


Modeling Evolutionary Processes: 

Major and Minor Transitions in Evolution

Peter Schuster

Institut für Theoretische Chemie, Universität Wien, Austria
and

The Santa Fe Institute, Santa Fe, New Mexico, USA

Steps in Evolution: Perspectives from Physics, Biochemistry 
and Cell Biology – 150 Years after Darwin 

Bremen, 28.06.– 05.07.2009



Web-Page for further information:

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



1. Reconstruction of evolutionary processes

2. Diffusion in sequence space and shape space

3. Continuous and discontinuous transitions

4. Mechanism of RNA optimization

5. Major transitions in evolution



1. Reconstruction of evolutionary processes

2. Diffusion in sequence space and shape space

3. Continuous and discontinuous transitions

4. Mechanism of RNA optimization

5. Major transitions in evolution



Phenylalanyl-tRNA as 
target structure

Structure of 
randomly chosen 
initial sequence



Replication rate constant:

fk = / [ + dS
(k)]

dS
(k) = dH(Sk,S )

Selection constraint:

Population size, N = # RNA 
molecules, is controlled by 

the flow

Mutation rate:

p = 0.001 / site replication 

NNtN ±≈)(

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



In silico optimization in the flow reactor: Evolutionary Trajectory



Evolution of RNA molecules as a Markow process and its analysis by means of the relay series
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28 neutral point mutations during a 
long quasi-stationary epoch

Transition inducing point mutations 
change the molecular structure

Neutral point mutations leave the 
molecular structure unchanged

Neutral genotype evolution during phenotypic stasis 
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Number Mean Value Variance     Std.Dev.
Total Hamming Distance:      150000     11.647973    23.140715  4.810480
Nonzero Hamming Distance:     99875     16.949991    30.757651 5.545958
Degree of Neutrality:         50125      0.334167 0.006961     0.083434
Number of Structures:          1000 52.31 85.30 9.24

1 (((((.((((..(((......)))..)))).))).))............. 50125 0.334167
2 ..(((.((((..(((......)))..)))).)))................ 2856 0.019040
3 ((((((((((..(((......)))..)))))))).))............. 2799 0.018660
4 (((((.((((..((((....))))..)))).))).)).............     2417 0.016113
5 (((((.((((.((((......)))).)))).))).)).............     2265 0.015100
6 (((((.(((((.(((......))).))))).))).)).............     2233 0.014887
7 (((((..(((..(((......)))..)))..))).)).............     1442 0.009613
8 (((((.((((..((........))..)))).))).)).............     1081 0.007207
9 ((((..((((..(((......)))..))))..)).)).............     1025 0.006833

10 (((((.((((..(((......)))..)))).)))))..............     1003 0.006687
11 .((((.((((..(((......)))..)))).))))...............      963 0.006420
12 (((((.(((...(((......)))...))).))).)).............      860 0.005733
13 (((((.((((..(((......)))..)))).)).))).............      800 0.005333
14 (((((.((((...((......))...)))).))).)).............      548 0.003653
15 (((((.((((................)))).))).)).............      362 0.002413
16 ((.((.((((..(((......)))..)))).))..)).............      337 0.002247
17 (.(((.((((..(((......)))..)))).))).)..............      241 0.001607
18 (((((.(((((((((......))))))))).))).)).............      231 0.001540
19 ((((..((((..(((......)))..))))...)))).............      225 0.001500
20 ((....((((..(((......)))..)))).....)).............      202 0.001347 G
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Shadow – Surrounding of an RNA structure in shape space: 
AUGC alphabet, chain length n=50



Continuous Transitions in RNA Secondary Structures









Randomly chosen 
initial structure

Phenylalanyl-tRNA 
as target structure
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Evolutionary trajectory

Spreading of the population 
on neutral networks

Drift of the population center 
in sequence space



Spreading and evolution of a population on a neutral network:  t = 150



Spreading and evolution of a population on a neutral network :  t = 170



Spreading and evolution of a population on a neutral network :  t = 200



Spreading and evolution of a population on a neutral network :  t = 350



Spreading and evolution of a population on a neutral network :  t = 500



Spreading and evolution of a population on a neutral network :  t = 650



Spreading and evolution of a population on a neutral network :  t = 820



Spreading and evolution of a population on a neutral network :  t = 825



Spreading and evolution of a population on a neutral network :  t = 830



Spreading and evolution of a population on a neutral network :  t = 835



Spreading and evolution of a population on a neutral network :  t = 840



Spreading and evolution of a population on a neutral network :  t = 845



Spreading and evolution of a population on a neutral network :  t = 850



Spreading and evolution of a population on a neutral network :  t = 855



A sketch of optimization on neutral networks







Is the degree of neutrality in GC space much lower than in AUGC space ?

Statistics of RNA structure optimization: P. Schuster, Rep.Prog.Phys. 69:1419-1477, 2006



Number Mean Value Variance     Std.Dev.
Total Hamming Distance:      150000     11.647973    23.140715  4.810480
Nonzero Hamming Distance:     99875     16.949991    30.757651 5.545958
Degree of Neutrality:         50125      0.334167 0.006961     0.083434
Number of Structures:          1000 52.31 85.30 9.24

1 (((((.((((..(((......)))..)))).))).))............. 50125 0.334167
2 ..(((.((((..(((......)))..)))).)))................ 2856 0.019040
3 ((((((((((..(((......)))..)))))))).))............. 2799 0.018660
4 (((((.((((..((((....))))..)))).))).)).............     2417 0.016113
5 (((((.((((.((((......)))).)))).))).)).............     2265 0.015100
6 (((((.(((((.(((......))).))))).))).)).............     2233 0.014887
7 (((((..(((..(((......)))..)))..))).)).............     1442 0.009613
8 (((((.((((..((........))..)))).))).)).............     1081 0.007207
9 ((((..((((..(((......)))..))))..)).)).............     1025 0.006833

10 (((((.((((..(((......)))..)))).)))))..............     1003 0.006687
11 .((((.((((..(((......)))..)))).))))...............      963 0.006420
12 (((((.(((...(((......)))...))).))).)).............      860 0.005733
13 (((((.((((..(((......)))..)))).)).))).............      800 0.005333
14 (((((.((((...((......))...)))).))).)).............      548 0.003653
15 (((((.((((................)))).))).)).............      362 0.002413
16 ((.((.((((..(((......)))..)))).))..)).............      337 0.002247
17 (.(((.((((..(((......)))..)))).))).)..............      241 0.001607
18 (((((.(((((((((......))))))))).))).)).............      231 0.001540
19 ((((..((((..(((......)))..))))...)))).............      225 0.001500
20 ((....((((..(((......)))..)))).....)).............      202 0.001347

Number Mean Value Variance     Std.Dev.
Total Hamming Distance:       50000     13.673580    10.795762  3.285691
Nonzero Hamming Distance:     45738     14.872054    10.821236 3.289565
Degree of Neutrality:          4262      0.085240 0.001824     0.042708
Number of Structures:          1000 36.24 6.27         2.50

1 (((((.((((..(((......)))..)))).))).)).............     4262 0.085240
2 ((((((((((..(((......)))..)))))))).)).............     1940 0.038800
3 (((((.(((((.(((......))).))))).))).)).............     1791 0.035820
4 (((((.((((.((((......)))).)))).))).)).............     1752 0.035040
5 (((((.((((..((((....))))..)))).))).)).............     1423 0.028460
6 (.(((.((((..(((......)))..)))).))).)..............      665 0.013300
7 (((((.((((..((........))..)))).))).)).............      308 0.006160
8 (((((.((((..(((......)))..)))).)))))..............      280 0.005600
9 (((((.((((..(((......)))..)))).))).))...(((....)))      278 0.005560

10 (((((.(((...(((......)))...))).))).)).............      209 0.004180
11 (((((.((((..(((......)))..)))).))).)).(((......)))      193 0.003860
12 (((((.((((..(((......)))..)))).))).))..(((.....)))      180 0.003600
13 (((((.((((..((((.....)))).)))).))).)).............      180 0.003600
14 ..(((.((((..(((......)))..)))).)))................      176 0.003520
15 (((((.((((.((((.....))))..)))).))).)).............      175 0.003500
16 ((((( (((( ((( ))) ))))))))) 167 0 003340

G
G

C
U

AU
C

G
U

AC
G
U

U
UA

C
C
C A

A
A
A
G U

C
U
A
C
G U
U
G
GA
C
C C AG

G
C
A
U

UGGA
C
G

C
C

C
C

GG
G

C
C

GG
G
G

G
CG

C
G
C G

G
G
C
C G

G
C
G
G
CG
C
G
GC
G
GG G G

G
G
G
G
GCGG

C
C

Shadow – Surrounding of an RNA structure in shape space – AUGC and GC alphabet
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1977
1988

1971

Chemical kinetics of molecular evolution







A sketch of cellular information processing



A mechanism for major transitions 
towards a hierarchically higher level
(nach Manfred Eigen und Peter Schuster)





Hypercycles with one and two members are
common in nature. 





Hypercycle dynamics for n=3



Hypercycle dynamics for n=4



Hypercycle dynamics for n=6



Major transitions in evolution (John Maynard Smith and Eörs Szathmáry)

membranes, controlled division
Replicating molecules molecules in compartments

ligation of molecules, joint replication
Independent replicators chromosomes

genetic code, ribosome
RNA as gen und enzyme DNA and protein 

endosymbiosis
Prokaryotes eukaryotes

origin of sexual replication
Asexually replicating clones sexually replicating populations

cell differentiation and development
Protists plants, fungi and animals

formation of non-reproductive casts
Solitary individuals animal colonies

language, writing, culture, …
Primate societies human societies
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