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Sewall Wrights fitness landscape as metaphor for Darwinian evolution 

Sewall Wright. 1932. The roles of mutation, 
inbreeding, crossbreeding and selection in evolution. 
In: D.F.Jones, ed. Int. Proceedings of the Sixth 
International Congress on Genetics. Vol.1, 356-366. 
Ithaca, NY. 



The multiplicity of gene replacements with two alleles on each locus 

+ ……..  wild type 
a ..........  alternative allele  
               on locus A 
                    : 
                    : 
                    : 
abcde … alternative alleles 
                on all five loci  

Sewall Wright. 1988. Surfaces of selective value revisited. American Naturalist 131:115-123 

Sewall Wright, 1889 - 1988 



Evolution is hill climbing of populations or subpopulations 

Sewall Wright. 1988. Surfaces of selective value revisited. American Naturalist 131:115-123 



The genome is a collection of genes on a one-dimensional array 



Fitness as a function of individual genes and epistatic gene interactions 

+++= ∑ ∑ ∑∑ ∑∑ = = == ==

n

i

n

j

n

k ijk
n

i

n

j ij
n

i if
1 1 11 11

)( γβαX



Fitness as a function of individual genes and epistatic gene interactions 

+++= ∑ ∑ ∑∑ ∑∑ = = == ==

n

i

n

j

n

k ijk
n

i

n

j ij
n

i if
1 1 11 11

)( γβαX



Fitness as a function of individual genes and epistatic gene interactions 

+++= ∑ ∑ ∑∑ ∑∑ = = == ==

n

i

n

j

n

k ijk
n

i

n

j ij
n

i if
1 1 11 11

)( γβαX



+++= ∑ ∑ ∑∑ ∑∑ = = == ==

n

i

n

j

n

k ijk
n

i

n

j ij
n

i if
1 1 11 11

)( γβαX

Fitness as a function of individual genes and epistatic gene interactions 



organism mutation rate 
per genome 

reproduction event 

RNA virus 1 replication 
retroviruses 0.1 replication 
bacteria 0.003 replication 
eukaryotes 0.003 cell division 
eukaryotes 0.01 – 0.1 sexual reproduction 

John W. Drake, Brian Charlesworth, Deborah Charlesworth and James F. Crow.  1998. 
Rates of spontaneous mutation. Genetics 148:1667-1686. 

Hermann J. Muller 
1890 - 1967 

Thomas H. Morgan 
1866 - 1945 



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           



RNA replication by Q-replicase 
 

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

Charles Weissmann 
1931- 



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



The logics of DNA (or RNA) replication 

Accuracy of replication:   Q = q1  q2  q3  q4  …  



Evolution in the test tube: 

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

Sol Spiegelman, 
1914 - 1983 



The serial transfer technique 
for in vitro evolution 





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 



quasispecies 

The error threshold in replication and mutation 



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 



Results of the kinetic theory of evolution 
 
1. Not a single “wild type” is selected but a     

fittest genotype together with its 
mutant cloud forming a quasispecies. 
 

2. Mutation rates are limited by an error 
threshold above which genetic 
information is unstable. 
 

3. For a given replication machinery the 
error threshold sets a limit to the 
length of genomes.  



Application of quasispecies theory to the fight against viruses 

Esteban Domingo 
1943 - 
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A model fitness landscape that was accessible to computation in the nineteen eighties 

single peak landscape 



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

Error rate  p = 1-q
0.00 0.05 0.10

Quasispecies Uniform distribution



Error threshold on the 
single peak landscape 



hyperbolic 

Model fitness landscapes II 

linear and 
multiplicative 

Thomas Wiehe. 1997. Model dependency of error 
thresholds: The role of fitness functions and  
contrasts between the finite and infinite sites 
models. Genet. Res. Camb. 69:127-136 



The linear fitness landscape shows no error threshold 



Error threshold on the 
hyperbolic landscape 



The error threshold can be separated into three 
phenomena: 

 
1. Steep decrease in the concentration of the 

master sequence to very small values. 
 

2. Sharp change in the stationary concentration of 
the quasispecies distribuiton. 
 

3. Transition to the uniform distribution at small 
mutation rates. 
 
 

All three phenomena coincide for the quasispecies 
on the single peak fitness lanscape. 
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              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. 



Rugged fitness landscapes over individual binary sequences with n = 10 

„realistic“ landscape 

( )

seeds
number random
;,,2,1

5.0)(2)( )(
0







s

mjNj
ffdfSf s

jnnj

η

η

≠=

−−+=



Random distribution of fitness values: d = 1.0 and s = 637 



Fitness landscapes became experimentally accessible! 
 
Protein landscapes: Yuuki Hayashi, Takuyo Aita, Hitoshi Toyota, Yuzuru Husimi, 
Itaru Urabe, Tetsuya Yomo. 2006. Experimental rugged fitness landscape in protein 
sequence 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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Error threshold: Individual sequences 
 

n = 10,  = 2, s = 491 and d = 0, 0.5, 0.9375  

Quasispecies with increasing random scatter d 



Error threshold on ‚realistic‘ landscapes 
 

n = 10,  f0 = 1.1, fn = 1.0, d = 0.5 

s = 541 s = 637 

s = 919 Three different choices of random scatter: 
 

s = 541 ,  s = 637 ,  s = 919 



s = 541 

s = 919 

s = 637 

Error threshold on ‚realistic‘ landscapes 
 

n = 10,  f0 = 1.1, fn = 1.0, d = 0.995 

Three different choices of random scatter: 
 

s = 541 ,  s = 637 ,  s = 919 



s = 919 

s = 541 s = 637 

Error threshold on ‚realistic‘ landscapes 
 

n = 10,  f0 = 1.1, fn = 1.0, d = 1.0 

Three different choices of random scatter: 
 

s = 541 ,  s = 637 ,  s = 919 



                     Two problems: 
 
1. How to predict evolutionary dynamics of    

quasispecies from fitness landscapes?  
 

2. What is the evolutionary consequence 
of the occurrence of mutationally stable 
or unstable quasispecies?  



Determination of the dominant mutation flow:  d = 1 , s = 613 



Determination of the dominant mutation flow:  d = 1 , s = 919 
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Motoo Kimura’s 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. 

Motoo Kimura, 1924 - 1994 



Motoo Kimura 

Is the Kimura scenario correct for frequent mutations? 



Pairs of neutral sequences in replication networks 
 
P. Schuster, J. Swetina. 1988. Bull. Math. Biol. 50:635-650 
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A fitness landscape including neutrality 



Neutral network: Individual sequences 
 

n = 10,  = 1.1, d = 1.0 



Neutral network: Individual sequences 
 

n = 10,  = 1.1, d = 1.0 



Consensus sequences of a 
quasispecies of two strongly 
coupled sequences of  
Hamming distance  
dH(Xi,,Xj) = 1 and 2.  



Neutral networks with increasing  :   = 0.10, s = 229 

Adjacency matrix 
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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 

sequence                            structure 

complex  

mutation selection 



Exploration of realistic fitness landscapes 
 
 
1. High dimensionality, which is hard to visualize. 

 
2. Ruggedness: nearby lying mutations may lead to very 

large effects or no effects at all. 
 

3. Neutrality: there is always a non-negligible fraction of 
mutations that cannot be distinguished by selection. 
 

4. High efficiency sequencing and high-throughput 
screening methods will allow for fast harvesting of 
large amounts of data. 
 

5. New theoretical approaches will be used to reduce 
the amount of data required for a understanding of 
evolutionary dynamics.   



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. 



What remains to be done 
 
1. How close are natural populations to a stationary 

solution ?  
 

2. Upscaling to longer sequences 
 

3. Extension to the AUGC alphabet 
 

4. Stochasticity described by chemical master equations 
or birth-and death processes 
 

5. Discrete versions of the model for synchronized 
generations 
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Thomas Wiehe, Institut für Genetik, Universität Köln, GE 
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Thank you for your attention! 
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