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A+ X —->2X ... asexual reproduction

viruses, bacteria, some higher organisms (eukaryotes)

A+ X+Y - X+Y + Ze{X,Y} ..... sexual reproduction

most higher organisms (eukaryotes) ...... obligatory with mammals

Two modes of reproduction in biology



LLeonardo da Pisa \

,,Fibonacci“
~1180 — ~1240

I:n+1 = |:n + I:n—l
F():O; F1:1 pairs = 1

The history of exponential growth



Thomas Robert Malthus Leonhard Euler, 1717 - 1783

1766 — 1834
i X
1,2,4,8,16,32,64,128, ... exp(x) = lim,__ (1+2)"
N
geometric progression exponential function

The history of exponential growth



number of pairs F,

generation number n

fibonacci
i =
j geometric progression
2 3 4

The history of exponential growth




A+ X —->2X ... asexual reproduction

Al = a; [X] = X

%zkax = |A]=a,=const = ka, = f...fitness

dt

%: fx = x(t)=x(0)exp(ft)...exponential growth

Reproduction and exponential growth
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2. Mathematics of Darwin's natural selection



Three necessary conditions for Darwinian evolution are:

1. Multiplication,
2. Variation, and

3. Selection.

Darwin discovered the principle of natural selection from
empirical observations in nature.

No attempt has been made to cast the principle
into theorems.



Pierre-Francois Verhulst,
1804-1849

Was known 30 years
before the
‘Origin of Species'’

— concentration y(t), x(t) >

The logistic equation, 1828
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%:fx(l—ij = %:fx—lfx
dt C dt C
f x=a(t),C =1: %:x(f ~ @)

Generalization of the logistic equation to n variables yields selection



A+ X — 2X:i=12,..,n

X, X, ey X

n- [Xi]:Xi; -ani:C:]'; f; = 1(X)

dx. n n
d_tJ:Xj (fj _Zizlfi Xi): S (fj _dj) ) dj:Zi:lfi Xi

do

——=<f?’>—<f>*= var{f}>0
dt

Generalization of the logistic equation to n variables yields selection
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dx
d—::(fk—d))xk;k:1,2,3 .

O =fx+f,x+fx="f

¢ =f R
X2
X3
X1 +)C2+)C3 =1
X3 | _
0.0 0.2 0.4 0.6 0.8 1.0
€1 €
X2 >
X1
simplex S5 is an invariantset = e5...... “corner equilibrium”

Phase diagram of Darwinian selection
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Before the development of molecular biology mutation was
treated as a "deus ex machina”



3. Mendel, Fisher and population genetics
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mother —* = «  father
' . 35,
3 33
\recombina‘rion/
Y
‘I
Gregor Mendel .
1822 - 1884 egg cell | + R sperm cell
> ?
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Mendelian genetics



Mendelian genetics
The 1:3 rule

-----

7

-

dominant/recessive pair of alleles

dominance

F1

F2

F1 x F2

Fla-

5

.- .
3=z -z
S -~ -

intermediate pair of alleles

semi-dominance



Char. Parental phenotype F1 F2 F2 ratio
1 round x wrinkled seeds | all round | 5174 / 1859 2.96
2 yvellow x green seeds all yellow | 6022 / 2001 3.01
3 purple x white petals all purple 705 / 244 3.15
4 inflated x pinched pods | all inflated 882 / 299 2.95
5 oreen X yellow pods all green 428 / 152 2.82
6 axial x terminal flowers | all axial 651 / 207 3.14
7 long x short stems all axial 787 ) 277 2.84

The results of the individual experiments Gregor Mendel did with the garden
pea pisum sativum.




alleles: A, A, ..., A,

fitness values: a; = f (A;-Ay), a;; = g;

Mendel
Ronald Fisher (1890-1962)

Z—laJ'XX - PX, (Z—lajlx dj), 1=1,2,...

mit @ (t) = 2_12_1 i % X; und Z_l i~

= 2(< a‘>—<a >2)= 2var{a}>0

frequencies: x; = [Aj] ; genotypes: A;-A,

Ronald Fisher‘s selection equation: The genetical theory of natural selection.

Oxford, UK, Clarendon Press, 1930.



mean fitness
2 2
(D(X) =apy X + 2a12 X Xy + 8y X,

aij - fxixj

Fitness In Fisher’s
selection equation

mean fitness ¢ (x)

mean fitness @ (x)

1.5

]
1.4 overdominance of A;A,
fAlAz >fA1A1’fA2A3
></ X
1.1 \ /
Jaons >.f}\.Az\ /fAlAl > faias
0.0 0.2 0.4 0.6 0.8 1.0
allele frequency x,
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1.0 ///
/
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allele frequency x;



4. Mutations and selection
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Y > ) correct replication
Hermann J. Muller imtifioh Thomas H. Morgan
1890 - 1967 1866 - 1945
organism mutation rate | reproduction event
per genome

RNA virus 1 replication

retroviruses 0.1 replication

bacteria 0.003 replication

eukaryotes 0.003 cell division

eukaryotes 0.01-0.1 sexual reproduction

John W. Drake, Brian Charlesworth, Deborah Charlesworth and James F. Crow. 1998.
Rates of spontaneous mutation. Genetics 148:1667-1686.
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Adenine o Thymine o
Guanine o Cytosine ”

The logic of DNA (or RNA) replication and mutation
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Taqg polymerase

Adenine o Thymine o
Guanine o Cytosine

The logic of DNA (or RNA) replication and mutation



Taqg polymerase

Adenine () Thymine 9
Guanine Cytosine

nucleotide incorporation error

The logic of DNA (or RNA) replication and mutation



dt =1 i J
W, =Q;-f, D x=1 &=>" fx

Manfred Eigen

1927 - XX
Qi X, + %
A A
+ +
k+i fi Q2i
D < > X)) >(A X)) — XX
k,i 11
+
Xi Qni

’5()+ X

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



Mutation-selection equation: [I.] =x, >0, f, >0, Q;;=0

——Z_lfJQ“XJ—XCD 1=1, Z_l' L (D:er]:lfjsz_

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

()= Zko.k (0)-exp(At)
Z_lz b, ¢, (0 )-exp(A.t)’

i=12,--,n; ¢ (0)=>_" hyx(0)

W+{fiQij; i,j:1,---,n}; B:{bij; i,j:1,---,n}; B'=H :{hij; i, j=1,--,n

B*W-B = A = {4;k=0,1---n-1}

db,
dt

=b, (41, —D); k=0,1,...,n-1

|



Perron —Frobenius theorem: A, >4, >4, >4, -

/blo\
Ay, & b,= b:ZO
\bn0/
lim, . x(t)=% = D0 %0) . 1. ¢, (0)=3"" hy, %(0)

2P0 (0)

The guasispecies is the long-time solution of the
mutation-selection equation.

Definition of quasispecies



Phase diagram of the mutation-selection system



Selection Selection-recombination Selection-mutation

integrating factor,

Method of integrating factor qualitative analysis _

. eigenvalue problem
solution
Linearity yes no yes
Optimization of ® yes yes no
Unique optimum yes no no optimum
Invariance of S, yes yes no

Uniqueness of

. yes no yes
solution

Selection of fittest fittest/coexistence guasispecies

Comparison of mathematical models of evolution



5. What means neutrality in evolution?



Motoo Kimura, 1924 - 1994

Motoo Kimura's population genetics of
neutral 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 NEUTRAL THEORY
OF MOLECULAR EVOLUTION

MOTOO KIMURA

National Institute of Genetics, Japan

CAMBRIDGE UNIVERSITY PRESS
Cambridge

London New York New Rochelle
Melbourne Sydney



Fig. 3.1. Behavior of mutant genes following their appearance in a
finite population. Courses of change in the frequencies of mutants
destined to fixation are depicted by thick paths. N_ stands for the
effective population size and v is the mutation rate.

1 /v
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Frequency

Motoo Kimura

mean time of fixation: 4 N, ... effective population size

mean time of replacement: v ... reciprocal mutation rate



A+X, —25 2X.: k=1,...,m

X, —> B; k=1,...,m

(1) =P(X,M)=n, X, ([t)=n,, - X, (t)=n, )=
=P, ()P, (t)-...-P, (1)

n1 Ny,

neutrality: all probabilities are equivalent and the densities identical

P,
dt

it No+N min(ny,n) n0+n—k—1 nO 1_/12;[2 k
P.(t)=
(0 (1+Mj kZ; ( n—k ](k ][ 2°t?

= A(n-1)P,,(t)+(n+1P,,,()-2nP,(t)); P, (t) = P(X(t)=n)




A+X —%25 2X
X —%5 B
dP,

=AM =D PO+ +DR..(O-2nR 1) PO = P(X(©)=n)

it No+N min(ngy,n) no_|_n_k_1 nO 1_22;[2 K
P (t)=
(O (1+}ttj kzzc‘j [ n—k j(k j[ 2t

E(X(®)=ny, *(X(1)=2n,2t, PRy(t)= (1Mj

At

I t—)oo P (t) 1
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H ) =P(T<t). Hi®=Pys o(0)= (1;%}

ok (M) (A)™!
()= Z“’( jj (1+ At)"

Sequential extinction times 7,
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Fitness

Sewall Wright, 1889 - 1988

Sewall Wright. 1932. The roles of mutation,
inbreeding, crossbreeding and selection in evolution.
In: D.F.Jones, ed. Int. Proceedings of the Sixth
International Congress on Genetics. Vol.1, 356-366.

Ithaca, NY.

Genotype Space

Sewall Wrights fitness landscape as metaphor for Darwinian evolution
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sequence space

Q

genotype > phenotype > selection

Evolution as a global phenomenon in genotype space



pah
Neutral network

Sequence space Structure space

many genotypes = one phenotype



Ao &0 ... largest eigenvalue and eigenvector

A

diagonalization of matrix W

. complicated but not complex "

= G X F

mutation matrix fitness landscape

( comMomp/ex "

» Sequence = structure

o VY co mp / ex " %

mutation selection

Complexity in molecular evolution



6. Evolution in simple systems
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. viruses Bacteria eukaryotes
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Genome size

Selma Gago, Santiago F. Elena, Ricardo Flores, Rafael Sanjuan. 2009. Extremely high mutation rate
of a hammerhead viroid. Science 323:1308.

Mutation rate and genome size



Replicating molecules



Adenine @ Uracil o

Guanine 9 Cytosine

Charles Weissmann
1931-

RNA replication by QB-replicase

C. Weissmann, The making of a phage.
FEBS Letters 40 (1974), S10-S18
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4X+ T E — E‘X'Jr .

EXy +2A4 —— [_EX,,

I FX, +(n-2)A — X _FX.,

X_EX, —— X_+ EX!,
EX, —— X, +E,

X 4+ F ——— FX_,

EX_ +24 — [EX .

ILLEX + (n—-2)A —— X_FEX,,

X,EX ~—— X, + EX'.

EX' — X_+4+ F.

Paul E. Phillipson, Peter Schuster. 2009.
Modeling by nonlinear differential equations.
Dissipative and conservative processes.
World Scientific Publishing, Hackensack, NJ.

da

dt

de
dt

= 2(gyys tg-y)a® — (n—2)(kpmy +kom_)a"

= —(hjwy +hiw_ +bfuy +b 0 )e+
S| 1 2 2

+ hiys +hoy_ +bizy +b 2
= —(hfe+bfetdyz Yoy + hiyy +b7 2 +djw_
= — (hf +gra®)yy + hiaye
= —kea" ?my + graly,
= —djwy +dfoe_zp + kia" ?my
= — (b +dga_)zy +dfwy + bfaye
= —(hje+bye+ d;:+) r_ + hyy_ +b]2_ + dILU'+

= —(hy +g_a®)y_ + hyw_e

= —k_a"?m_ + g_d®y_
= —djw_ +dyrgz_ + k_a"" m_
= —(b] +dyxy)z +d{w_ + byr_e.

—2



replicase e(t)

plus strand x,(t)
minus strand X (t)

total RNA concentration
Xior(t) = X, (1) + x.(1)

complemetary replication

Paul E. Phillipson, Peter Schuster. 2009.

Modeling by nonlinear differential equations.

Dissipative and conservative processes.

World Scientific Publishing, Hackensack, NJ.

,e(t) =

— concentration X(t), x.(1),

0

5000
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— time
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% WILEY-VCH

Directed Molecular
Evolution of Proteins

or How to Improve Enzymes for
Biocatalysis

Edited by
Susanne Brakmann and Kai Johnsson

Edited by #)WILEY-VCH
Sven Klussmann

The Aptamer
Handbook

Functional Oligonucleotides and Their Applications

selection

oligonucleotide
library
dl 1l

Application of molecular evolution to problems in biotechnology



Viruses
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Virus

Research

—_——
v elsevier com/locme vinsTes

Preface

Antiviral strategy on the horizon

Emor catasirophe had its concepmal ongins m the middle of
the Z0th cennoy, when the consequences of mutations on
enrvines involved in protein syothesis, s a theory of aging.
In those times biological processas were generally perceived
diferently from today. Infectious diseases ware regardad as
a fleeting muzance which would be eliminated through the
nse of antibietics aud aotiviral agems. Microbial vanation,
althongh known in some cases, was not thought to be a signif-
icant prablem for dissase cowtrol. Viration in differenriared
arganisms was seen as resulting essentially from exchanges
of genetic materizl associzted with sexual reproduction.
The protlem was o wmvell the mechanisms of inhemtance,
expression of genetic mfonmation and meabolism. Few saw
that genetic change is ocowTing at pressnt in 2l orgamisms,
and sill fewer recognized Darwinian principles as essential
o the biclogy of pathogenic wiruzes and cells. Populstion
genaticists rarely used bacteria or vimses as expenmental
systems todefine concepts in biological evolution. The extent
of genetic polymeorphism among individuals of the same
biological species came as & swprise when the first results
on camparisen of elecophoretic mobility of enzymes were
obtained. With the advent of in vioo DINA recombination,
and rapid pucleic acid sequencing technigues, molecular
analyses of zenomes reinforced the conclusion of exmeme
inrer-individual genetic varatnon within the same spacies.
Now, due largely o spectacular progress in comparztive
genomucs, we see cellular DMAs, both prokaryotic and
eukaryatc, as highly dynanuc. Most cellular processes, in-
clnding such essenrial mfommanion-bearing and mansfarring
events 35 genome replication, wanscription and manslaton,
are increasingly perceived as mhersntly macourate. Vinses,
and in particular BNA viruses, are among the most exireme
exmnples of exploitation of replication macouracy for
survival.

Ermror carastraphe, or the loss of mesningful genstic infor-
martion through excass genstic variation, was formmilated in
quaniitative ferms as a coasequence of quasispecies theary,
which was first developed to explain self-crganization and
sdaprability of primitive replicons in early stagas of life. Ra-
cently, a concepmal extension of ermor catasophe that could
e definad as “induced genetic deterioration” has emergad as

G158-17025 - sea front mater © 2004 Elseviar BV, All dehic resarvad.
doi-10 1008 virmares. 2004.11.001

3 pessible apfiviral strategy. This is the topic of the cument
special issue of Firus Research.

Few would nowadays doubt that one of the major obsta-
cles for the control of viral diseasa is shor-term adaprabiline
of viral pathogens Adaprability of vimses follows the same
Drarwinian principles thar have shaped biological evolution
aver eons, that is, repeated rounds of reproduction with ga-
netic variation, competition znd selection, offen perturbed
Ty random evenrs such as stanstcal flncmstiens in popu-
lation size. However, with vimises the consequences of the
operation of these very same Darwinian principles are felt
within very short times. Short-term evolution (within howrs
and days) canbe also obsarved with some cellular pathogens,
with subsets of nomnal cells, and cancer calls. The nature of
FIMA viral pathogens begs for altemanive antiviral sirategiss,
and forcing the vims fo cross the cntical ervor threshold for
maintenance of genetic mformation is one of them

The comrriutions to this vehmne have been chosen o
raflert different lines of evidence (both thearatical amd
experimental) on which antiviral designs based on geneuc
detertoration inflicted upon vimses are bemg consmuched.
Theoretical smudies bave explored the copying fdelity
condittons that must be fulfilled by any mformation-earing
replication system for the essental genetic informarion o
fze mansmitted o progeny. Clozely related 1o the theorerical
developments bave been oumerous experipental smdies
on quasispecies dyvoamdcs and their nmltiple biological
manifestations. The latter can be summarized by saying
thar BMNA vimses, by vimue of existing s nwran? spectra
rather than defined genstic entines, remarkably expand their
poteniial 1o overcoms seleciive pressures intended to limdt
their replication. Indeed, the use of antiviral inbibitors in
clinical practice and the design of vaccies for 3 mumber of
miajor BXA vimis-associated diseases, are currently presided
Try 2 sensas of uncarmainty. Another line of srowing researchis
the enzymology of copying Sdeliny by viral replicazes, aimed
at understanding the molecular basis of nuiragenic activities.
Emor catasirophe as & potentizl new antiviral swategy re-
caived an importan: mnpulse by the observation thar ribavirin
((a licensed awtiviral micleoside analogue) may be exerting, in
sOle systems, its aufiviral activity through enbanced miaga-

11& FPrefoe / Virus Research (07 (20030 1153-006

nesis. This has encovragzed investizations on new muta gemic
base snalogues, some of them usad in anticancer chemothar-
apy. Some chaprers suunmarize these important biochemical
smudies on cell entry pathwrays and metabolism of mutagemic
agents, that may find vew applications as antiviral agenrs.
This wolume mtends to be basically 3 progress repodt, an
inmroduction to a new avenue of research, and 3 realistc ap-
pratsal of the many issues that remain to be imvestizgated. In
ths respect, [ can envisage (not without many uncerainies)
at laast three lines of needad research: (i) One on further n-
derstanding of quasispecies dynamics in infected individnsls
o leamm more on how to spply combinations of vins-specific
muatazens and inhibitors in an effective way, finding syner-
Zistic combinations snd avoiding sntagonistic ones as wall
as severe clinical side effects. (1) Another on a desper under-
standing of the metabolism of mutagenic agents, in particular
base and nucleoside apalogues. This includes identification
of the mansportars that camy them into cells, sr understand-
ing of their metsbolic processing inracellular stability and
alterations of nucleotde pools, among ather ssues. (i) Sull
anpther line of needed ressarch is the development of new
muataZenic agents specific for vimses, showing no (or im-
ired) towicity for cells. Some advances may come froon links
with awticancer ressarch, but others should resuls from the
desizns of new maolecules, based on the stacmares of viral
polvmerases. [ really hops thart the reader finds this issue not
only to be an interasting snd useful review of the currant sina-

ation in the field, bar also a stinulating exposure to the major
problems to be faced.

The ides to prepars this spacial 1ssue came a5 3 kind imvita-
ton of Ulrich Desselbergar, former Editor of Firns Research,
and then taken enthnstastically by Luis Enjuanes, recently ap-
pointed as Editor of Firus Research. I take this oppormmity
to thank Ulrich, Luis and the Editor-in-Chief of Firus Re-
search, Brian Maky, for their contimied mterest and support
1o the research on vims evelution over the vears.

Moy thanks go also wo the 19 authers who despits their busy
schadules have tzken time to prepare excellent mamscrips,
o Elsevier staff for their prompt responses to miy ragquests,
and, last but not least, o Ms. Luciz Homille from Centro de
Brologia Melecular “Savers Ochoa™ for her patient desling
with the comespondence with authors and the final organiza-
ton of the issue.

Esteban Dormingo

Universidod durdnoma de Modrid

Canmro de Biologia Malecilar “Savero Ochoa™
Conzgio Suparior de mestigaciones Clanrjficas
Cantoblance and Valdeoimos

Muadrid, Spamn

Tel: + 34 01 297 B4850/9; fax: +34 91 407 4720
E-mail address: edomingo@icm uam es
Anrailable onlive 8 December 2004

Esteban Domingo
1943 -

Application of quasispecies theory to the fight against viruses



SECOND EDITION

ORIGIN AND
EVOLUTION
OF VIRUSES

Edited by
ESTEBAN DOMINGO
COLIN R. PARRISH

JOHN J. HOLLAND
Molecular evolution of viruses




7. Some origins of complexity in biology



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

Escherichia coli genome:

4 million nucleotides
4460 genes

The spatial structure of the bacterium Escherichia coli



Francois Jacob, 1920-2013

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

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

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



A model genome with 12 genes
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The reaction network of cellular metabolism published by Boehringer-Ingelheim.
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Coworkers

Walter Fontana, Harvard Medical School, MA

Josef Hofbauer, Universitat Wien, AT

Universitat Wien

Martin Nowak, Harvard University, MA
Christian Reidys, University of Southern Denmark, Odense, DK
Karl Sigmund, Universitat Wien, AT
Peter Stadler, Barbel M. Stadler, Universitat Leipzig, DE

Thomas Wiehe, Universitat Koln, DE

Ivo L.Hofacker, Christoph Flamm, Universitat Wien, AT
Paul Phillipson, University of Boulder at Colorado, CO
Christian Forst, University of Texas, Southwestern Medical School, TX

Erich Bornberg-Bauer, Universitat Minster, DE



Thank you for your attention



Web-Page for further information:

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