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

David Lack. Darwin’s Finches. Cambridge University Press, Cambridge (UK) 1947 
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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.  



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 



Darwin’s mechanism explains optimization and adaptation. 

natural selection in vivo and in evolution experiments 

Darwin’s mechanism cannot explain increases in complexity. 

complexity of bacteria < protists < plants, animals, fungi 

increasing genetic information    increasing DNA lengths 

increasing complexity    increasing genetic information  



termites 

humans 



replicating molecules  populations in compartments 
independent replicators  chromosomes 

RNA  DNA 
prokaryotes  eukaryotes 

asexual clones  sexual clones 
protists  animals, plants, fungi 

solitary individuals  colonies 
primate societies  human societies 

Eörs Szathmáry, John Maynard Smith. The major evolutionary transitions.  
Nature 374:227-232, 1995 

John Maynard Smith, Eörs Szathmáry. The major transitions in evolution.  
Oxford University Press, New York 1995  



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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Pierre-François  
Verhulst,  

1804-1849 

(A) +  X      2 X 
2 X      

Was known 30 years 
before the  

‘Origin of Species’ 
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Generalization of the logistic equation to n variables yields selection  
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Darwin 

generalization of the logistic equation to n variables yields selection  
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f1 = 1 , f2 = 2 , f3 = 3 , f4 = 7 

before the development of molecular biology mutation was 
treated as a “deus ex machina”  



 
1. Darwin‘s natural selection 

 
2. Mutation and selection 

 
3. A model for transitions 

 
4. Cooperation tames competition 

 
5. Effects of stochasticity 

 
6. Scarcity is not the mother of invention! 



p ...... mutation rate per site  
and replication  

DNA replication and mutation 



mutation matrix 
fitness landscape 

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.1977-78. Naturwissenschaften 64:541, 65:7 und 65:341 



fitness landscape 

Mutation and (correct) replication  as parallel chemical reactions 
 

M. Eigen. 1971. Naturwissenschaften 58:465,  
M. Eigen & P. Schuster.1977-78. Naturwissenschaften 64:541, 65:7 und 65:341 
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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 



replicating molecules  populations in compartments 
independent replicators  chromosomes 

RNA  DNA 
prokaryotes  eukaryotes 

asexual clones  sexual clones 
protists  animals, plants, fungi 

solitary individuals  colonies 
primate societies  human societies 

Eörs Szathmáry, John Maynard Smith. The major evolutionary transitions.  
Nature 374:227-232, 1995 

John Maynard Smith, Eörs Szathmáry. The major transitions in evolution.  
Oxford University Press, New York 1995  



Replicase ribozymes are not accurate enough for faithful 
replication of RNA molecules of its own lengths.  

Cooperation of two or more RNA molecules is required 

Consequences of the error threshold phenomenon 



Cooperative RNA replicators 

Nilesh Vaidya, Michael L. Manapar, Irene A. Chen, Ramon Xulvi_Brunet, Eric J. Hayden and 
Niles Lehman. Spontaneous network formation among cooperative RNA replicators. 

Nature 491:73-77, 2012 
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The continuously fed stirred tank reactor (CFSTR) 



Toy model for the analysis of competition and cooperation 



n2 catalytic terms 



n2 catalytic terms 

n catalytic terms 



Toy model for the analysis of competition and cooperation 



stationary solutions: 

In case of compatibility and linear equations we obtain  2n  solution. 



increasing  a0-values 









increasing  a0-values 
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A(t), X1(t), X2(t), X3(t)  

phase of competition and selection 

Competition and cooperation with  n = 3 



Competition and cooperation with  n = 3 

phase of cooperation 

A(t), X1(t), X2(t), X3(t)  



n = 2 
k1 = k2 = 2, r = 0.01, a0 = 1 
a(0) = 0, x1(0) = 0.05, x2(0) = 0.01 

n = 3 
k1 = k2 = k3 = 2, r = 0.01, a0 = 1 
a(0) = 0, x1(0) = 0.05,  
x2(0) = x3(0) = 0.01 



n = 5 
k1 = k2 = k3 = k4 = k5 = 3,  
r = 0.01, a0 = 1 
a(0) = 0, x1(0) = 0.011,  
x2(0) = x3(0) = x4(0) = x5(0) = 0.01 

n = 4 
k1 = k2 = k3 = k4 = 2, r = 0.01, a0 = 1 
a(0) = 0, x1(0) = 0.05,  
x2(0) = x3(0) = x4(0) = 0.01 
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phases of stochastic cooperation with n = 2 



Choice of other parameters:  a0 = 200; r = 0.5 [Vt-1] 

k1 = k2 = 0.002 [M-1t-1] 

k1 = k2 = 0.01 [M-1t-1] 

stochastic cooperation with n = 2 



  stochastic hypercycles with n = 3 



stochastic hypercycles with n = 4 

stochastic hypercycles with n = 5 



competition and cooperation with  n = 2 



Random decision in the stochastic process 



Choice of parameters: f1 = 0.011 [M-1t-1];  f2 = 0.009 [M-1t-1];  

 k1 = 0.0050 [M-2t-1];  k2 = 0.0045 [M-2t-1];  

a0 = 200; r = 0.5 [Vt-1]; a(0) = 0 

Competition and cooperation with  n = 2 



Choice of parameters: f1 = 0.011 [M-1t-1];  f2 = 0.009 [M-1t-1];  

 k1 = 0.0050 [M-2t-1];  k2 = 0.0045 [M-2t-1];  

a0 = 200; r = 0.5 [Vt-1]; a(0) = 0 

Competition and cooperation with  n = 2 



Choice of parameters: f1 = 0.011 [M-1t-1];  f2 = 0.009 [M-1t-1];  

 k1 = 0.0050 [M-2t-1];  k2 = 0.0045 [M-2t-1];  

a0 = 200; r = 0.5 [Vt-1]; a(0) = 0 

Competition and cooperation with  n = 2 



expectation values and 1-bands 

a(0) = 0, x1(0) = x2(0) = 1 

a(0) = 0, x1(0) = x2(0) = 10 

choice of parameters: a0 = 200, r = 0.5 [Vt -1] 
f1 = 0.09 [M-1t -1], f2 = 0.11 [M-1t -1], 

k 1 = 0.0050 [M-2t -1], k2 = 0.0045 [M-2t -1] 



n = 3, state of exclusion S2
(1) 

a0 = 220  

a0 = 2200  



n = 3, state of cooperation S3 
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replicating molecules  populations in compartments 
independent replicators  chromosomes 

RNA  DNA 
prokaryotes  eukaryotes 

asexual clones  sexual clones 
protists  animals, plants, fungi 

solitary individuals  colonies 
primate societies  human societies 

Eörs Szathmáry, John Maynard Smith. The major evolutionary transitions.  
Nature 374:227-232, 1995 

John Maynard Smith, Eörs Szathmáry. The major transitions in evolution.  
Oxford University Press, New York 1995  



prokaryotic cell 

Zaldua I., Equisoain J.J., Zabalza A., Gonzalez E.M., Marzo A., Public University of Navarre - 
Own work, https://commons.wikimedia.org/w/index.php?curid=46386894 

 eukaryotic cell 



an animal cell 



 a plant cell 



Peter Schuster. Complexity  2 (1): 22-30, 1996 



Complexity 21(4): 7-13,  2016 



Symbiosis Austerity versus abundance 

Complexity  21 (4): 13 (2016) 



Thank you for your attention! 
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