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Prologue 



There will never be a Newton of the 
blade of grass, because human science 

will never be able to explain how a 
living being can originate from 

inanimate matter. 
 

Immanuel Kant, 1790 

Three interpretations of Kant‘s „Newton of the blade of grass“: 

Darwin‘s selection and Mendelian genetics being at serious odds in the biology 
of the early twentieth century have been first united in the mathematical model 

of population genetics. 

(i) Life science will never be explainable by methods based 
on physics and chemistry. 
(ii) Origin of life questions are outside science. 

(iii) Application of mathematics to biology leads nowhere. 

I maintain only that in every special doctrine of nature only so much 
science can be found as there is mathematics in it. 



Three historical examples of using mathematics 
in biology 

1.  The case that did not happen – Charles Darwin 
 

2.  Blind insight or correct guess – Gregor Mendel 
 

3.  Nature has chosen a less elegant way – Alan Turing 



Phenotypes   

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



Leonardo da Pisa 
„Fibonacci“  

~1180 – ~1240  

Leonhard Euler,  
1717 – 1783 

Fibonacci series                            geometric progression                        exponential function 

Thomas Robert Malthus, 
1766 – 1834 
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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 
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fitness values: 
 

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



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 occurs through mutation and recombination.  

Selection is a trivial consequence of the finiteness of resources. 

Multiplication is common to all forms of evolving life. 



Recombination in 
Mendelian genetics 

Gregor Mendel 
1822 - 1884 



Mendelian genetics 
 

The 1:3 rule 



The results of the individual experiments Gregor Mendel did with the garden 
pea pisum sativum. 





Alan M. Turing, 1912-1954 

A.M. Turing. 1952. The chemical basis of morphogenesis.  
Phil.Trans.Roy.Soc.London B 237:37-72. 

Change in local concentration  = 
 

=  diffusion + chemical reaction 



Pattern formation through chemical self-organisation: 

Liesegang rings through crystallisation from supersaturated 
solutions, 

space-time-pattern in the Belousov-Zhabotinskii reaction, 

and stationary Turing pattern,  

Liesegang rings 1895 Belousov-Zhabotinskii reaction 1959 

Turing pattern:  
Boissonade, De Kepper 1990 



Development of the fruit fly drosophila melanogaster: Genetics, experiment, and imago 



Philip K. Maini, 1959 - 

More recently, detailed experimental work on 
Drosophila has shown that the pattern forming 
process is not, in fact, via reaction diffusion, but 
due to a cascade of gene switching, where 
certain gene proteins are expressed and, in turn, 
influence subsequent gene expression patterns. 
Therefore, although reaction diffusion theory 
provides a very elegant mechanism for 
segmentation nature has chosen a much less 
elegant way of doing it! 

Philip K. Maini, Kevin J. Painter, and Helene Nguyen Phong Chau. 1997. 
Spatial Pattern Formation in Chemical and Biological Systems 

J.Chem.Soc., Faraday Transactions 93:3601-3610. 



Unfortunately, theoretical biology has a bad name because of its past. 
Physicists were concerned with questions such as whether biological 
systems are compatible with the second law of thermodynamics and 
whether the could be explained by quantum mechanics. Some even 
expected biology to reveal the presence of new laws of physics. There 
have also been attempts to seek general mathematical theories of 
development and of the brain: The application of catastrophe theory is 
but one example. Even though alternatives have been suggested, such as 
computational biology, biological systems theory and integrative 
biology, I have decided to forget and forgive the past and call it 

theoretical biology. 

 
Sydney Brenner, 1999 

 
Theoretical biology in the third millenium.  

Phil.Trans.Roy.Soc.London B 354:1963-1965 



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.  

Make things as simple as possible, 
 

but not simpler. 
 

Albert Einstein,  1950 (?) 

Pluralitas non est ponenda 
 sine neccesitate.  
Ockham‘s razor. 

  

William of Ockham, c.1288 – c.1348 

Sir William Hamilton, 1852 



Replicating molecules 



Three necessary conditions for Darwinian evolution are: 
 
 

1. Multiplication, 
 

2. Variation, and 
 

3. 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 



Accuracy of replication:   Q = q1  q2  q3  q4  …  

The replication of DNA by Thermophilus aquaticus polymerase (PCR) 

The logics of DNA (or RNA) replication 



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



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 



RNA replication by Q-replicase 
 

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



C.K. Biebricher, M.Eigen, W.C. Gardiner. 1983. 
Kinetics of ribonucleic acid replication. 

Biochemistry 22:2544-2559. 



Kinetics of RNA replication 
 

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

Christof K. Biebricher,  
1941-2009 



Paul E. Phillipson, Peter Schuster. 2009. 
Modeling by nonlinear differential equations. 
Dissipative and conservative processes. 
World Scientific Publishing, Hackensack, NJ. 



Paul E. Phillipson, Peter Schuster. 2009. 
Modeling by nonlinear differential equations. 
Dissipative and conservative processes. 
World Scientific Publishing, Hackensack, NJ. 

replicase  e(t) 
 

plus strand  x+(t) 
minus strand  x-(t) 

 
total RNA concentration 

xtot(t) = x+(t) + x-(t) 
 

complemetary replication 



Application of molecular evolution to problems in biotechnology 



Viroids 



Viroids: circular RNAs  246 - 401 nt  long 
              infect inclusively plants 

Theodor O. Diener. 2003. Discovering viroids –  
          A personal perspective.  
          Nat.Rev.Microbiology 1:75-80. 
 
José-Antonio Daròs, Santiago F. Elena, Ricardo Flores. 
          2006. Viroids: An Ariadne‘s thread thorugh the 
          RNA labyrinth. EMBO Reports 7:593-598. 
 
Ricardo Flores et al.  2009. Viroid replication: Rolling 
          circles, enzymes and ribozymes.  
          Viruses 2009:317-334. 



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           



The principle of viroid replication: Rolling circle 



The two major classes of viroids . 
 

José-Antonio Daròs, Santiago F. Elena, Ricardo Flores. 
2006. Viroids: An Adriadne‘s thread into the RNA 
labyrinth. EMBO Reports 7:593-598. 



Replication in the two major classes of viroids . 
 

José-Antonio Daròs, Santiago F. Elena, Ricardo Flores. 2006. 
Viroids: An Adriadne‘s thread into the RNA labyrinth. EMBO Reports 7:593-598. 



Viruses 



Qβ phage infection of Escherichia coli cells. 

M. Eigen, C.K. Biebricher, M. Gebinoga, W.C. 
Gardiner. 1991. The hypercycle. Coupling of RNA 
and protein biosynthesis in the infection of an RNA 
bacteriophage. Biochemistry 30:11005-11018. 



M. Eigen, C.K. Biebricher, M. Gebinoga, W.C. 
Gardiner. 1991. The hypercycle. Coupling of RNA 
and protein biosynthesis in the infection of an RNA 
bacteriophage. Biochemistry 30:11005-11018. 

Experimental rate profiles. 



Computer simulation of the infection process 



Charles Weissmann. 1974.  
The making of a phage. 
FEBS Letters 40:S10-S18. 





Frequent and rare mutants in 
virus quasispecies 



Selma Gago, Santiago F. Elena, Ricardo Flores, Rafael Sanjuán. 2009, Extremely high mutation rate 
of a hammerhead viroid. Science 323:1308. 

Mutation rate and genome size 



L. Garcia-Villada, J.W. Drake. 2012. The three faces of riboviral spontaneous mutation: Spectrum, 
mode of genome replication, and mutation rate. PLoS Genetics 8:e1002832. 



The error threshold in replication 

quasispecies 

driving virus populations through threshold 
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Application of quasispecies theory to the fight against viruses 

Esteban Domingo 
1943 - 



Molecular evolution of viruses 



Bacteria 



Bacterial evolution in cell-lines 

Complex replication dynamics, metabolism, and 
regulation efficiency are cast into fitness values 



Bacterial evolution under controlled conditions: A twenty years experiment. 
 

Richard Lenski, University of Michigan, East Lansing 

Richard Lenski,  1956 - 



Bacterial evolution under controlled conditions: A twenty years experiment. 
 

Richard Lenski, University of Michigan, East Lansing 



The twelve populations of Richard Lenski‘s long time evolution experiment  



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 

Ara+ 

Ara- 



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 

1 year 



Ara+1 Ara-1 

Phylogeny in E. coli evolution 



The twelve populations of Richard Lenski‘s long time evolution experiment 
Enhanced turbidity in population A-3  



Innovation by mutation in long time evolution of Escherichia coli in constant environment 

Z.D. Blount, C.Z. Borland, R.E. Lenski. 2008. Proc.Natl.Acad.Sci.USA 105:7899-7906 



Contingency of E. coli evolution experiments 



Universality of Darwin’s mechanism 



Complexity in molecular evolution 

W     =        G                       F 

0   ,  0   largest eigenvalue and eigenvector 

diagonalization of matrix  W 
 

„ complicated but not complex “ 

fitness landscape mutation matrix 

„ complex “ ( complex ) 

sequence                            structure 

„ complex “ 

mutation selection 



Evolution as a global phenomenon in genotype space 



Fitness landscapes are becoming experimentally accessible! 
 
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 



              Realistic fitness landscapes 
 

 
1.Ruggedness: nearby lying genotypes may 
develop into very different phenotypes 

 
2.Neutrality: many different genotypes give rise to 
phenotypes with identical selection behavior  

 
3.Combinatorial explosion: the number of possible 
genomes is prohibitive for systematic searches 

Facit: Any successful and applicable theory of molecular evolution 
must be able to predict evolutionary dynamics from a small or at 
least in practice measurable number of fitness values. 



Quo vadis bioinformatics? 



E. Yus, T. Maier, K. Michalodimitrakis, V. van Noort, T. Yamada, W.-H. Chen, J. A. Wodke, M. Güell, 
S. Martínez, R. Bourgeois, S. Kühner, E. Raineri, I. Letunic, O. V. Kalinina, M. Rode, R. Herrmann, 
R. Gutiérez-Gallego, R. B. Russell, A.-C. Gavin, P. Bork, and L. Serrano. 2009. 
Impact of genome reduction on bacterial metabolism and its regulation. Science 326:1263–1268. 

S. Kühner, V. van Noort, M. J. Betts, A. Leo-Macias, C. Batisse, M. Rode, T. Yamada, T. Maier, S. 
Bader, P. Beltran-Alvarez, D. Castaño-Diez, W.-H. Chen, D. Devos, M. Güell, T. Norambuena, I. 
Racke, V. Rybin, A. Schmidt, E. Yus, R. Aebersold, R. Herrmann, B. Böttcher, A. S. Frangakis, R. B. 
Russell, L. Serrano, P. Bork, and A.-C. Gavin. 2009. 
Proteome organization in a genome-reduced bacterium. Science 326:1235–1240. 

M. Güell, V. van Noort, E. Yus, W.-H. Chen, J. Leigh-Bell, K. Michalodimitrakis, T. Yamada, M. 
Arumugam, T. Doerks, S. Kühner, M. Rode, M. Suyama, S. Schmidt, A.-C. Gavin, P. Bork, and 
L. Serrano. 2009. 
Transcriptome complexity in a genome-reduced bacterium. Science 326:1268–1271. 

Mycoplasma pneumoniae:    genome length    820 000 bp 
    # genes:   733 
    # proteins (ORF):  689 
    # tRNAs     37 
    # rRNAs       3 
    # other RNAs      4 









ENCyclopedia Of DNA Elements 



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. 



Coworkers 

Peter Stadler, Bärbel M. Stadler, Universität Leipzig, DE 
 

Günter Wagner, Yale University, CT 
 

Walter Fontana, Harvard Medical School, MA 
 

Martin Nowak, Harvard University, MA 
 

Christian Reidys, University of Southern Denmark, Odense, DM 
 

Sebastian Bonhoeffer, Eidgenössische Technische Hochschule, Zürich, CH 
 

Christian Forst, Texas Medical Center, Dallas, TX 
 

Thomas Wiehe, Universität Köln, DE  
 

Ivo L.Hofacker, Christoph Flamm, Universität Wien, AT 
 

Universität Wien 



Happy birthday bioinfomatics in Leipzig ! 



Thank you for your attention! 



Web-Page for further information: 
 

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