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… Wenn Sie mich nach meiner innersten 
Überzeugung fragen ob man es (das 19. 
Jahrhundert) einmal das eiserne 
Jahrhundert oder das Jahrhundert des 
Dampfes oder der Elektrizität nennen wird, 
so antworte ich ohne Bedenken, das 
Jahrhundert der mechanischen 
Naturauffassung, das Jahrhundert Darwins
wird es heißen.

Ludwig Boltzmann, Der zweite Hauptsatz der 
mechanischen Wärmetheorie. Vortrag, gehalten in 
feierlichen Sitzung der Kaiserlichen Akademie der 
Wissenschaften am 29. Mai 1886.



Three necessary conditions for Darwinian evolution are:

1. Multiplication,

2. Variation, and

3. Selection.

Variation through mutation and recombination operates on the genotype 
whereas the phenotype is the target of 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. 
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… Der allgemeine Daseinskampf der Lebewesen 
ist daher nicht ein Kampf um die Grundstoffe 
– die Grundstoffe aller Organisman sind in 
Luft, Wasser und Erdboden im Überflusse 
vorhanden – auch nicht um Energie, welche in 
Form von Wärme leider unverwandelbar in 
jedem Körper reichlich vorhanden ist, sondern 
ein Kampf um die Entropie, welche durch den
Übergang der Energie von der heißen Sonne 
zur kalten Erde disponibel wird. Diesen 
Übergang möglichst auszunutzen, breiten die 

Pflanzen die unermeßliche Fläche ihrer Blätter aus und zwingen die
Sonnenenergie in noch unerforschter Weise, ehe sie auf das
Temperaturniveau der Erdoberfläche herabsinkt, chemische Synthesen 
auszuführen, von denen man in unseren Laboratorien noch keine Ahnung 
hat. …

Ludwig Boltzmann, Der zweite Hauptsatz der mechanischen Wärmetheorie. Vortrag,
gehalten in feierlichen Sitzung der Kaiserlichen Akademie der Wissenschaften am 
29.Mai 1886.



Available energy (free energy) is the main 
object at stake in the struggle for existence 
and the evolution of the world.

Quoted in D'Arcy W. Thompson. On Growth and Form, 
Cambridge (UK), 1917.



Nothing in biology makes sense 
except in the light of evolution.

Theodosius Dobzhansky, 1973.
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The holism versus reductionism debate

The reductionists’ program

Molecular biologist perform a 
bottom-up approach to 
interpret biological phenomena 
by the methods of chemistry 
and physics.   

The holistic approach

Macroscopic biologists aim 
at a top-down approach to 
describe the phenomena 
observed in biology.



As I happens, I do not understand how 
modern sewing-machines work, but this 
does not lead me suppose that the laws of 
topology have been broken: Indeed, I feel 
confident I could find out if someone would 
let me take one to pieces.

Molecular biologists are quite right to 
disbelieve in (any kind of) elán vital.

John Maynard Smith, The problems of biology. 
Oxford University Press, 1986.



What should be the attitude of a biologist working on 
whole organisms to molecular biology? It is, I think, 
foolish to argue that we (the macroscopic biologists)
are discovering things that disprove molecular 
biology. It would be more sensible to say to molecular 
biologists that there are phenomena that they will 
one day have to interpret in their terms.

John Maynard Smith, The problems of biology. 
Oxford University Press, 1986.



Genotype, Genome
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Hemoglobin sequence
Gerhard Braunitzer

The exciting RNA story

Evolution of RNA molecules,
ribozymes and splicing,

the idea of an RNA world,
selection of RNA molecules,

RNA editing,
the ribosome is a ribozyme,

small RNAs and RNA 
switches.

Omics
‘The new biology is

the chemistry of
living matter’

Molecular evolution
Linus Pauling and
Emile Zuckerkandl
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The three-dimensional structure of a 
short double helical stack of B-DNA

James D. Watson, 1928- , and Francis Crick, 1916-2004,
Nobel Prize 1962

G C and   A = U



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

G C and A=U



‚Replication fork‘ in DNA replication

The mechanism of DNA replication is ‚semi-conservative‘



Three necessary conditions for Darwinian evolution are:

1. Multiplication,

2. Variation, and

3. Selection.

Variation through mutation and recombination operates on the genotype 
whereas the phenotype is the target of 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. 

All conditions can be fulfilled not only by cellular organisms but also by
nucleic acid molecules in suitable cell-free experimental assays.



Evolution of RNA molecules based on Qβ phage

D.R.Mills, R.L.Peterson, S.Spiegelman, An extracellular Darwinian experiment with a 
self-duplicating nucleic acid molecule. Proc.Natl.Acad.Sci.USA 58 (1967), 217-224

S.Spiegelman, An approach to the experimental analysis of precellular evolution. 
Quart.Rev.Biophys. 4 (1971), 213-253

C.K.Biebricher, Darwinian selection of self-replicating RNA molecules. Evolutionary 
Biology 16 (1983), 1-52

G.Bauer, H.Otten, J.S.McCaskill, Travelling waves of in vitro evolving RNA.
Proc.Natl.Acad.Sci.USA 86 (1989), 7937-7941

C.K.Biebricher, W.C.Gardiner, Molecular evolution of RNA in vitro. Biophysical 
Chemistry 66 (1997), 179-192

G.Strunk, T.Ederhof, Machines for automated evolution experiments in vitro based on 
the serial transfer concept. Biophysical Chemistry 66 (1997), 193-202

F.Öhlenschlager, M.Eigen, 30 years later – A new approach to Sol Spiegelman‘s and 
Leslie Orgel‘s in vitro evolutionary studies. Orig.Life Evol.Biosph. 27 (1997), 437-457



RNA  sample

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

Time
0 1 2 3 4 5 6 69 70

The serial transfer technique applied to RNA evolution in vitro



Decrease in mean fitness
due to quasispecies formation

The increase in RNA production rate during a serial transfer experiment



Chemical kinetics of molecular evolution

M. Eigen, P. Schuster, `The Hypercycle´, Springer-Verlag, Berlin 1979
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Selection between three species with f1 = 1, f2 = 2, and f3 = 3



s = ( f2-f1) / f1;  f2 > f1 ; x1(0) = 1 - 1/N ; x2(0) = 1/N 
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Selection of advantageous mutants in populations of N = 10 000 individuals



Selection on the concentration simplex: { }1;3,2,1,0 3
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Selection between three species with f1 = 1, f2 = 2, and f3 = 3 , parametric plot on S3



Variation of genotypes through mutation and recombination
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Mutation-selection equation: [Ii] = xi 0,  fi > 0, Qij 0

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

fxfxnixxQf
dt
dx n

j jj
n

i iij
n

j jij
i ====−= ∑∑∑ === 111

;1;,,2,1, φφ L

( ) ( ) ( )
( ) ( )

)0()0(;,,2,1;
exp0

exp0
1

1

1

0

1

0 ∑
∑ ∑

∑
=

=

−

=

−

= ==
⋅⋅

⋅⋅
=

n

i ikikn

j kk
n

k jk

kk
n

k ik
i xhcni

tc

tc
tx L

l

l

λ

λ

{ } { } { }njihHLnjiLnjiQfW ijijiji ,,2,1,;;,,2,1,;;,,2,1,; 1 LLlL ======÷ −

{ }1,,1,0;1 −==Λ=⋅⋅− nkLWL k Lλ



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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The quasispecies on the concentration simplex: { }1;3,2,1,0 3
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constant level sets of  

Selection of quasispecies with f1 = 1.9,  f2 = 2.0,  f3 = 2.1, and  p = 0.01



constant level sets of  

Selection of quasispecies with f1 = 1.9,  f2 = 2.0,  f3 = 2.1, and  p = 0.01 , parametric plot on S3



Error rate  p = 1-q
0.00 0.05 0.10

Quasispecies Uniform distribution

Quasispecies as a function of the replication accuracy q



Formation of a quasispecies
in sequence space
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Uniform distribution in 
sequence space



Quasispecies

The error threshold in replication



Chain length and error threshold
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Evolution in silico

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



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



Phenylalanyl-tRNA as 
target structure

Randomly chosen 
initial structure



In silico optimization in the flow reactor: Evolutionary Trajectory





Fully sequenced genomes

•Organisms 751 projects

153 complete  (16 A, 118 B, 19 E)
(Eukarya examples: mosquito (pest, malaria), 
sea squirt, mouse, yeast, homo sapiens, 
arabidopsis, fly, worm, …)

598 ongoing  (23 A, 332 B, 243 E)
(Eukarya examples: chimpanzee, turkey, chicken,      
ape, corn, potato, rice, banana, tomato, cotton, 
coffee, soybean, pig, rat, cat, sheep, horse,
kangaroo, dog, cow, bee, salmon, fugu, frog, …)

• Other structures with genetic information

68 phages
1328 viruses

35 viroids
472 organelles (423 mitochondria, 32 plastids, 

14 plasmids, 3 nucleomorphs)Source: NCBI

Source: Integrated Genomics, Inc.
August 12th, 2003



E. coli: Length of the Genome 4×106 Nucleotides
Number of Cell Types 1
Number of Genes 4 000

Man: Length of the Genome 3×109 Nucleotides
Number of Cell Types 200
Number of Genes 30 000  - 60 000



The difficulty defining 
the gene

Helen Pearson,
Nature 441: 399-401, 2006



Structural biology

Proteins, nucleic acids, supramolecular complexes,

molecular machines



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



The citric acid 
or Krebs cycle 
(enlarged from 
previous slide).





Cascades, A B C ... , and 
networks of genetic control

Turing pattern resulting from reaction-
diffusion equation ?

Intercelluar communication creating 
positional information

Development of the fruit fly drosophila melanogaster: Genetics, experiment, and imago
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A single neuron signaling to a muscle fiber



Hodgkin-Huxley partial differential equations (PDE)
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Hodgkin-Huxley equations describing pulse propagation along nerve fibers
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The human brain

1011 neurons connected by 1013 to 1014 synapses



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

The human body:

1014 cells = 1013 eukaryotic cells + 
9 1013 bacterial (prokaryotic) cells, 

and 200 eukaryotic cell types

The spatial structure of the 
bacterium Escherichia coli



Im Restaurant des Nordwestbahnhofs 
verzehrte ich noch in aller Gemütlichkeit 
Jungschweinsbraten mit Kraut und 
Erdäpfel und trank einige Gläser Bier dazu. 
Mein Zahlengedächtnis, sonst erträglich 
fix, behält die Zahl der Biergläser stets 
schlecht. 

Ludwig Boltzmann und die diskrete Beschreibung der Natur.

Ludwig Boltzmann, Reise eines deutschen Professors ins Eldorado. Aus Ludwig 
Boltzmann, Populäre Schriften. Eingeleitet und herausgegeben von Engelbert Broda. 
Friedrich Vieweg & Sohn, Braunschweig 1979, p.258.
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