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Through the Looking-Glass and What Alice Found There.



"La Filosophia è scritta in questo grandissimo libro, 
que continuamente ci stà aperto innanzi à gli occhi
(io dico l’universo) ma non si può intendere se 
prima non s’impara à intender la lingua, e conoscer
i caratteri, nei quali è scritto. Egli è scritto in lingua
matematica, e i caratteri son triangoli, cerchi. &
altre figure Geometriche ...", 

„Philosophy [science] is written in this grand book, 
the universe ... . It is written in the language of 
mathematics, and ist characters are triangles, circles 
and other geometric figures; …. „

Galileo Galilei. 1632. Il Saggiatore. 
Edition Nationale, Bd.6, Florenz 1896, p.232.

Galileo Galilei, 1564 - 1642
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Theory of Natural Selection Synthetic Theory of Evolution

Charles Darwin,
1809 - 1882

Ernst Mayr,
1904 - 2005

Seminal biological books of biology do not contain a single equation:
Two examples.



1. Patterns in nature

2. Pattern formation in chemistry and physics

3. Biological patterns

4. Natural selection and evolution of molecules 

5. Chemical kinetics of molecular evolution

6. Can neutrality be useful ?

7. How complex is biology ?
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Animal skins



Flowers



Mushrooms



Patterns in the sky



Achats

Frozen patterns in minerals and fossils
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Raphael Liesegang, 1869 – 1947

Discovered Liesegang rings in 
laboratory experiments

Wilhelm Ostwald, 1853 – 1932

Explained Liesegang rings by 
means of supersaturation

Crystallization
patterns



cold

hot

Raleigh-Bénard convection and formation of hurricanes



Alan M. Turing, 1912-1954

Change in local concentration  =

=  diffusion + chemical reaction

A.M. Turing. 1952. The chemical basis of morphogenesis. 
Phil.Trans.Roy.Soc.London B 237:37-72.



Belousov-Zhabotinskii reaction 1959 

target waves (upper part) and 
coupled spirals (lower part)

Anatol Zhabotinsky,  
1938 - 2008

Boris Belousov, 
1893 - 1970

Turing pattern 
Boissonade, De Kepper 1990

Space-time patterns and stationary Turing patterns in 
autocatalytic chemical reactions



Irreversible thermodynamics 
of dissipative structures

Ilya Prigogine, 1917 - 2003

Synergetics in non-linear 
dynamics

Hermann Haken, 1927 -

Theory of structure formation in non-equilibrium systems
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mother presumed
father

daughter

Skin patterns within
an inbred strain of

wild-living cats

Parents and child



Bates‘ mimicry Müller‘s mimicry

Different forms of mimicry observed in nature



Bates‘ mimicry

milk snake

false coral snake

Different forms of mimicry observed in nature

Emsley‘s or Mertens‘ 
mimicry

coral snake



Two features of biological patterns:

(i) High degree of reproducibiliy in detail and

(ii) high degree of variability in evolution

yield adaptability to changes in environmental conditions.



Hans Meinhardt,
1938 -

Alfred Gierer,
1929 -

Application of the Turing 
model to biological pattern 
formation in development

James D. Murray. Mathematical Biology. 
Third edition, 2003.
II: Spatial Models and Biomedical 
Applications, pp.71-140. 



Christiane Nüsslein-Volhard, 1942 -

Development of the fruit fly drosophila melanogaster
Genetics, experiment, and imago
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Three necessary conditions for Darwinian evolution are:

1. Multiplication,

2. Variation in fitness leading to

3. Selection in finite populations.

Charles Darwin, 1809-1882

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



James D. Watson, 1928-, and Francis H.C. Crick, 1916-2004

Nobel prize 1962

1953 – 2003  fifty years double helix

The three-dimensional structure of a 
short double helical stack of B-DNA



Taq =  thermus aquaticus

Accuracy of replication:   Q = q1 · q2 · q3 · … · qn

The logics of DNA replication



Complementary replication is 
the simplest copying mechanism
of RNA.
Complementarity is determined 
by Watson-Crick base pairs:

G C and A=U



Evolution in the test tube:

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



RNA  sample

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

Time
0 1 2 3 4 5 6 69 70

Application of serial transfer technique to evolution of RNA in the test tube



Decrease in mean fitness
due to quasispecies formation

The increase in RNA production rate during a serial transfer experiment



RNA replication by Q -replicase

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



Christof K. Biebricher, 
1941-2009

Kinetics of RNA replication
C.K. Biebricher, M. Eigen, W.C. Gardiner, Jr.
Biochemistry 22:2544-2559, 1983



An example of ‘artificial selection’ 
with RNA molecules or ‘breeding’ of 
biomolecules



Application of molecular evolution to problems in biotechnology
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1977
1988

1971

Chemical kinetics of molecular evolution



Replication and mutation are parallel chemical reactions.



Manfred Eigen
1927 -

njΦxxfQ
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jii
n
i ji

j ,,2,1;
dt

d
1 K=−= ∑ =

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
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The ‚no-mutational-backflow‘ or zeroth order approximation
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quasispecies

The error threshold in replication and mutation



Chain length and error threshold
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driving virus populations through threshold

quasispecies

The error threshold in replication and mutation





Molecular evolution of viruses



quasispecies

The error threshold in replication and mutation



The single peak fitness landscape as a convenient simple model



Error rate  p = 1-q
0.00 0.05 0.10

Quasispecies Uniform distribution

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



Error threshold on the 
single peak landscape



Make things as simple as possible, 
but not simpler !

Albert Einstein

Albert Einstein‘s razor, precise refence is unknown.



single peak landscape

Rugged fitness landscapes
over individual binary sequences 

with n = 10

„realistic“ landscape



Error threshold: Individual sequences

n = 10, = 2, s = 491 and d = 0, 1.0, 1.875 



Paul E. Phillipson, Peter Schuster. (2009) Modeling by nonlinear differential equations. 
Dissipative and conservative processes. World Scientific, Singapore, pp.9-60. 



The error threshold can be separated into three 
phenomena:

1. 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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d = 0.100

Case I:   Strong quasispecies

n = 10,  f0 = 1.1, fn = 1.0, s = 919

d = 0.200



d = 0.190

Case II:   Dominant single transition

n = 10,  f0 = 1.1, fn = 1.0, s = 541

d = 0.190



d = 0.190

Case II:   Dominant single transition

n = 10,  f0 = 1.1, fn = 1.0, s = 541

d = 0.195



d = 0.100

Case III:   Multiple transitions

n = 10,  f0 = 1.1, fn = 1.0, s = 637

d = 0.195



d = 0.199

Case III:   Multiple transitions

n = 10,  f0 = 1.1, fn = 1.0, s = 637

d = 0.200
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Charles Darwin. The Origin of Species. Sixth edition. John Murray. London: 1872 



Motoo Kimuras Populationsgenetik der 
neutralen Evolution. 

Evolutionary rate at the molecular level. 
Nature 217: 624-626, 1955.

The Neutral Theory of Molecular Evolution. 
Cambridge University Press. Cambridge, 
UK, 1983.



The average time of replacement of a dominant genotype in a population 
is the reciprocal mutation rate, 1/ , and therefore independent of 
population size.

Fixation of mutants in neutral evolution (Motoo Kimura, 1955)



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





many genotypes          one phenotype





Computer simulation using 
Gillespie‘s algorithm:

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



Evolution in silico

W. Fontana, P. Schuster, 
Science 280 (1998), 1451-1455



Phenylalanyl-tRNA as 
target structure

Structure of 
randomly chosen 
initial sequence



In silico optimization in the flow reactor: Evolutionary Trajectory



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 







A sketch of optimization on neutral networks
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Three-dimensional structure of the
complex between the regulatory
protein cro-repressor and the binding
site on -phage B-DNA



1 2 3 4 5 6 7 8 9 10 11 12

Regulatory protein or RNA

Enzyme

Metabolite

Regulatory gene

Structural gene

A model genome with 12 genes

Sketch of a genetic and metabolic network



 

  A B C D E F G H I J K L 

1 Biochemical Pathways 
 

2 
  

3 
  

4 
  

5 
  

6 
  

7 
  

8 
  

9 
  

10 
  

The reaction network of cellular metabolism published by Boehringer-Mannheim.



The bacterial cell as an example for 
the simplest form of autonomous life

Escherichia coli genome:

4 million nucleotides

4460 genes

The structure of the bacterium Escherichia coli



E. coli: Genome length 4×106 nucleotides
Number of cell types 1
Number of genes 4 460

Four books, 300 pages each

Man: Genome length 3×109 nucleotides

Number of cell types 200

Number of genes 20 000

A library of 3000 volumes, 
300 pages each

Complexity in biology



Evolution does not design with 
the eyes of an engineer, 
evolution works like a tinkerer.

François Jacob. The Possible and the Actual. 
Pantheon Books, New York, 1982, and

Evolutionary tinkering. Science 196 (1977), 
1161-1166. 



D. Duboule, A.S. Wilkins. 1998. 
The evolution of ‚bricolage‘.
Trends in Genetics 14:54-59.



A model for the genome duplication in yeast 100 million years ago

Manolis Kellis, Bruce W. Birren, and Eric S. Lander. Proof and evolutionary analysis of ancient genome 
duplication in the yeast Saccharomyces cerevisiae. Nature 428: 617-624, 2004
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A model for the genome duplication in yeast 100 million years ago

Manolis Kellis, Bruce W. Birren, and Eric S. Lander. Proof and evolutionary analysis of ancient genome 
duplication in the yeast Saccharomyces cerevisiae. Nature 428: 617-624, 2004



The difficulty to define 
the notion of „gene”.

Helen Pearson,
Nature 441: 399-401, 2006





ENCODE Project Consortium. 
Identification and analysis of functional 
elements in 1% of the human genome by 
the ENCODE pilot project. 
Nature 447:799-816, 2007

ENCODE stands for
ENCyclopedia Of DNA Elements. 



The evolution of man

Andrew S. Bonci, National American University
Vitamin D Update 2010
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Thank you for your attention !
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