 
1804-1849 

The logistic equation, 1828 

the consequence of 
finite resources 

fitness values: 
 

f1 = 2.80, f2 = 2.35, f3 = 2.25, 
and f4 = 1.75  



All mathematics required for modeling Darwin‘s 
principle of selection was readily available to his 
contemporary mathematicians. 
 
It took about 70 years before selection has been 
cast into a mathematical model by the three great  
population geneticists Ronald A. Fisher, J.B.S. 
Haldane and Sewall Wright.  
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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 

A Structure for Deoxyribose Nucleic Acid  
Nature  171:737-738 (1953) 



Digitalization of chemistry: 
The unique assigment of 
nucleotides in base pairs. 

Although interactions involving 
G are much stronger than all 
other interactions between 
nucleotides, A=T and GC are 
base pairs on an equal footing. 



An example from synthetic biology: Introduction of a third hydrogen bond 
into the U = A base pair.   



Hydrogen bonding patterns for Watson-Crick base pairs    

S.A. Benner et al., Reading the palimpsest: Contemporary biochemical data and the RNA world. In: R.F.Gesteland and J.F.Atkins, eds. 
The RNA World, pp.27-70. CSHL Press, 1993 

C
G

``A´´
U

2,6-diamino purine

2-keto, 6-amino purine

2,6-diketo purine

5-keto, 7-amino, 
1,6,8-triaza indolicine

5- , 7- , 
1,6,8-triaza indolicine

amino keto

2-amino,6-keto purine
2-keto, 4-amino pyrimidine

2- , 4-  pyrimidineamino keto

2,4-di  pyrimidineketo

2,6-diamin  pyrimidineo

2- , 6-keto pyrazineamino

2- , 6-  pyrazineketo amino

Color code: 

donor—acceptor     

acceptor—donor  



The logics of DNA (or RNA) replication 

Accuracy of replication:   Q = q1  q2  q3  q4  …  

The replication of DNA by Thermophilus aquaticus polymerase (PCR) 



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

Criterion:   Minimum free energy (mfe) 

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

N = 4n 

NS < 3n 
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Three necessary conditions for Darwinian evolution are: 
 
 

1. Multiplication, 
 

1. Variation, and 
 

1. Selection. 

All three conditions are fulfilled not only by cellular organisms 
but also by nucleic acid molecules – DNA or RNA – in  suitable 
cell-free experimental assays: 
 

Darwinian evolution in the test tube 

Charles Darwin, 1809-1882 



Evolution in the test tube: 

G.F. Joyce, Angew.Chem.Int.Ed. 
46 (2007), 6420-6436 



Application of serial transfer technique to evolution of RNA in the test tube  

RNA  sample

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

Time
0 1 2 3 4 5 6 69 70



The increase in RNA production rate during a serial transfer experiment 

Decrease in mean fitness
due to quasispecies formation



RNA replication by Q-replicase 
 

C. Weissmann, The making of a phage. 
FEBS Letters 40 (1974), S10-S18 



Kinetics of RNA replication 
 

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

Christof K. Biebricher,  
1941-2009 



Manfred Eigen 
1927 -  
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Mutation and (correct) replication  as parallel chemical reactions 
 

M. Eigen. 1971. Naturwissenschaften 58:465,  
M. Eigen & P. Schuster.1977. Naturwissenschaften 64:541, 65:7 und 65:341 



The error threshold in replication 

quasispecies 



Application of molecular evolution to problems in biotechnology 
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Plant damage by viroids 

R.W. Hammond, R.A. Owens. Molecular Plant Pathology Laboratory, US Department of Agriculture 

J. Demez. European and mediterranean plant protection organization archive. France 



Nucleotide sequence and secondary structure  
of the potato spindle tuber viroid RNA 
 
H.J.Gross, H. Domdey, C. Lossow, P Jank, 
M. Raba, H. Alberty, and H.L. Sänger. 
Nature 273:203-208 (1978) 



Nucleotide sequence and secondary structure  
of the potato spindle tuber viroid RNA 
 
H.J.Gross, H. Domdey, C. Lossow, P Jank, 
M. Raba, H. Alberty, and H.L. Sänger. 
Nature 273:203-208 (1978) 

Vienna RNA Package 1.8.2            Biochemically supported structure           



Charles Weissmann. 1974. The Making of a  
Phage. FEBS Letters 40:S10 – S18. 





Application of quasispecies theory to the fight against viruses 

Esteban Domingo 
1943 - 



Molecular evolution of viruses 



Fitness landscapes are becoming accessible experimentally! 
 
Protein landscapes: Yuuki Hayashi, Takuyo Aita, Hitoshi Toyota, Yuzuru Husimi, 
Itaru Urabe, Tetsuya Yomo. 2006. Experimental rugged fitness landscape in protein 
seqeunce space. PLoS One 1:e96. 
 
RNA landscapes: Sven Klussman, Ed. 2005. The aptamer handbook. Wiley-VCh, 
Weinheim (Bergstraße), DE. 
Jason N. Pitt, Adrian Ferré-D’Amaré. 2010.  Rapid construction of empirical RNA 
fitness landscapes. Science 330:376-379. 
 
RNA viruses: Esteban Domingo, Colin R. Parrish, John J. Holland, Eds. 2007. 
Origin and evolution of viruses. Second edition. Elesvier, San  Diego, CA. 
 
Retroviruses:  Roger D. Kouyos, Gabriel E. Leventhal, Trevor Hinkley, Mojgan 
Haddad, Jeannette M. Whitcomb, Christos J. Petropoulos, Sebastian Bonhoeffer. 
2012. Exploring the complexity of the HIV-I fitness landscape. PLoS  Genetics 
8:e1002551 
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Evolution as a global phenomenon in genotype space 



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

in vitro and in silico. 

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 ±≈)(



 In silico optimization in the flow reactor: Evolutionary Trajectory 



Optimization in populations 
living on rugged fitness 

landscapes 



Sydney Brenner, 1927 - 

What else is epigenetics than a 
funny form of enzymology ? 

 Each protein, after all, comes 
from some piece of DNA.  

Advantages of the molecular approach 
 
1. Complex reproduction mechanisms are readily included. 

 
2. Gene regulation – DNA  or RNA based – is chemical 

kinetics! 
 

3. Accounting for epigenetic effects requires just the 
simultaneous consideration of several generations. 



Thank you for your attention! 



Web-Page for further information: 
 

http://www.tbi.univie.ac.at/~pks 
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