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

The three-dimensional structure of a
short double helical stack of B-DNA
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Manfred Eigen ) +

1927 -

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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2. Detection of the ,error threshold"
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concentrations of entire mutant classes
[Pk} = uylp), k=1,2,...,m

w— 3 = (2

i=1,dzx (X, Xm) =k

binary sequences are encoded
by their decimal equivalents:

C=0 and G=1, for example,
"0" =00000=CCCCC,
"14" = 01110 = CGGGC,

"29" = 11101 = GGGCQG, etc.

mutant classes 0 1 2 3 4 5

number of sequences 1 3) 10 10 B 1

sequence space of dimensionm =5
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Biophysical Chemistry 16 (1982) 329-345 329
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, Wahringerstralle 17, A- 1090 Wien, Ausiria
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3. Error thresholds on ,simple landscapes™
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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.

All three phenomena coincide for the quasispecies
on the single peak fitness lanscape.



4. Error thresholds and phase transitions



PHYSICAL REVIEW A VOLUME 45, NUMBER 8 15 APRIL 1992

Error thresholds for molecular quasispecies as phase transitions:
From simple landscapes to spin-glass models

P. Tarazona
Institut fiir Theoretische Chemie der Universitdt Wien, A-1090 Wien, Austria
and Departamento de Fisica de la Materia Condensada, Universidad Autonoma de Madrid, E-28049,
Madrid, S'pain*
(Received 19 June 1991)

The correspondence between Eigen’s model [Naturwissenschaften 58, 465 (1971)] for molecular
quasispecies and the equilibrium properties of a lattice system proposed by Leuthausser [J. Chem. Phys.
84, 1884 (1986); J. Stat. Phys. 48, 343 (1987)] is used to characterize the error thresholds for the existence
of quasispecies as phase transitions. For simple replication landscapes the error threshold is related to a
first-order phase transition smoothed by the complete wetting of the time surface. Replication
landscapes based on the Hopfield Hamiltonian for neural networks allow for the tuning of the landscape
complexity and reveal the existence of two error thresholds, bracketing a region of spin-glass
quasispecies between the simple quasispecies and the fully disordered mixture of sequences.

PACS numberi(s): 87.10. + e, 64.60.Cn, 05.50.+q

Ira Leuthdusser. Statistical mechanics of Eigen’s evolution model.
J. Statist. Phys. 48:343-360, 1987

Ricard V. Solé, Susanna C. Manrubia, Bartolo Luque, Jordi Delgado, Jordi Bascompte.
Phase transitions and complex systems.
Simple nonlinear models capture complex systems at the edge of chaos.
Complexity 1(1):13-26, 1996
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FIG. 2. Relative concentration of the sequences at given
Hamming distance from the master sequence, as a function of
the error rate 1 —¢g. The data correspond to the bulk distribu-
tion for a sequence with N =20 and a single-peak landscape, as
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Pedro Tarazona. Phys. Rev. A 45:6038-6050, 1992
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complexity in molecular evolution



<
=
&
. =
single peak landscape s -4 _
@
£
i
01 2 3 456 7 8 9 10 111213 14 15 16 1023
Sequences Xj
N
/(0 fioulls Tonfpliontenfonlionibufioplipnfonfioplvaiiusfplipsfonfioplpsliofop oty
N
f(Sj) = fo +2d(fo— fn) (3}3 .5)
. »
7=12 ... j#m, =
1 ... random number; S ... seeds g
S At2dd-V4----—---F--1-F---- - e
. 7
,realistic* landscape ©
E
rugged fitness landscapes
over individual binary sequences S = - - - - -

withn =10 01234586 7 8 91011121314 15 16

Sequences Sj



fitness values jj — S

SN
—
Y
o

H
:
1
:

1.05 -1

fo 10010

098 T s T TTR00 T 750 71000

sequence number

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



fo 110 S E—

1.05| [}l

Jo 1.0}

fitness values jj — S

0.95

0.90

ALK =dal . ) H L : o L . : [H ol : J__: ;
0 250 500 750 1000
sequence number

random distribution of fitness values: d = 1.0 and s = 637



—— stationary concentration x,(p) —

005 \
NERE NN
TN
o %j\i\ \
o Vy |\\ \

. =\

error threshold on ,realistic‘ landscapes

mutation rate p ——

n=10, f,=1.1,f,=1.0,d=0.5

stationary concentration x,(p) —

—— stationary concentration x;(p) —

0.05

‘ |
004|— S =637 TN
0.03 V/ :\\\ \
02 é;—-—-::s\\& \\
0.01 \\\ \
— AN \
%000 o002 0004 70?006 0.008 0010 0012
mutation rate p ——>
0.05: . \
| s=919 //_\\ \
0.04| S
ol N\
| NN\ |
ool N\
| ——— \S\E\
0.0%.7000 0.602 0.004 0.006 0.008 0.010 0.0172

mutation rate p ——



1.0

I \ tr1

,

I 0.8 ™~

2 ) 541

T os 5=

c

@

O

c

o

S 04

P

©

c

L —

= [~

7z 92 ——

| L1 \

/ [ [ -\'-"“'-—-.

0.0 -
0.000 0.001 0.002 0.003 0.004 0.005

error threshold on ,realistic‘ landscapes

n=10, f,=1.1,f =1.0,d=0.995

—— mutation rate p ——

—— stationary concentration ¥,(p) —>

—— stationary concentration x,(p) —>

107 — T
| \ - ol b
0.8
f s =637
0.6 —
0.4
0.2}
0.0 —%—
0.000 0.001 0.002 0.003 0.004 0.005
—— mutation rate p ——
1.0 \
0.8 \
0.6 \ $s=919
0.4 \\\
0.2 — ‘__}___—};‘:
4 1 ——
0.0 : ————— 12
0.000 0.001 0.002 0.003 0.004 0.005

—— mutation rate p ——



1.0 -
I \ tr

S o8

13

s s =541

S —

= 0.6

c

[4}]

&)

c

o

S 04

>

©

5

S L ™

m T —

7 02 \\

| ; —_—

0.0

~0.000

error threshold on ,realistic‘ landscapes

\l | E

|
0.001

0.002

0.003 0.004

—— mutationrate p ——

n=10, f,=1.1,f,=1.0,d=1.0

0.005

stationary concentration x,(p) —

— stationary concentration X,(p) —

tr1

tr2

tr3

0.8

s=637

0.6

0.4

0.2

0.0

001 0.002

70.000 0. 0.003 0.004 0.005
—— mutation rate p ——
1.0 \
0.8
0.6 \ s=0919
0.4 \
\\
0.2 r o "“'\‘K
0_0;
0.000 0.001 0.002 0.003 0.004 0.005

—— mutation rate p ——



3 (57 691100118 ST/ 180 4200/ 24053 Nise 86\ 40) 4B
65 66 68 72 80 96 129 130 132 136 144 160 192 257 258

260 264 272 288 320 384 513 514 516 520 528 544 576 640 768

0000000000000 0000000PDOOGDODOGPOGOGIOGIOGS
0000000000000 000000000000O0CGOCGKOOS
0000000000000 0000 000000O0OCGOGOIOGIOGS
0000000000000 00000FOCFDOFDOTOOOOOIOS

determination of the dominant mutation flow: d=1,s =613



A 1 & 10'12-'17\8.20 2455 330 34 36 140) {48
, | ) 34 36
N ’

65 66 68 72 80 96 129 130, 132 136 144 160 192 257 258

N/
‘I

260 264 272 288 320 384 513 514 516 520 528 544 576 640 768

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



What is a .quasispecies”?

Detection of the .error threshold"
Error thresholds on ,simple landscapes”
Error thresholds and phase transitions
.Realistic" landscapes

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



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.

4N, ﬂ|= 1/v )l

ol el i M

Motoo Kimura

Is the Kimura scenario correct for frequent mutations?
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P. Schuster, J. Swetina. 1988. Bull. Math. Biol. 50:635-650
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consensus sequences of a
quasispecies of two strongly
coupled sequences of
Hamming distance
dy(X;,X;) = 1 and 2.

ACAGUCAGAA
ACAGUCCGAA
AUAAUCCGAA
ACAGUCAGCA
GCAGUCAGAA
ACAGUCAUAA
ACAGUCAGAG
ACAACCCGAA
ACGGUCAGAA
ACAGUGAGAA
ACAAUCAGAA
ACAAUCCGAA

ACAUGCGAA
AUAUACGAA
--- ACAUGCGCA
-« GCAUACGAA
--- ACAUGCUAA
--- ACAUGCGAG
--- ACACGCGAA
--- ACGUACGAA
--- ACAUAGGAA
ACAUACGAA

master sequence 1

master sequence 2

consensus sequence

master sequence 1
intermediate |

intermediate |l
master sequence 2

consensus sequence
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Adjacency matrix

Largest eigenvector of W
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neutral networks with increasing A: A =0.10, S = 229
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