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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 imvolved 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 sntviral agems. MMicretdal varation,
although kpown in some cases, was not thought to be a signif-
icant problem 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 wmweil the mechanisms of inbentance,
expression of genstic miommation and meabolism. Few saw
that genetic change is ocouwTing at pressnt in 2l 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 electrophoretic mobility of enzymes were
obtained. With the advent of in vimo DINA recombination,
and rapid mucleic acid sequencing technigues, melecular
analvses of genomes remforced the conclusion of exreme
inter-individual genetic variation within the same specias.
ow, due largely to spectacular progress in comparative
zenomics, we seg cellular DMAs, both prokaryotic and
eukaryotic, as highly dyoanuic. Most cellular processes, in-
clnding such essential mionmation-bearing and wansfaring
events 35 genome replication, ranscription and translation,
are increasmely perceived as mherapely macourate. Vinsas,
and in particular B3A vimses, are smong the most exireme
examnples of exploitation of replication macouracy for
survival.

Emor catastrophe, or the loss of meaningful genstic infor-
mation throngh excess genetic vananon, was fommlated in
quantitatve terms as & cansequence of quasispecies theary,
which was first developed to explain self-organization and
adaprablity of primitive replicons in early stages of life. Be-
cently. 3 concepmal extension of emor camasmophe thar could
be defined as “induced gepetic deterioration’ has emergad as
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a possible antiviral swrategy. This is the topic of the cwment
special issue of Firws Research.

Few would nowadays doubt that one of the major obsta-
cles for the cowtrol of viral disease 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 n popu-
latton size. However, with viruses the consaquences of the
operation of these very same Darwinian principlas are felt
within very shor times. Short-term evolution (within hours
and days) canbe also observed with some cellular pathogans,
with suisets of nonnal cells, and cancer calls. The nature of
FIMA viral pathogens begs for altematmes antiviral strategias,
and forcing the vims to cross the critical error threshold for
maintensnce of genstic miormation is one of them

The comtributions to this vehune bhave been chosen o
raflecy differenr lines of evidence (both theorstical and
experimental) on which anriviral desizns based on genanc
deterioration inflicted upon vimses are belng consmucted.
Theoretical smudies 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 antities, ramarkably expand their
potential 1o overcoms selactive pressures intended oo limit
their replication. Indead, the use of antiviral inhibitors in
clinical practice and the design of vaccimes for 3 mumber of
major BEIA vims-associatad diseases, are currently presided
Try 2 senss of uncemainty. Another line of growing researchis
the enzymolezy of copying fdeliny by viral raplicazes, aimed
at undarstanding the molecular basis of nmragenic activitas.
Ermor catastrophe as a potential pew antiviral swrategy re-
caived an important inpalse by the ohservation thar riavirin
(2 licensed avtiviral micleoside analogue) may be exerting, in
sOLe systems, its antiviral activity through epbanced nnrage-
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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 enty pathways and metabolism of mutagenic
agents, that may find pew applications as antiviral agents.
This volume mmtends to be basically 2 progress repoat, an
inmroduction to 4 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 leam more on how to apply combinations of virus-specific
mmatazens and inhtbitors in an effective way, finding synar-
Zistic combinations snd aveiding antazomistic ones as wall
a5 sevare clinical side effects. (1) Another on a desper undar-
standing of the metabolisin of nyta zenic 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
anpther line of needed ressarch is the development of new
mutagenic agents specific for vimses, showing no (or im-
ited) towicity 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 usefinl 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 Diasselbergar, former Editor of Fims Research,
and then taken enthnsiastically by Luds Enjusnes, recently ap-
pointed as Edior of Firus Research. I take this oppormmity
to thank Ulrich, Luis and the Editor-in-Chiaf of Firus Re-
seareh, Brian Maly, for their contitmed mtsrest and support
to the research on vims evolution over the vears.

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

Estsban Domingo

Universidod durdnoma de Madrid

Canmro de Biolegia Malecular “Savero Ochoa™
Conzgio Suparior de Imestigaciones Clanrjficas
Canioblance and Faldeolmos

Madrid, Spain
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Abstract

Background: A number of recent papers have cast doubt on the applicability of the quasispecies
concept to virus evolution, and have argued that population genetics is a more appropriate
framework to describe virus evolution than quasispecies theory.

Results: | review the pertinent literature, and demenstrate for a number of cases that the
quasispacies concept is equivalent to the concept of mutation-selection balance developed in
population genetics, and that there is no disag) betwaen the 1 genetics of haploid,
asexually-replicating organisms and quasispecies theory.

Conclusion: Since quasispecies theory and murtation-selection balance are two sides of the same
medal, the discussion about which is more appropriate to describe virus evelution is moot. In
fucure work on virus evelution, we would do good to focus on the important questions, such as
whether we can develop accurate, quanticative models of virus evolution, and to leave aside
discussions about the relative merits of perfectly equivalent concepts.
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Quasispecies Made Simple

1 L Bull, Lavren Ancel Meyers, Michael Lachmann®
ABSTRACT

uasispecies are clowds of genotypes that appearin a

population at mrtation-selection halance. This

concept has moently attracted the attention of

viralagists, becase many RNA vinses appear to
grnerat e high levels of genetic variation that may enhance the
evolition of drug resistance and immune sscape. The
literature on thess impnrlanl avolutionary processes B,
however, quite challenging. Here we use simple models to link
mtation-selection halance theory to the most novel
property of quasispecies: the error threshold —a mtation
mte below which populations squilibrate in a traditional
mutation=selection halance and above which the population
speriences an emwor catasirophe, that i, the loss of the
favored genotype through frequent delsterious mutations.
These madels show that a single fitness hndscaps may
contain mukiple, hisrarchically organized ermor thesholds
amdd that an error threshold is affectad by the extemt of back
mmrtation and redundancy in the genotype-to-phenotype
map. Importantly, an error threshold is distinct from an
extinction thmshold, which is the complete loss of the
population through lethal nutations. Based on this
framework, we argue that the lathal mutagenesis of 3 viral
infaction by mutation-inducing dmgs is not 3 tree error
catastophe, but i an extinction catstrophe.

Intred uction

The concept of 2 mutation-selection balance is one of the
oldest and most fundamental pillars of population genetics:
natural selection increases the frequency of fit variants while
mrtations introdwce unfit variants, giving rise to an
equilibrium distribution balanced betwsen these two effects.
M tation-selection halance has been invoked to seplain the
persistence of undesirable genes, for example, thoss
unede dying inh eeding depression, genetic diseases, and aven
SR ST 'Dr_:pite the ]esng history of the concept, some of
its consequences were only realized in 1971, when Manfred
Eigen studied mutation-selection dynamics in long genomes
[1]. He found that populations do not necessarily attain
classic mutation-selaction balances in which the wild-type
allele is most commaon, but rather attain an equilibrium with
an abundant assemblage of mutant genoty pes and 2 rame wild
type. He and Peter Schuster later called this collection of
genotypes at equilibrium a quasispacies [2]. This concept
offered not only an inheitive extension of the metation
selection theory hased on simple one- or two-loous systems,
bart also a novel insight into the impact of mutation rate on
evolutionary dynamics. In particular, Eigen found that there
are states in which a trivial boost in the mutation rate can
lead to a fundamental change in the composition of
FEnOtypes in the Pnpuht'm-n. This r]ung!-., 1 P]u:w Eransition
in physics terms, is called the swor catastrophe.

The emwar catstrophs has been applied liberally as a
metaphor for complications of high mtation rates, as likely
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plagued primomdial life [1] and currently challenges sctant
virusss with BNA genomes [3]. The smwor-catastrophe model
inspired treatments to extirpate viral populations by
mutation enhancement [45], and the model has been
generalized to explain the attraction of populations to
mrtationally robust regions of fitness landscapes [6]. The
error catasirophe has imparted a mystique to the quasispecies
cone pt, ard much of the literature on BNA virms svohotion
now 1SS quasispecies 28 an enriched synonym for 2 high
murtation mie An seosllent and short review of the topic and
its relaticnship to population genetics theary i provided by
Wilke [7]

Eigen's insights were developed in the context of grnomes
with many loci, each of which suffered mmtation.
Appropriately, the quasispecies has since been considered in
thislarge-genome context. Vet many of its concepts ave sasily
ilhistrated in the mch simpler case of few genotypes, which
is our appmach here. Our resulits are not new, per se, bt our
models should convey quasispecies and error-catastrophe
concepts to 2 broad audience and correct some commaon
i nechers taned ing.

The Simplest Quasispecies

Our hasic model has the fewest number of genotypes
meeded b demonstrate 3 quasispecies and an error threshold:
twa [8] Genotype Ay has ftness wy, and of those uwy offspringa
fraction 1 — iy retain the Ay Fenotype [Figum 1) Tis rukamis
are converted into the other genotype, Ay, which has the
lower ftness wy. Ay reproduces its genotype with fdelity 1-
e, amed all of its rmrtants die

kapﬂciﬂs comcepis addrass -mlui]l'hiz. that iz, the Anal
distributions of genotypes in populations that have evolved to
2 stable state. In the quasispacies model, mutation and
ratural selection stesr the population toward the squilibrinm
distribution, regardles of the initial distribution of
genatypes. If the population does not start at the equilibriom,
then mtation and natural selection steer it towamd
equilibrium in the quasispecies model. Mutations introdsce
new types with various fit nesses whils natural selection canses

e Bull 1, Mt LB, Lachisa i M (2005) Quenigacie made iimple PLOS
Compen Biod 108 efi.
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Replacement rate
£

A1 A2 DOl 10.1371/journal pcbi.0010061.g003

DOI: 10.1371/journal.pcbi.0010061.g001

Figure 1. Model of Two Genotypes with Forward Mutation

Each genotype A; has its own fitness w; and mutational loss ;. Mutation
is asymmetric, so that A, gives rise to A,, but not vice versa.

Proportion A,

Bull, Ancel Myers and Lachmann
PLoS Computational Biology 1:e61, 2005
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1. Replication and mutation
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Template induced synthesis
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Minus strand @-t=—te—te—t——— G
Template induced synthesis
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Minus strand @+
Complex dissociation lT
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+

, UACCAUGUAGUACWU
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'I'I'I'l.
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GAAC

Complementary replication is
the simplest copying mechanism
of RNA.

Complementarity is determined
by Watson-Crick base pairs:

G=C and A=U
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n + F] Xm /dt = fz Xy - X] d
() L > DG dx, /dt = f, x| - X, @

A + (1) > (1) - D)

(DzZifixi; ZiXiZI;

Complementary replication as the simplest molecular mechanism of reproduction

1=1,2



Equation for complementary replication:  [I.]=x.20, f,>0;i=1,2

dx dx r
d—tlzfzxz—xl¢ —=2 = hx—x,0, ¢=fix+ fox,=Ff

Solutions are obtained by integrating factor transformation

\/3(71( ) exp(ft)+7/2( ) exp( ft))
(f +15) 1(0)-exp(f1) — (£ =/ 13) 71(0)- exp(-

7,0) =/ £,,(0)++/ £, %,(0),7, (0) =/ £, x,(0) [ £, %, 0), £ =/ 1 />

x12

Jf
AN

A

\/f+\/f as exp(-ft)—0

x, (1) —>

and x,(t)—




(A)

(A)

(A)

(A)

(A)

dx; /dt = fix; - x; ® =x; (fj- D)

O = Zj 1‘3 Xj 3 Zj Xj = l1; 1=1,2,..n

[L]=x;=20; 1=1,2,..,n;

[A] = a = constant
f, = max {f;; j=1,2,...,n}

Xm(t) = 1 for t — e

Reproduction of organisms or replication of molecules as the basis of selection



Selection equation: [I]=x,20, f;>0

Cz‘i:xl’(fi_¢)’ i=12,---,m; Z—ll L ¢= Z_lf]x]_?

Mean fitness or dilution flux, ¢ (1), is a non-decreasing function of time,

Solutions are obtained by integrating factor transformation

)5 ©@-ep(fit) o
© > %, 0)-exp(fe) -

-.’n
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(t), xo(t), x3(t)
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Selection between three species with

time

,,=2,and ;=3




Stock Solution —>

Reaction Mixture ——

Stock solution: )

activated monomers, ATP, CTP, GTP,
UTP (TTP);

a replicase, an enzyme that performs
complemantary replication;

buffer solution

Flow rate: r=1g?

The population size N, the
number of polynucleotide
molecules, is controlled by

the flow r

N@)~N £JN

The flowreactor is a device for
studies of evolution in vitro and
Iin silico.
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1
CAAGCUAGUCAUGA CUUG

recombination

Variation of genotypes through mutation and recombination
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Origin of the replication-mutation equation from the flowreactor



Stationary solutions of the flow reactor:

extinction

M

T
da _ N 5 -
dt Z
i=1
T T n
dx; _ ~ ~ 5 _ "
—L =0 =a E kiQjix; —rxj; c = v, k= iz
dt , , c
i=1 i=1
de -
— = (0= ¢ (?a — ;r)
dt
Stationary solutions: 1. active state Stationary solutions: 2.
r < kag ro> 1:?(1.0
- r
a = —= 5
a = a
L 0
N kag — 71 r; = 07 7=1,2,...
c = _
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1
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Origin of the replication-mutation equation from the flowreactor



2. Quasispecies and error thresholds
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Chemical kinetics of replication and mutation as parallel reactions
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The replication-mutation equation



Mutation-selection equation: [I,] =x;20, >0, 0,20
dtl :ZjﬁlQ"fffxf_ X ®, i=12,n; Z_l =L &= Z —1f1x1 _f

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}



Matrix W and Frobenius theorem:

Wy W2 ... UWyip
wop Wa2 ... UWap

W o=

Wn1 Wp2 ... Wy

Primitive matrix W:

A nonnegative square matrix W = {w;;} is said to be a primitive matrix if
there exists k such that W* > 0 | i.e., if there exists k such that for all 7, 7,
the (7, 7) entry of W¥ is positive.



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



Decomposition of matrix W

Wy Wiz ... Wiy
Wy Wao ... Way

w= | 7 7| =QF with

Wp1 Wy ... Wyy

Qi Qi ... G, fi 0

Qz 1 Q.M , Qz and F = , fz

Q”l (‘2”2 Q:rm 0 0



Uniform error rate model:

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

di(X;, X;) ... Hamming distance
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SELF-REPLICATION WITH ERRORS
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Koy womads: Palymisciosticde replivanion; Chasi - ipevies; Povst mutition: Mutunr clan: Stochastic replication

A model For polynucleotide replication is presented and analyzed by means of pertusbation theory. Twn hasis ssumptions
aliorw handling of sequences up 10 a chain length of » = 80 explicitly: poim mutatioss ase restricied so @ two-sdig model asd
individual sequences are subsumed into stant clawics. Pervarbation theory is in evcellent agreement with the evact revults for

long encugh sequmees (r > 201

L. Introduction

Eigen [8] proposed a formal kinctic equation
{eq. 1) which describes self-replication under the
constraint of constant total population size:
'{‘-:'-i.-;n.r‘.-%a.a-l....u' i
By x, we denote the population number of con-
centration of the self-replicating element 1, ie.
x,=[1,]. The total population size or wal con-
centration ¢ = E,x, is kept constant by proper ad-
Jjustment of the constraint ¢: ¢ = EF w, x,. Char-
acteristically, this constraint has been called “con-
stant organization”, The relative values of diagonal

* Dedicated to the lize Professor BLL Jones who was among
the first 80 & rigerous mathematical snabysis om the prob.
fems described here

*s Thes paper b considered as part 11 of Model Studies on
RMA eeplication. Past 1 i by Gassner and Schuster | 14]
* AN summations tsroughout this papee run from | 10 % unles.
specified duffermcly: £ =7, and L, . =B/ +EL .0
respectively.

00014627, /82 /T000-000,/ 50275 © 1982 [evier Becmsedical Pres

(w;, ) and off-disgonal (w, . { = () rates, as we shall
see in detail in section 2, arc related to the accu-
racy of the replication process, The specific prop-
erties of eq. | anc essentially basad on the fact that
it leads to exponential growth in the absence of
constriints (¢ = 0) and competitors (n = 1}.

The non-linear differential equation, eq. 1 - the

finearity is introduced by the defi of'e

ar constant ion — shows a
feature: it beads to selection of a defined ensemble
of self-replicating elements above a certain acca-
racy threshold. This ensemble of a master and its
mast frequent mutants is a so-called *quasi-species”
9], Below this threshold, however, no selection
takes place and the frequencies of the individual
elements are determined exclusively by their statis-
tical weights.

Rigorous mathematical analysis has been per-
formed on eq. | [7,15,24,26]. In particular, it was
shown that the non-lincarity of eq. | can be re-
maoved by an appropriate transformation. The -
genvalue problem of the linear differential equa-
tion obtained thereby may be solved approxi-
mately by the conventional perturbation technigue

1.0

min

¥i05 Quasispecies >i< Uniform distribution ——
i
\
i =l(2s)
i ,//zlfza},zlize}
! // El23)=(29)

s (PR
—Z1(21)El(29)

{20, =](30)
090

0.05
—— Errorrate p=1-g——

0.10

Quasispecies as a function of the replication accuracy q



Chain length and error threshold

O-c = (1-p)c 21 = n-In(l-p)=-Inc
Ino
n..constant: p... = —
n
Inc
p ... constant: n. = ——
P
O=(0-p)" ... replication accuracy
p ... errorrate
n ... chainlength

superiority of master sequence

o= S
)X,
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3. Fitness landscapes and randomization



Mutant class

0
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 = GGGCGQG, etc.
5

Every point in sequence space is equivalent

Sequence space of binary sequences with chain length n =5
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(1) linear f\“m(a') = 100(1 — d/1),

(2) exponential f=_, (d) = 1004/,

1

3) rational  f7,,(d) = ————.
(3) rational 7, ,.(d) 0.01 +d/I’

1001-1/h”,

4) Sigmoid jfmh’{d) =

(5) 1nverse mm (d) =100 —

10047 4 1.

fitness (arbitrary units)

100 =

80

60

40

20

0

—_ . i ~ .
- inverse function
~

~
~

" . L . ~
" :ilgmold function

linear function

“-..exponential function -

. rational function

N

distance (arbitrary units)

Anne Kupczok, Peter Dittrich, Determinats of simulated RNA evolution.

J.Theor.Biol. 238:726-735, 2006




Three sources of ruggedness:

1. Variation in fitness values
2. Deviations from uniform error rates

3. Neutrality



Three sources of ruggedness:

1. Variation in fithess values
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Three sources of ruggedness:

2. Deviations from uniform error rates
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Three sources of ruggedness:

3. Neutrality
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STATIONARY MUTANT DISTRIBUTIONS AND
EVOLUTIONARY OPTIMIZATION

® PEeETER SCHUSTER and JORG SWETINA
Institut fiir theoretische Chemie
und Strahlenchemie der Universitit Wien,
Wiihringerstrafie 17,
A 1090 Wien,
Austria

Molecular evolution is modelled by erroneous replication of binary sequences. We show how the
selection of two species of equal or almost equal selective value is influenced by its nearest
neighbours in sequence space. In the case of perfect neutrality and sufficiently small error rates
we find that the Hamming distance between the species determines selection. As the error rate
increases the fitness parameters of neighbouring species become more and more important. In
the case of almost neutral sequences we observe a critical replication accuracy at which a drastic
change in the “quasispecies”, in the stationary mutant distribution occurs. Thus, in frequently
mutating populations fitness turns out to be an ensemble property rather than an attribute of the
individual.

In addition we investigate the time dependence of the mean excess production as a function of
initial conditions. Although it is optimized under most conditions, cases can be found which are
characterized by decrease or non-monotonous change in mean excess productions.

1. Introduction. Recent data from populations of RNA viruses provided
direct evidence for vast sequence heterogeneity (Domingo et al., 1987). The
origin of this diversity is not yet completely known. It may be caused by the low
replication accuracy of the polymerizing enzyme, commonly a virus specific,
RNA dependent RNA synthetase, or it may be the result of a high degree of
selective neutrality of polynucleotide sequences. Eventually, both factors
contribute to the heterogeneity observed. Indeed, mutations occur much more
frequently than previously assumed in microbiology. They are by no means
rare events and hence, neither the methods of conventional population genetics
(Ewens, 1979) nor the neutral theory (Kimura, 1983) can be applied to these
virus populations. Selectively neutral variants may be close with respect to
Hamming distance and then the commonly made assumption that the
mutation backflow from the mutants to the wilde type is negligible does not
apply.

A kinetic theory of polynucleotide evolution which was developed during the
past 15 years (Eigen, 1971; 1985; Eigen and Schuster, 1979; Eigen et al., 1987;
Schuster, 1986); Schuster and Sigmund, 1985) treats correct replication and
mutation as parallel reactions within one and the same reaction network

635
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4. |Lethal mutations
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Lethal mutants and Frobenius theorem:

wiy U Ce () ]_ U
] wo

wWaq 0 ... 0 # 0
W = : . . = wy |
Wy U Ce () i‘?—lli U
0 ... 0
20 ... 0
WF = wl [ "

Ynl ) ... 0



* — A s influx
k1 Q11 ) )
A+ X, —— 2X;; : replication
JIf]. le . .
A+Xy — Xi+X, j=2,....n : mutation
.
A —— 0 : outflux
.
X, —— 0; 7=1,....n s outflux
mn
da
il —a E F1Qxy +1(ag—a) = —akyzy + 7(ag—a)
gt
d,

— = aQpr1 — ra;
dt ! ’



Stationary solutions: 1. active state

k1 Q11 ao
,
k1 Qu
A r
= Qu (a0 —a) = Quap — P
1
r
= Qi (ag—a) = Qn (a.o — ) ;7 =2,3,...,n
’ ! k1@

Stationary solutions: 2. extinction

ro> !{-1 C—211 o



diI?j
dt

Find () such that a(t) = a = const.

T
= “ = —a Z 2[3-1(;2‘.’-,:1 €T -+ ?’(EL) ((1-0 — (_I)
Jj=1
_ T
——Fkyxy f1 = ka; E T, = ¢ = ag— a
do — @ i=1

S
T
Zi:l X

X j

= f1ax, (le - ?)

fl(ﬁgjliljl — il,‘-j

Stationary solutions:

n

i_,‘r = (2_;1 Zfl = (2_}3 C

i=1
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- influx

- replication
: mutation
: mutation
: mutation
: replication
: mutation

- outflux

Replication-mutation in the flow reactor

Two viable species: I, and I,

dt
deq
dt
dco
dt
des
dt
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=]
N}

— (k1 + kaca)a + 1 (ag — a)
a (Qllkwl + QleQCQ) — 1
@ (Qm/ﬁ(ﬁ + QQQA?QCQ) — I
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aogT
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