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Prologue

The work on a molecular theory of evolution started 42 years aqgo ......
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Error Thresholds for Quasispecies on Dynamic Fitness Landscapes

Martin Nilsson
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(Received 29 March 1999)

In this paper we investigate error thresholds on dynamic fitness landscapes. We show that there exists
both a lower and an upper threshold. representing limits to the copying fidelity of simple replicators.
The lower bound can be expressed as a comection term to the error threshold present on a static
landscape. The upper error threshold is a new limit that only exists on dynamic fitness landscapes.
We also show that for long genomes and/or highly dynamic fitness landscapes there exists a lower
bound on the selection pressure required for the effective selection of genomes with superior fitness
independent of mutation rates. ie. there are distinct nontrivial limits to evolutionary parameters in
dynamic environments.

PACS numbers: 8723 Kg, 87.10.+e, 87.15.Aa
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Quasispecies theory for multiple-peak fitness landscapes

David B. Saakian,l'2 E. Muifioz ,3 Chin-Kun Hu,] and M. W. Deem’
Ynstitute of Physics, Academia Sinica, Nankang, Taipei 11529, Taiwan
Yerevan Physics Institute, Alikhanian Brothers St. 2, Yerevan 375036, Armenia
*Department of Physics and Astronomy, Rice University, Houston, Texas 77005-1892, USA
(Received 15 September 2005; revised manuscript received 13 December 2003; published 11 April 2006)

‘We use a path integral representation to solve the Eigen and Crow-Kimura molecular evolution models for
the case of multiple fitness peaks with arbitrary fitness and degradation functions. In the general case, we find
that the selution to these molecular evolution models can be written as the optimum of a fitness function, with
constraints enforced by Lagrange multipliers and with a term accounting for the entropy of the spreading
population in sequence space. The results for the Eigen model are applied to consider virus or cancer prolif-
eration under the control of drugs or the immune system.

DOI: 10.1103/PhysRevE.73.041913 PACS number(s): 87.23.Kg, 02.50.—r, 87.10.+e, 87.15.Aa
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Maternal Effects in Molecular Evolution

Claus O. Wilke*

Digiral Life Laboratory, Mail Code 136-93, Pasadena, California 91125
(Received 27 June 2001; published 31 January 2002)

‘We introduce a model of molecular evelution in which the fitness of an individual depends both on its
own and on the parent’s genotype. The model can be solved by means of a nonlinear mapping onto the
standard quasispecies model. The dependency on the parental genotypes cancels from the mean fitness,
but not from the individual sequence concentrations. For finite populations, the position of the error
threshold is very sensitive to the influence from parent genotypes. In addition to biological applications,
our model is important for understanding the dynamics of self-replicating computer programs.

DOL: 10.1103/PhysRevLett.88.078101 PACS numbers: §87.23.Kg
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Phase Diagrams of Quasispecies Theory with Recombination and Horizontal Gene Transfer

J.-M. Park'? and M. W. Deem!
'Department of Physics & Astronomy and Department of Bivengineering, Rice University, Houston, Texas 77005-1892, USA

ZDEparmxenf of Physies, The Catholic University of Korea, Bucheon, 420-743, Korea
(Received 9 October 2006; published 29 January 2007)

‘We consider how transfer of genetic information between individuals influences the phase diagram and
mean fitness of both the Eigen and the parallel, or Crow-Kimura, models of evolution. In the absence of
genetic transfer, these physical models of evolution consider the replication and point mutation of the
genomes of independent individuals in a large population. A phase transition occurs, such that below a
critical mutation rate an identifiable quasispecies forms. We show how transfer of genetic information
changes the phase diagram and mean fitness and introduces metastability in quasispecies theory, via an
analytic field theoretic mapping.

DOL: 10.1103/PhysRevLett.98.058101 PACS numbers: 87.23 Kg, 87.15.Aa
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Emergence of order in selection-mutation dynamics

Christoph Marx, Harald A. Posch.™ and Walter Thirringr
Faculty of Physics, Universitiit Wien, Boltzmanngasse 5, A-1090 Wien, Austria
{Received 7 March 2007; published 8 June 2007}

We characterize the time evolution of a d-dimensional probability distribution by the value of its final
entropy. If it is near the maximally possible value we call the evolution mixing, if it is near zero we say it is
purifying. The evolution is determined by the simplest nonlinear equation and contains a d X d matrix as input.
Since we are not interested in a particular evolution but in the general features of evolutions of this type, we
take the matrix elements as uniformly distributed random numbers between zero and some specified upper
bound. Computer simulations show how the final entropies are distributed over this field of random numbers.
The result 1s that the distribution crowds at the maximum entropy, if the upper bound is unity. If we restrict the
dynamical matrices to certain regions in matrix space, to diagonal or triangular matrices, for instance, then the
entropy distribution 1s maximal near zero, and the dynamies typically becomes purifying.

DOI: 10.1103/PhysRevE.75.061109 PACS number(s): 05.20.—v, 87.23.Kg, 05.45.Pq, 87.10.+¢

PHYSICAL REVIEW E 76, 041133 {2007)

Emergence of order in quantum extensions of the classical quasispecies evolution

Heide Narnhofer,® Harald A. PDSo:‘h,r and Walter ThirringIE
Faculty of Physics, Universitit Wien, Boltzmanngasse 5, A-1090 Wien, Austria
{Received 12 June 2007; published 24 October 2007)

We study evolution equations which model selection and mutation within the framework of quantum me-
chanics. The main guestion is to what extent order is achieved for an ensemble of typical systems. As an
indicator for mixing or purification, a quadratic entropy is used which assumes values between zero for pure
states and {d—1)}/d for fully mixed states. Here, d is the dimension. Whereas the classical counterpart, the
quasispecies dynamics, has previously been found to be predominantly mixing, the quantum quasispecies ((35)
evolution surprisingly is found to be strictly purifying for all dimensions. This is also typically true for an
alternative formulation (AQS) of this quantum mechanical flow. We compare this also to analogous results for
the Lindblad evolution. Although the latter may be viewed as a simple linear superposition of the purifying QS
and AQS evolutions, it 1s found to be predominantly mixing. The reason for this behavior may be explained by
the fact that the two subprocesses by themselves converge to different pure states, such that the combined
process 1s mixing. These results also apply to high-dimensional systems.

DOL: 10.1103/PhysRevE. 76041133 PACS number(s): 05.30.—d, 87.23.Kg, 04.20.Ha, 87.10.+¢
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1. Chemical kinetics of replication and mutation
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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 logics of DNA replication
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RNA replication by QB-replicase

C. Weissmann, The making of a phage.
FEBS Letters 40 (1974), S10-S18
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Complementary replication as the simplest molecular mechanism of reproduction
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Kinetics of RNA replication

C.K. Biebricher, M. Eigen, W.C. Gardiner, Jr.
Biochemistry 22:2544-2559, 1983
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Decomposition of matrix W
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Factorization of the value matrix W separates mutation and fitness effects.



Mutation-selection equation: [I ] =x;20, £,20,0,20
=2 x g =2 Y=L =30 fix =]

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

() gzk Ck( )'exp(/lkt)

Z _12 Ejk 'Ck(o)' exp(/ikt);

i=12,--,n; ¢ (0)= Z;hki x,(0)

W+{fl.Ql.j; i,j=1,2,---,n}; {ZU, i, j=1,2,- }; L_1:H={hij; i, j=1,2,---,n

L*W-L = A = {4;k=0,1,--n—-1}



Perron-Frobenius theorem applied to the value matrix W

W is primitive: (i) A, is real and strictly positive
(i) 2, >|4,| forall k=0
(iii) A, is associated with strictly positive eigenvectors
(iv) A isa simple root of the characteristic equation of W

(v-vi) eftc.

W is irreducible: (i), (iii), (iv), etc. as above
(i) A, =|4,|forall k=0
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Selection of quasispecies with f; =1.9, f,=2.0, f;=2.1,and p =0.01, parametric plot on S,



Uniform error rate model:

Qij — de(Xé,Xj) (1 _ p) (n—dH()(z.__)(j})

di(X;, X;) ... Hamming distance



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

Biophysical Chemistry 16 (1982) 329-345 319
Elsevier Biomedical Press

SELF-REPLICATION WITH ERRORS
A MODEL FOR POLYNUCLEOTIDE REPLICATION **

Jorg SWETINA and Peter SCHUSTER *
Institut fiir Theoretische Chemie und Strahlenchemie der Universitar, Wahringersiralie 17, A-1090 Wien, Austria
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Eigenvalues of the matrix W as a function of the error rate p




+ Z

Xl +
Ql[ X2 +
M
_|_
k:m . .\ fm Q2m
” > X > M X, > Xp +
k " Qmm .
-1
Qnm :
B
M X)) X > X + (X) + |

The no-mutational backflow or zeroth order approximation

m

m



dx(o)

S X0, fo—8(1)=0 and $(&)=0,,. 1.

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

Qoc, = 1-p)o, 21 = n-In(l-p)=-Ino,
Ino,
p ... constant: nm_ =
P
Ino
n ...constant: p_. = 2
n
O=(1-p)" ... replication accuracy
p ... errorrate
n ... chainlength
o = S ... superiority of master sequence
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Virus

Research
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Preface

Antiviral strategy on the horizon

Error catasirophe had its concepmal ongins mthe middle of
the 20Eth cennoy, when the consequences of muations oo
enrvines involved in protein syothesis, 25 a theory of agmg.
In those times biological processes were generally perceived
differently from today Infections diseasas were regardad as
3 fleating muizance which would be eliminared through the
use of antibiotcs and antviral agems. MMicretdal varation,
although krown in some cases, was not thought to be a signif-
icant protlem for dissase control. Vanation in differentiated
orzanisms was seen 3s resulfing essentially from exchanges
of genetic marerial associatad with sexual reproduction.
The problem was to wveil the mechanisms of inbentance,
expression of genstic miommation and meabolism. Few saw
that genetic change is ocowTing at pressnt in sl organisms,
and sl fawer recognized Darwinian principles as essential
to the biology of pathogenic viruses and cells. Population
genaticists rarely used bacieria or vinuses as experimental
svstems to define concepts in biological evolution. The extent
of zenetic polymorphisin among individuals of the same
biological species came as & surprise when the first results
on comparison of elecirophoretic mobility of enzymes were
obtained. With the sdvent of in vimo DINA recombination,
and rapid mucleic acid sequencing technigues, molecular
analvses of genomes remforced the conclusion of exreme
inter-individual genetic variaton within the same specias.
ow, due largely to spectacular progress in comparative
zenomics, we see cellular DMAs, both prokaryotic and
eukaryotic, as highly dyoanuc. Most cellular processes, in-
clnding such essential miommation-bearing and wansfaring
events 35 genome replication, ranscription and translation,
are increasmely perceived as mherapely macourate. Vinsas,
and in particular B3A vimses, are among the most exreme
examnples of exploitation of replication macouracy for
survival.

Emor catastrophe, or the loss of meaningful genstic infor-
mation throngh excess genetic vamanon, was fommlated in
quantitatve terms as & consequence of quasispecies theary,
which was first developed to explain self-organization and
adaprability of primitive replicons in early stages of life. Be-
cently. a concepmal extension of emor carasmophe that could
be defined as “induced gzepetic deterioration’ has emergad as

028 - sesa frons =nacer & 2004 Elcoviar BV, All dghic recarved.
& viracres. 2004.11.001

a possible antiviral swrategy. This is the topic of the cwment
special issue of Firws Research.

Few would novwadays doubt that one of the major obsta-
cles for the cowtrol of viral diseasa is short-tenm adaprability
af viral pathogens Adaprability of vimses follows the same
Darwinian principlas thar have shaped biological evolution
over eons, that is, repeated rounds of reproduction with ge-
netic variation, compefition and selection. often perturbed
oy random events such as stanstical fuctuations o popu-
latton size. However, with viruses the consaquences of the
operation of these very same Darwinian principlas are felt
within very short times. Short-term evolution (within hours
and davs) canbe also obsarved with some cellular pathogans,
with subsets of nonnal cells, and cancer calls. The nature of
FIMA viral pathogens begs for altematmes antiviral sirategias,
and forcing the vims to cross the critical error threshold for
maintensnce of genetic miormation is one of them

The comtributions to this vehune bhave been chosen o
raflecy different lines of evidence (both theorstical and
experimental) on which anriviral desizns based on genanc
deterioration inflicted upon vimses are belng consmucted.
Theoretical smidies bave explored the copying Sdelity
condittons that must be fulfilled by any mformation-earing
replication system for the essental genetic information fo
fre wansmitred o progeny. Closely related to the thearerical
developments have been mumerous experimental smdies
on gquasispecies dypamics and their nmltple biological
manifestations. The latter can be summarized by saying
thar BINA wvimses, by virue of existing a3 mutant specira
rather than dafined zensric antites, ramarkably expand their
potential 1o overcoms selective pressures intended to limit
their replication. Indead, the use of aniviral inhibitors in
clintcal practice and the design of vaccines for 3 mumber of
major FEIA vims-associatad diseases, are currently presided
Try 2 senss of uncemainty. Another line of growing researchis
the enzymolegy of copying fidelity by viral replicazes, aimad
at undarstanding the molecular basis of nmagenic activitas.
Ermor catastrophe as 2 potential new antiviral swrategy re-
caived an important inpalse by the ohservation thar ribavirin
(2 licensed avtiviral micleoside analogue) may be exerting in
sOLe systems, its antiviral activity through epbanced nnrage-

11 Frefaoe / Virus Research [07 (2005) §13-016

nesis. This has encovraged investizations oo new mutagenic
base analogues, some of them usad m anticancer chemother-
apy. Some chapters nuunmarize these important biochemical
smudies on cell enmy pathways and metabolism of mutagenic
agents, that may find pew applications as antiviral agents.
This volume mmtends to be basically 2 progress repoat, an
inroduction to a new svenue of research, and a realistic ap-
pratzal of the many issues that remzin to be imvestigated. In
this raspect, I can envisags (pot without mamy uncermainties)
at l=ast three lines of needed research: (i) One on further un-
derstanding of quasispectes dvnamics in infected individusls
%o learm more on how to apply combinations of virus-specific
mmatagens and inhibitors in an effective way, finding synar-
Zistic combinations snd aveiding antazomistic ones as wall
a5 sevare clinjcal side effects. (1) Another on a desper undar-
standing of the metabolisin of nyra genic azents, in partioular
base and nucleoside spalogues. This includes identification
of the mansporters that carry them into cells, an understand-
ing of their metabolic processing. inracellular stability and
alterations of nucleotde pools, among other tssues, (i) Sull
anpother line of needed ressarch is the development of new
muatagenic agents specific for vimses, showing no (or im-
ited) towcicity for cells. Some advances may come from links
with apticancer research, but others should result from the
desizns of new molecules, based on the stactures of viral
polymerases. [ really hope that the reader finds this jssue not
only to be an interesting and usefil review of the currant sini-

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

The idea to prepare this special issue came a5 & kind imvia-
tion of Ulrich Dasselberzar, former Editor of Firms Research,
and then taken enthnsiastically by Luis Enjusnes, recently ap-
pointed as Edior of Firus Research. I take this oppormmity
o thank Ulrich, Luis and the Editor-in-Chiaf of Firus Re-
seareh, Brian Maly, for their contitmed mtsrest and support
to the rasearch on vims evolution over the vears.

Ay thanks go also to the 19 aurhors who despite their busy
schadules have taken time to prepare excellent mamiscripts,
to Elsevier staff for their prompt responses to nv requests,
and, Last ur not least. to Ms. Lucis Homillo from Centro de
Biologia Meleoular “Savers Oichoa™ for her patient desling
with the correspondence with awthors and the final organiza-
tion of the issue.

Estsban Domingo

Universidad durdnoma de Madrid

Cenmro de Biolegia Malecular “Savero Ochoa™
Conzgio Suparior de Imestigaciones Clannjficas
Caniodlance and Paldeolmos

Muadrid, Span

Tel:+ 34 01 297 B4258/9; fax: +34 91 407 4728
E-mayl address. edonungeachmouam.es
Anrailable onlive 8 December 2004
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2. Complexity of fitness landscapes



Ao &0 ... largest eigenvalue and eigenvector
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Complexity in molecular evolution



val. 131, No. 1 The American Naturalist 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 geneticists thought of the phenotype as if it were a 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 1924
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 16:97-1509.

-- --. 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.

Fio. 2.—Diagrammatic representation of the field of gene combinations in two dimensions
instead of many thousands, Dotted lincs represent contours with respect to adeptiveness.



Build-up principle of binary sequence spaces



Mutant class

0
1
Binary sequences can be encoded
by their decimal equivalents:
2
C=0 and G =1, for example,
3 "0" =00000=CCCCC,
"14" = 01110 = CGGGC,
4 "29" = 11101 = GGGCG, etc.




Build-up principle of four letter (AUGC) sequence spaces
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— Relative concentration y(p) —>
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The linear fitness landscape shows no error threshold



— Relative concentration y(p)—>
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single peak landscape

Fitness values f(X})

Error class k

step linear landscape

Fitness values f(X})

[TTIITL...
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Rugged fitness landscapes
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Error threshold on the
step linear landscape
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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.



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 fithess lanscape.
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3. Quasispecies on realistic landscapes



single peak landscape

,realistic* landscape

Rugged fitness landscapes
over individual binary sequences
with n =10

Fitness values f(X,)
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Shift of the error threshold
with increasing ruggedness
of the fitness landscape
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4. Neutrality and replication



WIOTED KIMLES

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.
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Motoo Kimura

Is the Kimura scenario correct for frequent mutations?
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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 -
....... ACAUGCURAA ------
....... ACAUGCGAG -
....... ACACGCGAA -------
....... ACGUACGAA --:---
....... ACAUAGGAA -
....... ACAUACGAA -

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 networks with increasing A: A =0.10, S = 229
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Web-Page for further information:

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