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Historical prologue

The work on a molecular theory of evolution started more than 40 years ago ......
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Chemical kinetics of molecular evolution
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Mutation and (correct) replication as parallel chemical reactions

M. Eigen. 1971. Naturwissenschaften 58:465,
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RNA replication by QB-replicase

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



Die Naturwissenschaften ...

The Hypercycle

A Principle of Natural Sclf-Organization
art A: Emergence of the Hypercycle

Manfred Eigea
Max- Planck- Instituat fur hophysikalische

. D Gottingen
Peter Schusler

Institut fur theoretische Chemie und Strahlenchemic der Univers A-1090 Wien

Vypercytla oTpanURTe IS aTe alk
e Wnkages s
s o hranch,

ok those aws
o bagh

vkl anatyss
the corgontr
rag 0 T

te Bast adapied d
seiereed 1o s tha wild bype

aryols cell

Frevins an Paer M- The shewarr Iyseeciie

1. The Paradigm of L

and Lversicy i Evolution

Why do millions of specics. plants and Ak onist,
whilke thers & oaly on r machinery
ol b e 3 o code and i ague

chi

rhod smwmtbe whkh does 0t

Ay of speces is m.n-.m e of 1k
n - g poocess of evalation with its m
fenstianally linke e » waly of sngle steps of reproducison and mutzton

Natursiseascaalien b4, S48 548 (1077 © by Sprieger Verlg 1977 St

1977

mﬂmn—mmdrmml GEEL
Copyright © 1988 by the American Chemical Society and reprinted by = of the copyright owner.

Molecular Quasl-Species’

Manfred Eigen,* John McCaskill,
Max Planck Institut fior biophysikalische Chemis. Am Fassberg, [ 1400 Gottingen- Nikolausberg. BRD
and Peter Schuster®

Tnstirus fGr thearerische Chemie und Strahlenchemic, der Universirat Wien, Wakringer Strasse 17,
A=-1090 Wien, Austria |[Received: Jume 9, 19088)

The molecular o heserupolymers
ﬂuﬁnmmwmmnw wmmmmmdm
M‘:ﬂn mhde:w
-umwa-mmw-}.ﬁ-a—nﬂm chemical

of uniqes individual soquences. The quasi-sp
hm—ammwmﬂwm%ﬂwmw

e fetures i phynical chemity. Comeeatration bias i the production of metants i 1 new concep i penetics,

1. Molecular Selection optimal catalysis? Darwia's theory of narural selection has
wdwwmwmumm provided biologists with a framework for the answer to this

wamm.“ﬂmw|hdm bbut in terms of specific macromolecules, chemical reactions, and

of fi
mumm.dhmanlww or gemoaype
no difficalty  for

rounded support mtuition physical processes that the notion of survival of the fittest
byl o L previse, Nﬂuhl;nlhmﬂmi of
baliy, o application ical Eimatations of adaptation, rendes new insight
md,m o rrdors e e o of
entities comes into conflict this model it is first necessary
i variety, such as that in ‘based oa w0 recall the | basis of Darwin's 5
even very small ‘different bascs, even just two, readily Darwin recogaired that mew inkesitsble [properties were
provides numbers of different 50 enarmous that neitber mot induced by 18 but arcee in the
mor parallel physical realization is possible. The

polymeric sequences T Amdﬁn’i—ﬁrﬂ
phenotype. changes Benctype
hawmmamﬁdm-tmm dias rlosmrmt Lo frwrmird o y
mham Mwmhw mecessary for selection. Three factors have probably
determine e.m,m, Putentially creative, chemists from gaining a clear insight into o
= e = the the dia «of the palymeric nature of the
m.(ﬁmmuz:‘?w_;:h
lﬂﬂﬂdﬂm m-od study u
these regularities. m SE and the nomcquilibrivm nature of these ongoing

g The
daptati e e REETE DRV R

iy ar
Mm' At a mare chemical bevel, why are enzymes. “}:mmm—ummmuhm

" This s s sbeidped accoast of Lhe guai-igeoes Lhai has beca

A1) Eipes, Ml; MoCankill, J. 5. Schster, P. Ade. Chem. Phys., in pross.
0022-3654 /8% J091-6881301.50/0 © 1988 American Chemical Society

1988

Chemical kinetics of molecular evolution (continued)



Avallable online at www.sclencedirect.com
tnl(un(@nlnlu'r*

Wiras Rassarch 107 (2005) 115-116

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 imvelved in protein syothesis, a5 a theory of aging.
In those times biological processas were ganerally perceived
diferently from today. Infectious diseases ware regardad as
a fleeting musance which would be eliminated through the
nse of antibiotics and aotiviral agems. Microbial vanation,
althongh kpown in some cases, was not thought to be a siguif-
icant prablem for dissase cowtrol. Viration in differenriared
arganizsms 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 mionmation and metabolism. Few saw
that genstic change is ocowTing at pressnt in 2l orgamisms,
and sl fewer recognized Darwinian principles as essential
o the biology 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 snzymes were
obtained. With the advent of in vioo DINA recombination,
and rapid mmcleic acid sequencing technigues, molecular
analyses of zenomes reinforced the conclnsion of exmeme
inrer-individual genetic varanon within the same spacies.
Now, due largely o spectacular progress in comparztive
genomucs, we seg cellular DMAs, both prokaryotic and
eukaryatic, as highly dynanuc. Most cellular processes, in-
clnding such essenrial mformmanion-bearing and mansfaring
events 35 genome replication, wanscription and manslaton,
are increasingly perceived as mbersntly macourate. Vinses,
and in particular BNA viruses, are among the most extreme
exmnples of exploitation of replication macouracy for
survival.

Ermror carastrophe, or the loss of mesningful genstic infor-
martion through excass genstic variation, was formmilated in
quaniitative terms 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 catasmophe that could
e definad as “induced genetic deterioration” has emergad as

TO2% — sea froat zoatier © 2004 Elsevier BV, All dehic resarvad.
jirames.2004.11.001

3 possible spfiviral strategy. This is the topic of the cument
special issue of Firus Research.

Few would nowsdays doubt that one of the major obsta-
cles for the control of viral diseasa is shor-term adaprabiling
af viral pathogens Adaprabiliny of vimses follows the same
Drarwinzan principles thar have shaped biological evolution
aver eons, that is, repeated rounds of reproduction with ga-
metic variation, competition znd selection, offen perturbed
Ty random evenrs such as stanstcal flncmeatiens in popu-
lanion size. However, with vimises the consequences of the
operation of these very same Darwintan 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 crtical ervor threshold for
maintensnce of genetic mformation is one of them

The conmributions to this vohune have been chosen to
raflart different lines of evidence (both thearatical amd
experimental) on which antiviral designs based on gepeuc
detertoration inflicted upon vimses sre bemg consmuched.
Theoretical studies bave explored the copying fdelity
condittons that must be fulfilled by any mformation-earing
raplication system for the essential genetic informarion o
fre mansmitted o progeny. Clesely related 1o the theorerical
developments bave been oumerous experipental smdies
on quasispecies dyvoamdcs and their nmltiple bielogical
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
potental 1o overcoms seleciive pressures intended to limdt
their replication. Indeed, the use of antiviral mbibitors in
clincal practice and the design of vaccmes for 3 mumber of
miajor FXA vimis-associated diseasas, are currently presided
Try 2 senss of uncaraingy. Another line of srowing researchis
the enzymology of copying fdeliny by viral replicazes, aimed
at understanding the molecular basis of nuuragenic activities.
Ermor catasirophe as & potential new antiviral swategy re-
caived an importan: mnpulse by the observation thar ribavirin
((a licensed awtiviral micleoside analogue) may be exerting, in
SO systenms, 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 pew applications as antiviral agents.
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
to learn more on how to apply combinaticns of virs-specific
muatazens and inhibitors in an effective way, finding syner-
zistic combinations and avoiding antagonistic ones as well
as severe clinical side effects. (1) Another on a desper under-
standing of the membaolism 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 seabilizy and
alterations of nucleotde pools, amons other tssues, (i) Sull
anpther line of needed ressarch is the development of new
muataZenic agents specific for vimses, showing no (or im-
ired) toxicity for cells. Some advances may come froon links
with awticancer ressarch, but others should resuls from the
desizns of new maolecules, based on the stactares 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 special issue came a5 3 kind imvita-
ton of Ulrich Desselbergar, former Editor of Firns Research,
and then taken enthnsiastically by Luds Enjusnes, recently ap-
pointed as Editor of Firus Research. I take this oppormmity
o thapk Ulrkch, 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 marmscrips,
o Elsevier staff for thedr prompt responses to niv requests,
and, last but not least, o Ms. Luciz Homille from Centro de
Brologia Melecular “Severs Ochoa™ for her patient desling
with the comespondence with authors and the final organiza-
tion of the izsne.
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Application of quasispecies theory to the fight against viruses
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Theory of Lethal Mutagenesis for Viruses's
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Mutation is the basis of adaptation. Yet, most mutations are detrimental, and elevating mutation rates will
impair a population’s fitness in the short term. The latter realization has led to the concept of lethal
mutagenesis for curing viral infections, and work with drugs such as ribavirin has supported this perspective.
As vet, there is no formal theory of lethal mutagenesis, although reference is commonly made to Eigen's error
catastrophe theory. Here, we propose a theory of lethal mutagenesis. With an obvious parallel to the epide-
miological threshold for eradication of a disease, a sufficient condition for lethal mutagenesis is that each viral
genotype produces, on average, less than one progeny virus that goes on to infect a new cell. The extinction
threshold involves an evolutionary component based on the mutation rate, but it also includes an ecological
component, so the threshold cannot be calculated from the mutation rate alone. The genetic evolution of a large
population undergoing mutagenesis is independent of whether the population is declining or stable, so there
is no runaway accumulation of mutations or genetic signature for lethal mutagenesis that distinguishes it from
a level of mutagenesis under which the population is maintained. To detect lethal mutagenesis, accurate
measurements of the genome-wide mutation rate and the number of progeny per infected cell that go on to
infect new cells are needed. We discuss three methods for estimating the former. Estimating the latter is more
challenging, but broad limits to this estimate may be feasible.

Error threshold versus lethal mutagenesis
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1. Complexity in molecular evolution
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Chemical kinetics of replication and mutation as parallel reactions
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Factorization of the value matrix W separates mutation and fitness effects.



Mutation-selection equation: [I]=x;20, /;20,0,20

dxi n . .
dt :Zj=1Qijfjxj_xi¢’ i=12,--,n; 2—11 L ¢= 2—1 i T

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

()= ﬁ,k ¢, (0)- exp(4,1)

Z] 12 oL Ck )'eXp(/Ikt);

i=12,---,n; ¢, (0)= Z;hkl. x,(0)
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Ao &0 ... largest eigenvalue and eigenvector
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diagonalization of matrix W
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W = G X F

mutation matrix fitness landscape

\/,,'comp/ex "

» genotype = phenotype

« v,

mutation selection

Complexity in molecular evolution



2. The error threshold



The no-mutational backflow or
zeroth order approximation
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The no-mutational backflow or
zeroth order approximation
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The ,no-mutational-backflow* or zeroth order approximation



Chain length and error threshold
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p ... constant: n., =~
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superiority of master sequence
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3. Simple landscapes and error thresholds



val. 131, No. 1 The American MNaturalist January 1988

NOTES AND COMMENTS

SURFACES OF SELECTIVE VALUE REVISITED

Provine, in his generally favorable discussion of my shifting-balance theory of
evolution, severely criticized the concept of **surfaces of selective value™ (1986,
p. 307). I think that he was looking for something more mathematical than was
intended. Professor E. M. East, as organizer of the program of the Sixth Interna-
tional Congress of Genetics (held in 1932 in Ithaca, New York), had asked me to
present a brief, nonmathematical account of the views on evolution that I had
presented in a long (63-page) paper in 1931. I agreed to do this.

Most early genecticists thought of the phenotype as if it were 2 mosaic of unit
characters, each determined by a single locus, with effects as conspicuous as
those that they used in their experiments. They thought of alleles as having
constant relative selective values. The consequences of this assumption were
worked out most exhaustively by Haldane in a series of papers beginning in 1524
and summarized in 1932. In addition, he worked out less fully some of the
consequences of various other assumptions, also summarized in this book,

Sewall Wright. 1931. Evolution in Mendelian populations.

Genetics 16:97-159.

-- --. 1932. The roles of mutation, inbreeding, crossbreeding,
and selection in evolution. In: D.F.Jones, ed. Proceedings of
the Sixth International Congress on Genetics, Vol.I. Brooklyn

Botanical Garden. Ithaca, NY, pp. 356-366.

-- --. 1988. Surfaces of selective value revisited.
The American Naturalist 131:115-131.
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Fio. 2.—Disgrammatic representation of the field of gene combinations in twa dimensions
instead of many thousands, Dotted lines represent contours with respect fo adaptiveness.



Fitness

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.
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Sewall Wrights fitness landscape as metaphor for Darwinian evolution
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Binary sequences are encoded
by their decimal equivalents:

31 C=0and G =1, for example,

"0" =00000=CCCCC,
"14" = 01110 = CGGGC,

"29" = 11101 = GGGCG, etc.

Mutant classes 5
# sequences 1
Concentrations of entire error classes: [I';] = wi(p), k=0,1,...,n
- n
ur(p) = Z zi(p) , Tk = ( A,)
i=1, dyp(X: Xe)=k

The simple landscape model
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Error threshold on the
step linear landscape
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N - both are often used in

= N - population genetics
linear and % ™o ~ -
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— Relative concentration y(p) —>
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The linear fitness landscape shows no error threshold
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Error threshold on the
hyperbolic landscape
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The error threshold can be separated into three
phenomena:

1. Steep 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.



The error threshold can be separated into three
phenomena:

1. Steep 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.



Make things as simple as possible,
but not simpler |

Albert Einstein

Albert Einstein‘s razor, precise refence is unknown.



4. ,Readlistic' fitness landscapes



Realistic fithess landscapes

1.Ruggedness: nearby lying genotypes may
develop into very different phenotypes

2.Neutrality: many different genotypes give rise to
phenotypes with identical selection behavior

3.Combinatorial explosion: the number of possible
genomes is prohibitive for systematic searches

Facit: Any successful and applicable theory of molecular evolution
must be able to predict evolutionary dynamics from a small or at
least in practice measurable number of fithess values.
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sequence number

Random distribution of fitness values: d = 0.5and s = 919



fo 1.10}i-

1.05

Jn 1.00-HH:

fithess values fJ’ s

0.95

0907 1000

sequence number

Random distribution of fithess values: d = 1.0 and s = 919
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5. Quasispecies on realistic landscapes
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Do .realistic’ landscapes sustain error thresholds?

Three criteria: 1. steep decrease of master concentration,
2. phase fransition like behavior, and
3. transition to the uniform distribution.
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Two questions:

1. Can we predict mutational behavior of
quasispecies from fitness landscapes?

2. What is the evolutionary consequence
of the occurrence of mutationally stable
and unstable quasispecies?



Landscape analysis 10-1.1-1.0-1-637

Class | Mean fitness | Max.fitness | Seq. fO-fn | Neigh.mean | Neigh.max | Seq. | Class

0 1.10000 1.10000 0 | 0.00000 0.99786 1.08691 4 1

Landscape analysis through the evaluation of single point mutation neighborhoods




Landscape analysis 10-1.1-1.0-1-637

Class | Mean fitness | Max.fitness | Seq. fO-fn | Neigh.mean | Neigh.max | Seq. | Class

0 1.10000 1.10000 0 | 0.00000 | 0.99786 1.08691 4 1

1 0.99786 1.08691 4 | 0.01309 0.99575 1.08499 68 2

Landscape analysis through the evaluation of single point mutation neighborhoods




Landscape analysis 10-1.1-1.0-1-637

Class | Mean fitness | Max.fitness | Seq. fO-fn | Neigh.mean | Neigh.max | Seq. | Class
0 1.10000 1.10000 0 | 0.00000 | 0.99786 1.08691 4 1
1 0.99786 1.08691 4 | 0.01309 | 0.99575 1.08499 68 2
2 0.99417 1.09731 768 | 0.00269 | 0.99184 1.08998 | 769 3

Landscape analysis through the evaluation of single point mutation neighborhoods




Landscape analysis 10-1.1-1.0-1-637

Class | Mean fitness | Max.fitness | Seq. fO-fn | Neigh.mean | Neigh.max | Seq. | Class
0 1.10000 1.10000 0 | 0.00000 | 0.99786 1.08691 4 1
1 0.99786 1.08691 4 | 0.01309 @ 0.99575 1.08499 68 2
2 0.99417 1.09731 768 | 0.00269 | 0.99184 1.08998 | 769 3
3 1.00138 1.09966 19 | 0.00034 1.00521 1.08891 | 275 4
4 0.99981 1.09953 960 | 0.00047 | 0.99409 1.07539 | 968 5
5 1.00346 1.09794 391 | 0.00206 1.01215 1.07379 | 903 6
6 1.00218 1.09799 462 | 0.00201 1.01235 1.08449 | 334 5
7 0.99668 1.09971 923 | 0.00029 | 0.99776 1.09311 | 667 6
8 1.00614 1.09999 1003 | 0.00001 | 0.99310 1.08863 | 995 7
9 1.02155 1.09735 511 | 0.00265 0.97927 1.06224 | 447 8

10 1.04209 1.04209 1023 | 0.05791 1.02155 1.09735 | 511 9

Landscape analysis through the evaluation of single point mutation neighborhoods




Landscape analysis 10-1.1-1.0-1-919

Class | Mean fitness | Max.fitness | Seq. fO-fn | Neigh.mean | Neigh.max | Seq. | Class
0 1.10000 1.10000 0 | 0.00000 | 0.98992 1.09659 4 1
1 0.98992 1.09659 4 1 0.00341 | 1.03912 1.09703 516 2
2 1.00480 1.09703 516 | 0.00297 0.99848 1.09659 4 1

Landscape analysis through the evaluation of single point mutation neighborhoods




Landscape analysis 10-1.1-1.0-1-919

Class | Mean fitness | Max.fitness | Seq. fO-fn | Neigh.mean | Neigh.max | Seq. | Class
0 1.10000 1.10000 0 | 0.00000 | 0.98992 1.09659 4 1
1 0.98992 1.09659 4 1 0.00341 | 1.03912 1.09703 516 2
2 1.00480 1.09703 516 | 0.00297 0.99848 1.09659 4 1
3 1.00575 1.09827 112 | 0.00173 | 0.99391 1.09340 | 624 4
4 0.99763 1.09850 801 | 0.00150 | 0.99919 1.09729 | 769 3
5 0.99339 1.09924 570 | 0.00076 | 0.98717 1.06809 | 634 6
6 0.99719 1.09829 573 | 0.00171 0.97527 1.09874 829 7
7 0.99683 1.09912 247 | 0.00088 | 1.00176 1.07528 | 503 8
8 1.00649 1.09670 703 | 0.00330 | 0.99227 1.06191 | 671 7
9 0.98467 1.07890 | 1015  0.02110 | 1.01749 1.09640 | 951 8
10 1.02104 1.02104 1023 | 0.07896 0.98467 1.07890 1015 9

Landscape analysis through the evaluation of single point mutation neighborhoods




65~ 66,68~ 72 80 - 96,1297 130 132 136 /144/ 160 192 '257) 2
2607264 272 1288 1320 384 513 514 516 520 528 544 576 640 768

N

Determination of the dominant mutation flow: d=1, s = 637
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Determination of the dominant mutation flow: d=1, s =919



6. Neutrality and consensus sequences



WOTOD KIML=RA

Motoo Kimuras 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



Frequency

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.

A it /v .

el i, M

Motoo Kimura

Is the Kimura scenario correct for frequent mutations?



dy=1
lim,_,x(p)=x,(p)=0.5

d, =2
lim,_, x(p)=a/(l+a)

\‘ lim, ,,x,(p)=Y(1+a)

dy >3

lim__,x (p)=1,lim__,x,(p)=0 or
Iimp—)O xl (p):O, Iimp—>0 x2 (p):l

Pairs of neutral sequences in replication networks Random fixation in the

sense of Motoo Kimura
P. Schuster, J. Swetina. 1988. Bull. Math. Biol. 50:635-650



Fitness values f(Iy)

01234567 8 9101112131415 1023
Sequences

A fitness landscape including neutrality
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....... ACAUGCGAA -------
....... AUAUACGAA -------

....... ACAUGCGCA -------
....... GCAUACGAA -------
....... ACAUGCUAA -
....... ACAUGCGAG -+
....... ACACGCGAA -------
....... ACGUACGAA -
....... ACAUAGGAA -
....... ACAUACGRAA -

Consensus sequence of a quasispecies of two strongly coupled sequences of
Hamming distance d,(X; ,X;) = 1.
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------- ACAUGAUUCCCCGAA -+++++*
------- AUAUAAUACCUCGAA -+++++*
------- ACAUAAUUCCCCGCA «+++++
------- GCAUAAUUUCUCGAA +++++-
------- ACAUGAUUCCCCUAA «++++*
------- ACAUAAGUCCCCGAG +++++*
------- ACACGAUUCCCCGAA «++++*
------- ACGUAAUUCCUCGAA «++++*
------- ACAUGCUUCCUAGAA -++++*
------- ACAUAAUUCCCCGAA «++++*
------- AUAUAAUUCUCGGAA «+++++*
------- ACAAAAUGCCCCGUA -+++++

C

UCGAA .......

------- ACAU-AUUCC

Consensus sequence of a quasispecies of two strongly coupled sequences of
Hamming distance d,(X; . X;) = 2.
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Neutral network

A =0.10, s =229

Perturbation matrix W

[f 0 = 0 0 0 0)
0 f 0000
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Adjacency matrix

Largest eigenvector of W

& = (0.1,0.1,0.2,0.2,0.2,0.1,0.1) .

Neutral networks with increasing A: A =0.10, S = 229



Theory cannot remove complexity, but it
shows what kind of .regular® behavior can be
expected and what experiments have to be
done to get a grasp on the irregularities.

Manfred Eigen,

Preface to E. Domingo,

C.R. Parrish, J.J.Holland, eds.
Origin and Evolution of Viruses.
Academic Press 2008
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Web-Page for further information:
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