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Neutral genotype evolution during phenotypic stasis 



Variation in genotype space during optimization of phenotypes

Mean Hamming distance within the population and drift velocity of the population center
in sequence space. 



Spread of population in sequence space during a quasistationary epoch:  t = 150



Spread of population in sequence space during a quasistationary epoch:  t = 170



Spread of population in sequence space during a quasistationary epoch:  t = 200



Spread of population in sequence space during a quasistationary epoch:  t = 350



Spread of population in sequence space during a quasistationary epoch:  t = 500



Spread of population in sequence space during a quasistationary epoch:  t = 650



Spread of population in sequence space during a quasistationary epoch:  t = 820



Spread of population in sequence space during a quasistationary epoch:  t = 825



Spread of population in sequence space during a quasistationary epoch:  t = 830



Spread of population in sequence space during a quasistationary epoch:  t = 835



Spread of population in sequence space during a quasistationary epoch:  t = 840



Spread of population in sequence space during a quasistationary epoch:  t = 845



Spread of population in sequence space during a quasistationary epoch:  t = 850



Spread of population in sequence space during a quasistationary epoch:  t = 855
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Minimum free energy
criterion

Inverse folding of RNA secondary structures

The idea of inverse folding algorithm is to search for sequences that form a 
given RNA secondary structure under the minimum free energy criterion. 



Structure
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GC , CG
GU , UG

Single nucleotides:   A U G C, , ,
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Target structure Sk

Initial trial sequences

Target sequence 

Stop sequence of an
unsuccessful trial 

Intermediate compatible sequences

 

Approach to the target structure Sk in the inverse folding algorithm



Minimum free energy
criterion

Inverse folding of RNA secondary structures

1st
2nd
3rd  trial
4th
5th

The inverse folding algorithm searches for sequences that form a given RNA 
secondary structure under the minimum free energy criterion. 



RNA sequences as well as RNA secondary structures can be 
visualized as objects in metric spaces. At constant chain 
length the sequence space is a (generalized) hypercube.

The mapping from RNA sequences into RNA secondary 
structures is many-to-one. Hence, it is redundant and not 
invertible.

RNA sequences, which are mapped onto the same RNA 
secondary structure, are neutral with respect to structure. 
The pre-images of structures in sequence space are neutral 
networks. They can be represented by graphs where the edges
connect sequences of Hamming distance dH = 1. 
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Sk I.   = ( )ψ
fk f Sk   = ( )

Sequence space Structure space Real  numbers

Mapping from sequence space into structure space and into function
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Sk I.   = ( )ψ
fk f Sk   = ( )

Sequence space Structure space Real  numbers

The pre-image of the structure Sk in sequence space is the neutral network Gk



Neutral networks are sets of sequences forming the same structure. 
Gk is the pre-image of the structure Sk in sequence space:

Gk = y-1(Sk) π {yj | y(Ij) = Sk}

The set is converted into a graph by connecting all sequences of 
Hamming distance one.

Neutral networks of small RNA molecules can be computed by 
exhaustive folding of complete sequence spaces, i.e. all RNA 
sequences of  a given chain length. This number, N=4n , becomes 
very large with increasing length, and is prohibitive for numerical  
computations. 

Neutral networks can be modelled by random graphs in sequence 
space. In this approach, nodes are inserted randomly into sequence 
space until the size of the pre-image, i.e. the number of neutral 
sequences, matches the neutral network to be studied.



λj =   27 = 0.444 ,/12 λk = 
ø l (k)j

| |Gk

λ κ cr = 1 - -1 ( 1)/ κ-

λ λk cr  . . . .> 

λ λk cr  . . . .< 

  network  is connectedGk

  network  is  connectednotGk

Connectivity threshold:

Alphabet size   :       = 4k ñ kAUGC

G  S Sk k k= ( )    | ( ) =  y y-1 U { }I Ij j

k lcr

2 0.5

3 0.423

4 0.370

GC,AU

GUC,AUG

AUGC

Mean degree of neutrality and connectivity of neutral networks



A connected neutral network



Giant Component

A multi-component neutral network
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Reference for postulation and in silico verification of neutral networks



GkNeutral Network

Structure S  k

Gk  Cà k

Compatible Set  Ck

The compatible set Ck of a structure Sk consists of all sequences which form 
Sk as its minimum free energy structure (the neutral network Gk) or one of its
suboptimal structures.



Structure S  0

Structure S  1

The intersection of two compatible sets is always non empty:  C0 Ú C1 â Ù



Reference for the definition of the intersection 
and the proof of the intersection theorem
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Kinetics of RNA refolding between a long living metastable conformation 
and the minmum free energy structure
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A ribozyme switch

E.A.Schultes, D.B.Bartel, Science 
289 (2000), 448-452



Two ribozymes of chain lengths n = 88 nucleotides: An artificial ligase (A) and a natural cleavage 
ribozyme of hepatitis-d-virus (B)



The sequence at the intersection: 

An RNA molecules which is 88 
nucleotides long and can form both 
structures



Two neutral walks through sequence space with conservation of structure and catalytic activity



Sequence of mutants from the intersection to both reference ribozymes



Nature , 323-325, 1999402

Catalytic activity in the 
AUG alphabet



Nature , 841-844, 2002420

Catalytic activity in the
DU alphabet



Target structure Sk

Initial trial sequences

Target sequence 

Stop sequence of an
unsuccessful trial 
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Approach to the target structure Sk in the inverse folding algorithm
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Evolution of RNA molecules based on Qβ phage
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RNA  sample

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

Time
0 1 2 3 4 5 6 69 70

The serial transfer technique applied to RNA evolution in vitro



Reproduction of the original figure of the
serial transfer experiment with Q  RNAβ

D.R.Mills, R,L,Peterson, S.Spiegelman, 

. Proc.Natl.Acad.Sci.USA 
 (1967), 217-224

An extracellular Darwinian experiment 
with a self-duplicating nucleic acid 
molecule
58



Decrease in mean fitness
due to quasispecies formation

The increase in RNA production rate during a serial transfer experiment



Evolutionary design of RNA molecules
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Diversification

Selection cycle used in
applied molecular evolution
to design molecules with
predefined properties 



Retention of binders Elution of binders

C
hr

om
at

og
ra

ph
ic

 c
ol

um
n

The SELEX technique for the evolutionary design of aptamers



Aptamer binding to aminoglycosid antibiotics:  Structure of ligands

Y. Wang, R.R.Rando, Specific binding of aminoglycoside antibiotics to RNA. Chemistry & Biology 2
(1995), 281-290
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Formation of secondary structure of the tobramycin binding RNA aptamer

L. Jiang, A. K. Suri, R. Fiala, D. J. Patel, Saccharide-RNA recognition in an aminoglycoside 
antibiotic-RNA aptamer complex. Chemistry & Biology 4:35-50 (1997)



The three-dimensional structure of the 
tobramycin aptamer complex

L. Jiang, A. K. Suri, R. Fiala, D. J. Patel, 
Chemistry & Biology 4:35-50 (1997)



Bacterial Evolution

S. F. Elena, V. S. Cooper, R. E. Lenski. Punctuated evolution caused by selection of 
rare beneficial mutants. Science 272 (1996), 1802-1804 
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Proc.Natl.Acad.Sci.USA 96 (1999), 3807-3812



24 h 24 h

Serial transfer of Escherichia coli
cultures in Petri dishes

     1 day        6.67 generations
     1 month    200 generations
     

Î
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1 year      2400 generationsÎ

lawn of E.coli

nutrient agar



1 year

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
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Concluding remarks

(i) The RNA model allows for detailed insights into evolutionary 
optimization and experimental tests of predictions. Evolution 
occurs in steps: short adaptive phases are interrupted by long 
quasi-stationary epochs of neutral evolution. 

(ii) RNA molecules share features with much more complex 
elements when they are subsumed in populations. The elements 
of a population are related by a genetic mechanism.

(iii) Creation of information and learning by trial and error occur at
the level of populations although the individual elements are 
subjected to random processes.

(iv) In this sense the population is more than the sum of its elements. 
It carries a temporary memory of its past in the form of molecular 
species that had been selected in previous adaptive phases.
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