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Application of molecular evolution to problems in biotechnology
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Complementary replication is 
the simplest copying mechanism
of RNA.
Complementarity is determined 
by Watson-Crick base pairs:

G C and A=U



Chemical kinetics of molecular evolution

M. Eigen, P. Schuster, `The Hypercycle´, Springer-Verlag, Berlin 1979



Complementary replication as the simplest molecular mechanism of reproduction



Equation for complementary replication:     [Ii] = xi 0 ,  fi > 0 ; i=1,2

Solutions are obtained by integrating factor transformation
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Reproduction of organisms or replication of molecules as the basis of selection
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Selection equation:     [Ii] = xi 0 ,  fi > 0

Mean fitness or dilution flux, φ (t), is a non-decreasing function of time, 

Solutions are obtained by integrating factor transformation
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Selection between three species with f1 = 1, f2 = 2, and f3 = 3



Stock solution: 

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

Flow rate: r = R
-1

The population size N , the 
number of polynucleotide 
molecules, is controlled by 
the flow r

NNtN ±≈)(

The flowreactor is a device for 
studies of evolution in vitro and 
in silico.



Variation of genotypes through mutation and recombination





Origin of the replication-mutation equation from the flowreactor





extinctionactive



Origin of the replication-mutation equation from the flowreactor



1. Replication and mutation

2. Quasispecies and error thresholds

3. Fitness landscapes and randomization 

4. Lethal mutations



Chemical kinetics of replication and mutation as parallel reactions



The replication-mutation equation



Mutation-selection equation: [Ii] = xi 0,  fi > 0, Qij 0

Solutions are obtained after integrating factor transformation by means 
of an eigenvalue problem

fxfxnixxfQ
dt
dx n
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Perron-Frobenius theorem applied to the value matrix W

W is primitive:  (i)       is real and strictly positive

(ii)                          

(iii)       is associated with strictly positive eigenvectors

(iv)       is a simple root of the characteristic equation of W

(v-vi)    etc.

W is irreducible:  (i), (iii), (iv), etc. as above

(ii) 
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Formation of a quasispecies
in sequence space



Formation of a quasispecies
in sequence space



Formation of a quasispecies
in sequence space



Formation of a quasispecies
in sequence space



Uniform distribution in 
sequence space



Error rate  p = 1-q
0.00 0.05 0.10

Quasispecies Uniform distribution

Quasispecies as a function of the replication accuracy q



Chain length and error threshold
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Quasispecies

Driving virus populations through threshold

The error threshold in replication
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Every point in sequence space is equivalent

Sequence space of binary sequences with chain length n = 5



Fitness landscapes not showing error thresholds



Error thresholds and gradual transitions

n = 20 and  = 10



Anne Kupczok, Peter Dittrich, Determinats of simulated RNA evolution. 
J.Theor.Biol. 238:726-735, 2006



Three sources of ruggedness:

1. Variation in fitness values

2. Deviations from uniform error rates

3. Neutrality



Three sources of ruggedness:

1. Variation in fitness values

2. Deviations from uniform error rates

3. Neutrality



Fitness landscapes showing error thresholds



Error threshold: Error classes and 
individual sequences

n = 10 and = 2



Error threshold: Individual sequences

n = 10, = 2 and d = 0, 1.0, 1.85 



Error threshold: Error classes and 
individual sequences

n = 10 and = 1.1



Error threshold: Individual sequences

n = 10, = 1.1, d = 1.95, 1.975, 2.00 and seed = 877 



Error threshold: Individual sequences

n = 10, = 1.1, d = 1.975, and seed = 877, 637, 491 



Three sources of ruggedness:

1. Variation in fitness values

2. Deviations from uniform error rates

3. Neutrality



Local replication accuracy  pk:

pk = p + 4 p(1-p) (Xrnd-0.5) ,  k = 1,2,...,2



Error threshold: Classes

n = 10, = 1.1, = 0, 0.3, 0.5, and seed = 877



Error threshold: Classes

n = 10, = 1.1, = 0, 0.5, and seed = 299, 877



Three sources of ruggedness:

1. Variation in fitness values

2. Deviations from uniform error rates

3. Neutrality





Error threshold: Individual sequences

n = 10, = 1.1, d = 1.0



Error threshold: Individual sequences

n = 10, = 1.1, d = 1.0
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Error threshold: Individual sequences

n = 10, = 1.1, d = 1.0
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Replication-mutation in the flow reactor

One viable species:   I1

n = 20 , = 2



Replication-mutation in the flow reactor

Two viable species:   I1 and I2
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Replication-mutation in the flow reactor

Two viable species:   I1and I2

n = 20 , = 1.01 , k = 1, a0 = 1 , r = 0.25
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Replication-mutation in the flow reactor. Two viable species:   I1and I2

n = 20 , = 1.01 , k = 1 , a0 = 1 , r = 0.25
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