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Abstract

The extinction of foot-and-mouth disease virus (FMDV) is strongly influenced by mutation rates, types of mutations, relative viral fitness
and virus population regimens during infection. Here we review experimental results and theoretical models that describe a contrast between
the effective extinction of FMDV subjected to increased mutagenesis, and the remarkable resistance to extinction of the same and related
FMDV clones subjected to serial bottleneck events. The results suggest procedures to master key parameters to develop effective antiviral
strategies based on virus entry into error catastrophe.
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. Introduction

Critical for a therapeutic application of error catastrophe
s an antiviral strategy is to understand the main factors (in-

rinsic to the virus as well as those related to population dy-
amics) that may contribute to loss of infectivity. This has
roven a complex issue and the experiments carried out so far
ave raised more questions than provided answers. Here we
eview studies carried out over the last decade with the impor-
ant animal pathogen foot-and-mouth disease virus (FMDV)
imed at understanding how high mutation rates and qua-
ispecies dynamics (as opposed to low mutation rates and
non-quasispecies dynamics) affected the accumulation of
utations, fitness variations, and virus survival. The main
oint of this article is to compare the remarkable capacity

o drive FMDV into error catastrophe when the effects of
hree critical parameters (mutation rates, viral fitness, and vi-
al load) are understood and controlled, with the resistance
o extinction despite accumulation of mutations upon sub-
ecting FMDV to repeated bottleneck events (experimentally

realized as plaque-to-plaque transfers). These very d
ent responses regarding survival may shed light on s
gies whose goal is the elimination of virus during infecti
processes in vivo.

As recent introductions to FMDV the reader is referre
the volumes byRowlands (2003)andSobrino and Doming
(2004). For clarity,Table 1includes a glossary of concep
and terms used in this article and in the literature on qu
pecies and error catastrophe.

2. Extinction of FMDV by enhanced mutagenesis

Following pioneer work on the adverse effects of chem
mutagenesis on the infectivity of poliovirus and vesic
stomatitis virus (VSV) byHolland et al. (1990)andLee et
al. (1997), our group set to study the effect of the mutage
base analog 5-fluorouracil (FU) and the nucleoside an
5-azacytidine (AZT) on the infectivity and mutant spectr
complexity of FMDV (Pariente et al., 2001, 2003; Sierra
al., 2000). These experiments, and the effect of ribavirin
∗ Corresponding author. Tel.: +34 91 4978485; fax: +34 91 4974799.
E-mail address:edomingo@cbm.uam.es (E. Domingo).

persistent FMDV infections (Airaksinen et al., 2003; de la
Torre et al., 1987), are reviewed in detail by (Pariente et al.,
2005). Here we extract the main conclusions only to serve
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Table 1
Glossary of some terms frequently used in the literature of quasispecies and error catastrophe

Complexity of the mutant spectrum A measure of the nucleotide sequence differences among components of a mutant spectrum: it is generally given
by themutation frequency andShannon entropy. Complexity has other meanings in science, including size of
genomes, used also in the text

Consensus (or average) sequence The sequence resulting from taking for each position the most frequent residue (nucleotide or amino acid) found at
the corresponding position in the homologous set of aligned sequences: the consensus sequence may not exist
physically in the mutant spectrum

Error threshold A critical error rate above which the information encoded by a genetic system cannot be maintained: violation of
the error threshold results in the system enteringerror catastrophe. The error threshold relationship is given by
νmax < ln σo/(1 − q̄) in whichνmax is the maximum length of the sequence (genetic complexity) that can be
maintained during replication,σo is the superiority of the master sequence relative to the mutant spectrum, and ¯q is
the average copying fidelity (the average error rate is (1− q̄))

Fitness A parameter that quantifies the adaptation of an organism or a virus to a given environment: it is necessarily a
relative value. For a virus, relative fitness measures its ability to produce infectious progeny relative to a reference
viral clone, in a defined environment.Epidemiological fitnessdescribes in semi-quantitative ways (sampling of
definitory genomic sequences versus those of competitors) the relative capacity of a virus to become dominant in
the field during (or as a result of) epidemic outbreaks

Master sequence The dominant genomic nucleotide sequence in a quasispecies: it generally depicts a selective advantage over the
other components of the quasispecies. It may or may not coincide with the consensus sequence. The master
sequence may change as the environment is modified

Mutant spectrum The ensemble of mutant genomes that compose a quasispecies
Mutation frequency The proportion of mutants in a population of genomes: it may be calculated for an entire sequence of for a specific

site of a genome (such as in the frequency of monoclonal antibody-escape mutants)
Mutation rate The frequency of occurrence of a mutational event during genome replication: in the literature of population

genetics, mutation rate is often used to mean the rate of fixation (or accumulation) of mutations, or rate of evolution
Population number The number of individuals in a population: for viruses, the term refers to the number of infectious genomes present

in a cell, tissue, organ or organism that at any given time are either replicating or can potentially replicate. The
number of genomes quantified in an infected host is also termed the viral load. Not all viral genomes are infectious
(seeSpecific infectivity)

Preextinction viral population A mutagenized viral population that precedes the one from which no infectivity can be rescued:Preextinction
RNA is the RNA extracted form a preextinction population

Quasispecies A weighted distribution of mutants centered around one master sequence: in its initial mathematical formulation, a
quasispecies was a steady state distribution of infinite size in equilibrium. Mathematical extensions to finite
population under non-equilibrium conditions have been developed. Virologists use an extended definition of
quasispecies meaning “dynamic distributions of non-identical but closely related mutant and recombinant viral
genomes subjected to a continuous process of genetic variation, competition and selection, and which act as a unit
of selection”

Rate of fixation (or accumulation)
of mutations

The frequency of mutations that become dominant in a genome per unit time: for a virus it may be calculated for
sequential genomes in an infected host of for viral genomes sampled at different times from different infected
hosts. For viruses this rate is generally not constant. The assumption of a “molecular clock” is not realistic for
RNA viruses

Sequence space A theoretical representation of all possible variants of a genomic sequence: for a single stranded RNA virus of
10,000 residues (using four types of nucleotides) the total sequence space is 410,000! Viral genomes occupy tiny
portions of their theoretical sequence space

Shannon entropy The proportion of different nucleotide sequences in a mutant spectrum (a value of 1 means each sequence is
unique in the distribution; a value of 0 means that all sequences are identical)

Specific infectivity The proportion of infectious particles (or infectious viral nucleic acid) in a viral (or viral genome) population: the
transition into error catastrophe is generally preceded by decreases in specific infectivity

Viral load The number of infectious (actively replicating or potentially replicating) particles in a viral population

Based onDomingo (1999, 2003)andEigen (1992).

as the basis to compare extinction mutagenesis with survival
despite accumulation of mutations associated with bottleneck
events.

During cytolytic infections in cell culture, low viral load
and low relative fitness favored extinction of FMDV by FU
and AZC. Mutagenized populations, including preextinction
RNA, did not show mutations in the consensus sequences
analyzed, but displayed an increase in the complexity of mu-
tant spectra. The maximum increases in complexity occurred
in the polymerase (3D) gene, which is very conserved in
FMDV. Several amino acid replacements found in the mu-

tant spectrum of 3D in mutagenized populations have never
been observed in natural or laboratory populations of the virus
(Sierra et al., 2000; Airaksinen et al., unpublished results; re-
view in Pariente et al., 2005), suggesting that occurrence of
highly deleterious mutations is associated with proximity to
the error threshold (Eigen, 2002).

The same mutagenic agent can have very different effects
on the extinction of different viruses, for reasons that are
not well understood. This is illustrated by comparing the
results with FMDV with those obtained with the prototype
arenavirus lymphocytic choriomeningitis virus (LCMV) (see
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also accompanying article byde la Torre, 2005). LCMV
is far more sensitive to FU mutagenesis than FMDV since
in serial passages carried out at comparable m.o.i. and vi-
ral load, LCMV was extinguished after 2–3 passages in the
presence of 50–200�g/ml of FU while extinction of FMDV
was stochastic and required around 16 passages in the pres-
ence of 200�g/ml of FU in the culture medium (compare
Sierra et al., 2000with Grande-Ṕerez et al., 2002andRúız-
Jarabo et al., 2003). Possible reasons for such a different
susceptibility to a mutagen include that (i) the polymerases
of the two viruses show different affinity for fluourouracil-
triphosphate (FUTP) as an abnormal nucleotide substrate, or
different capacity to incorporate FUMP in the growing RNA
chain; (ii) FU exerts stronger inhibitory activity on LCMV
than on FMDV, despite a comparable intrinsinc mutagenic
activity; this would result in a mutagenesis-independent re-
duction of the viral load, thereby favoring viral extinction
(Pariente et al., 2001); (iii) the essential L (polymerase) gene
of LCMV is 4.7-fold larger in complexity (size in nucleotides)
and represents a larger proportion of the viral genetic infor-
mation than the polymerase (3D) gene of FMDV (62% versus
17%); this may favor a higher frequency of deleterious mu-
tations in the LCMV genome; (iv) the types of mutations
induced by FU (mainly A→ G and U→ C) may affect more
codons related to critical viral functions in LCMV than in
F nly
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3. Accumulation of mutations in FMDV clones
subjected to serial bottleneck events

Mutation rates during RNA virus replication are in the
range of 10−3 to 10−5 substitutions per nucleotide (Batschelet
et al., 1976; Drake and Holland, 1999). This means that
an average in the neighbourhood of 0.5–1 mutation occurs
each time a viral genome is copied into a complementary
strand. Unavoidably, since many mutations are compatible
with genome replication and viral multiplication, viral pop-
ulations rapidly evolve into complex distributions of non-
identical but closely related genomes, termed viral quasis-
pecies (reviews inDomingo et al., 2001; Eigen, 1996; Eigen
and Biebricher, 1988). Thus, RNA viruses exist as mutant
spectra, meaning that, at any given time, individual genomes
differ in one or several position from the consensus sequence
(terms inTable 1). A mutation has a higher probability of be-
ing deleterious than advantageous. (This is because for any
complex genetic organization, evolved over long time peri-
ods, there is an intricate interconnection of functions that is
easier to perturb than to improve; viruses are not an excep-
tion.) As a consequence, repeated bottleneck events acting
on mutant spectra will result in a progressive deviation from
the initial consensus sequence, and a concomitant decrease of
viral fitness. Experimentally, serial bottleneck events are ac-
c
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MDV. Whether this may be a significant influence will o
e known when a dissection of the biological functions o
ividual amino acids (and sets of amino acids) together

heir tolerances to accept substitutions are known. Thes
ust four of many imaginable possibilities (and their com
ations) that may underlie a different response of two vir

o the same mutagens. It seems quite obvious that ma
ues will have to be approached to control processes of
utagenesis.
The point we want to address next is the resistance t

inction of the same FMDV clones vulnerable to mutagen
espite accumulation of mutations as a result of plaqu
laque transfers.

ig. 1. Scheme of plaque-to-plaque transfers of a virus. (A) A viral p
gain. The process is repeatedn times. Fitness evolution and accumulati
transfer, as discussed in the text. (B) As a control for possible fitnes

he same virus population (1) is plated in parallel, as discussed in the
omplished by serial plaque-to-plaque transfers (Fig. 1). Av-
rage fitness losses accompanying plaque-to-plaque tra
onstitute experimental evidence of the operation ofMuller’s
1964)ratchet, first proposed as a theoretical concept. It
icted that asexual populations of organisms should

o accumulate deleterious mutations unless sex or re
ination intervene as compensatory mechanisms (Maynard-
mith, 1976; Muller, 1964). The first experimental eviden
f the operation of Muller’s ratchet was obtained byChao
1990)working with bacteriophage�6, and then the eviden
as extended to a number of animal viruses (Duarte et al.
992; Elena et al., 1996; Yuste et al., 1999, 2000), including
MDV (Escarḿıs et al., 1996, 1999).

on (0) is diluted and plated. Virus from a single plaque is diluted (1)lated
utations can be studied by analyzing part of the same viral suspensio

tions due to environmental factors and not to the serial plaque-to-plaque transfers
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The studies with FMDV were designed to explore: (i) the
variation of relative fitness of FMDV clones subjected to se-
rial plaque-to-plaque transfers; (ii) the number and types of
mutations that accumulate in the genome as a consequence
of the repeated bottleneck events; (iii) the use of numerical
simulations to identify those parameters that can most in-
fluence the behavior observed. As a result of the theoretical
investigations related to (iii), information has been obtained
on mechanisms that can prevent (or delay) FMDV transition
into error catastrophe. First, we examine the main conclu-
sions derived from the experiments.

3.1. Biphasic evolution of fitness values and remarkable
resistance to extinction of FMDV clones

Several FMDV clones, derived from the same biologi-
cal clone C-S8c1 which is the standard FMDV used in our
laboratory (Sobrino et al., 1983), have been subjected to
plaque-to-plaque transfers (Fig. 1), with very similar con-
clusions. In these experiments the number of plaque-forming
units titrated in a viral plaque was taken as a measure of
relative fitness value. Usually, the time allowed for plaque
development on monolayers of BHK-21 cells under our stan-
dard plating conditions (Escarḿıs et al., 1996) was 24 h. For
some clones, this time was prolongued to 48 h to allow po-
t the
fi d an
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increased but the average fitness values remained constant
(Escarḿıs et al., 2002; Ĺazaro et al., 2002) (Fig. 2). The main
biological consequence of this behavior is a remarkable re-
sistance to extinction since, when a clone reached a fitness
valley, some mutational event appeared to trigger a sudden fit-
ness gain (see Section3.2). Some extinction events, however,
have been documented: when the mutation frequency reached
6.5× 10−3 mutations/nucleotide (after 190 serial transfers)
in clones that had acquired an unusual genetic lesion consist-
ing of an internal oligoadenylate (described in Section3.2),
the virus was presumably unable to acquire a compensatory
mutation that could trigger a fitness gain and the virus became
non-infectious in the next transfer (Escarmı́s, unpublished re-
sults).

The amplitude of the fitness oscillations was dependent on
both the virus and the host cells, and it was larger the lower
was the relative fitness of the virus subjected to plaque trans-
fers. A statistical analysis of fitness values of the evolving
clones indicated that they were best described by a Weibull
distribution. In contrast, the fluctuations in control, non-
evolving populations (the same population plated each time
(as depicted inFig. 1B)) followed a log-normal distribu-
tion (Lazaro et al., 2003). The presence of fluctuations in
physical and biological systems is often indicative of the in-
volvement of several interacting components simultaneously
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ential slow-growing plaques to become visible. During
rst 20–40 transfers, relative fitness fluctuated aroun
verage value that decreased in a nearly exponential

on. Then, in the following transfers (in some cases tr
er 280 has been reached), the amplitude of the fluctua

ig. 2. Typical pattern of fitness evolution of a FMDV clone subjecte
tness value; the plaque transfer number (n in Fig. 1) is shown in absciss
bserved up to about transfer 40, and this is followed by a fluctuating

nderstanding of quasispecies dynamics, as discussed in the text.
n the system. Log-normal distributions usually charac
ze multiplicative processes in which small differences
mplified considerably giving rise to fluctuations in the
ameters measured at the end of the process (in this c
irus titer). Probably, the lognormal distribution of the tit

aque-to-plaque transfers. The pfus per plaque (ordinate) are takentive
point corresponds to one transfer. A decrease of relative fitness val
with a constant average fitness. This behavior has important implicas for the
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of the non-evolving, control viruses has its origin in a com-
plex dependence of replication on the cellular state, since the
latter influences several steps in the virus life cycle that must
be independently completed for virion maturation to occur.
In the evolving populations, repeated bottlenecks with new
mutations preceding each founder event allow for larger vari-
ations in the initial state and larger fluctuations in fitness val-
ues which distribute according to a Weibull function (Lazaro
et al., 2003; Manrubia et al., 2003). Put in even more general
terms, the Weibull distribution reflects both a high mutation
rate during each plaque development, and the dependence of
the virus on the host cell. The genetic information in RNA
viruses in general, and in picornavirus in particular, is very
compact. Each genomic region and viral protein are involved
in multiple functions in interdependence with cellular func-
tions (as support of this concept for picornaviruses, see the
different chapters ofSemler and Wimmer (2002)). As a con-
sequence, most mutations occurring in genomes that initiate

plaque formation may trigger a cascade of alterations in the
host–virus relationship, reflected in a modification of virus
yield. In this view, many mutations should have a non-trivial
effect on virtually each process of plaque development. It is
now important that we examine experimental results on mu-
tations in virus from different plaques and in viral genomes
found within plaques.

3.2. Some mutational correlates of fitness variation

Fifty percent of the FMDV clones subjected to plaque-
to-plaque transfers showed an unusual genetic lesion, con-
sisting of an elongation of the number of adenylate residues
that precede the second functional AUG translation initiation
codon (Fig. 3A). The length of this internal oligoadenylate
tract tends to increase with the number of plaque transfers
and it correlates negatively with the relative fitness of the
FMDV clone (Escarḿıs et al., 1996, 1999) (Fig. 3B). The
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ig. 3. Internal oligoadenylate tract generated upon serial plaque-to-plaque
he elongated internal oligoadenylate. Lines depict regulatory 5′- and 3′-untransla
n is the 3′-terminal polyadenylate. The open reading frame is depicted by h
3 are the non-structural protein-coding region (for review see different cha

ermed Lab and Lb are synthesized in FMDV-infected cells from two in-fram
s indicated in black, and part of the nucleotide sequence between the two f
our adenylate residues that precede the second AUG (Escarḿıs et al., 1996). Pro
B) Correlation between the amount of infectious virus (pfu) per plaque and
1–4) of clone C922, and in C9

22-2 and C9
22-4 also analysis of several subclones

eterogeneous oligoadenylate was determined in a nucleotide sequencing g
how that in general a longer oligoadenylate tract corresponds to a lower vir
transfers of FMDV clones. (A) Scheme of the FMDV genome and the location of
ted regions (UTR). VPg is the protein linked to the 5′-end of the RNA and
orizontal boxes: L is the leader protease, P1 is the capsid-coding region and P2,
pters ofRowlands, 2003; Sobrino and Domingo, 2004). At least two forms of L,
e, functional AUG initiation codons. The coding region expressed only in Lab
unctional AUGs is given. The internal oligoadenylate is formed by elongation of
bably elongation occurs through slippage mutagenesis (Arias et al., 2001).
the size of the oligoadenylate tract. The measurements involved four subclones
(a–c) as the progeny of the same parental clones. The range of lengths of the
el (bottom part of the figure; the 5 adenylate size marker is indicated). Theresults

us titer per plaque (based inEscarḿıs et al., 2002).
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deleterious effect of the tract was occasionally overcome dur-
ing plaque development, either by a decrease in the number
of adenylate residues or by a single A to G transition within
the tract (Escarḿıs et al., 1999). In one of the clonal lin-
eages, the sequence of the internal oligoadenylate tract was
determined at each successive plaque transfer from number
23–50 (Escarḿıs et al., 2002). The oligoadenylate showed a
different sequence at each transfer. In the progeny produced
after nine of the transfers analyzed, the population was domi-
nated by genomes that included interspersed G or U residues
within the oligoadenylate (Table 2). These sequencing re-
sults illustrate once more the adaptive potential conferred by
quasispecies dynamics: to overcome a fitness-decreasing le-
sion, FMDV finds alternative solutions at the molecular level.
Such alternatives are manifested at different population size
scales: large population passages (higher than 106 pfu to ini-
tiate an infection) or plaque development (1 pfu to initiate an
infection) (Escarḿıs et al., 1999, 2002).

In the clones where, despite extensive plaque-to-plaque
transfers, an internal oligoadenylate tract was not produced,

fitness variations occurred and, therefore, other mutations
must be involved, but their effect has not been quantified.
The cases of extinction observed (described in Section3.1)
affected only clones with an internal oligoadenylate.

3.3. Within plaque genetic heterogeneity and steady
accumulation of mutations

The continuous genetic variation in successive plaque
transfers (Table 2), together with the oligoadenylate tract
length heterogeneity of virus within a single plaque (Escarḿıs
et al., 1996), constitute an additional demonstration that
FMDV replicates as a spectrum of mutants, even in the pro-
cess of plaque formation. Given the similar range of mutation
rates for all RNA viruses analyzed to date (Drake and Hol-
land, 1999) it is not too speculative to propose similar within-
plaque heterogeneities for other RNA viruses, in view of the
elegant studies by Yin and colleagues on mutant selection
during plaque development of bacteriophage T7 (Lee and
Yin, 1996; Yin, 1993).

Table 2
Evolution of the internal poly A of virus from lineage H7

30

Plaque transfera Nucleotide sequenceb

2 AG G – – – A4 – AUG
4 AG G – – – A4 – AUG
6
2 –
2 –
2 –
2 –
2 –
2 –
2 –
3 A
3 –
3 –
3 –
3 –
3 –
3 –
3 A
3 A
3 –
4 –
4 A
4 –
4 –
4 –
4 – – A24–27 – AUG
4
4
4
4
5

h

a
t
h
i

–10, 18–21 AG A –
2, 23 AG A –
4 AG A –
5 AG A –
6 AG A –
7 AG A –
8 AG A –
9 AG A –
0 AG A –
1 AG A –
2 AG A –
3 AG A –
4 AG A –
5 AG A –
6 AG A –
7 AG A –
8 AG A –
9 AG A –
0 AG A –
1 AG A G
2 AG A –
3 AG A –
4 AG A –
5 AG A –

6 AG A G A
7 AG A19–21 G A
8 AG A – A
9 AG A – A
0 AG A G A

a Clone H7
30 was derived from clone H71 by 30 serial plaque transfers. Clone71

igh m.o.i. of C-S8c1 (Escarḿıs et al., 1996). Viruses from plaque transfers 1, 3
b The sequence shown is that corresponding to nucleotides 1116–1125 of

nd the number of adenylate residues preceding the second functional AUG
o facilitate sequence alignment. The number of adenylates have been cou
eterogeneous poly A tract with the estimated minimum and maximum numb

s as inEscarḿıs et al. (1996).
– – A4 – AUG
– A5 – AUG
– A13–16 – AUG
– A17–20 – AUG
– A5 – AUG
– A6–7 – AUG
– A8–11 – AUG
– A24–27 – AUG

11–14 G A13–17 – AUG
– A15–17 – AUG
– A33–36 – AUG
– A20–22 – AUG
– A17–22 – AUG
– A22–24 – AUG
– A24–27 – AUG

17–20 G A8–11 – AUG

17–20 G A10–13 – AUG
– A16–19 – AUG
– A18–21 – AUG

16–19 G A13–16 – AUG
– A14–17 – AUG
– A23–25 – AUG
– A21–23 – AUG
16–18 G A17–20 – AUG

8–9 G A1–2 – AUG

17–20 G A11–13 – AUG

18–20 G A12–15 – AUG

20–22 G A9–11 U AUG

Hwas derived from a viral population obtained after 113 serial passages at
, 5 and 11–17 were not analyzed.
the FMDV C-S8c1 genome, in which a dash indicates the absence of a nucleotide,
initiation codon (genomic positions 1123–1125, last column) is given as a suffix

nted from the peak pattern of the sequencing plots; a range of values indicates an
er of adenylates visible in the sequencing peak pattern. Numbering of nucleotides
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An important distinction must be made between such het-
erogeneity which is essential to quasispecies dynamics, and
the rate of accumulation of mutations in the course of succes-
sive plaque transfers. The latter has been quantitated by deter-
mining the consensus sequence of the entire FMDV genome
of the viral population in several plaques of the same lineage
(Escarḿıs et al., 2002,unpublished results). The rate of ac-
cumulation of mutations has been estimated in about 0.25
mutations per genome and plaque transfer. Mutations accu-
mulated linearly with plaque transfer number, even during the
second phase of fitness evolution in which fitness values fluc-
tuated around a constant value (Section3.1). Mutations were
not evenly distributed along the FMDV genome, and showed
mutation clustering at some genomic regions. Clusters were
located at different sites in different plaque-to-plaque lin-
eages, and their functional basis is not known, although some
possibilities (compensation of deleterious effects of an initial,
triggering mutation; local decreases of polymerase copying
fidelity, etc.) have been advanced (Escarḿıs et al., 2002).

An analysis of the nature of mutations in sequential con-
sensus sequences revealed important differences with the mu-
tations observed when the same parental FMDV clones were
subjected to large population passages, without intervening
bottlenecks. As an example, nearly 50% of the amino acid
substitutions in the capsid affected internal sites, usually rel-
a ,
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relevant feature of the model is that, in addition to neutral
and deleterious mutations (with an occurrence rate ofp per
genome and replication cycle), advantageous mutations can
occur with a probability ofq which is smaller thanp. After
a certain number of replication rounds, one of the progeny
genomes is chosen at random to replicate and produce a new
set of progeny genomes (as in a plaque transfer), and the
process is repeated as many times as desired. Upon com-
pletion of the development of each plaque, the number of
genomes generated and the distribution of their fitness val-
ues are calculated. The results of these simulations are in
excellent agreement with the experimental results of plaque-
to-plaque transfers of FMDV clones (Section3.1). There is
a variable time interval (number of transfers) in which the
number of infectious individuals decreased in a roughly ex-
ponential way. The duration of this first phase is dependent
on the system parameters (fitness of the parental genome, fre-
quency of deleterious mutations, and number of replication
cycles). After this initial phase, a statistically stationary state
is reached in which fitness values strongly fluctuate around a
constant mean value, as observed in the experiments (Fig. 2).
The more frequent the compensatory mutations are, the larger
are the fluctuations in the viral yield, and the higher the av-
erage fitness of the system subjected to repeated bottleneck
events. Representative simulations in whichp+ q= 0.1 and
r
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tively conserved due to structural constraints (Lea et al.
994; Mateu et al., 1994). Also, a few mutations modifie

he polymerase (3D) which is a highly conserved prote
MDV. It appears as highly remarkable that no extinct
ere observed until serial plaque transfer 190 (Section3.1)
hen the mutation frequency relative to the parental c
as≥6.5× 10−3 substitutions per nucleotide, a value ab
0-fold larger than the average number of mutations
ated for components of the mutant spectrum of preex
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. Numerical models for Muller’s ratchet and error
atastrophe
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as given an arbitrary fitness value. This fitness value
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ty which is higher the lower the frequency of compensa

utations (Fig. 5). In this view, the transition into error cata
rophe occurs when the mutational pressure preclude
urrence of effectively compensatory mutations, resultin
xcess replication-incompetent RNA, as directly quant

n many FMDV populations in their way towards extinct
Gonzalez-Lopez et al., 2004).

The biphasic kinetics of evolution of fitness values
tness fluctuations were observed whenever the simula
ncluded both, the occurrence of advantageous muta
ithin a certain frequency range, and the presence o
xtinction threshold. The stationary state of fitness va
esults from an equilibrium between the trend to elimin
ndividuals as their fitness falls below the extinction thre
ld, and the selection for the subsequent transfer of a ge
hich is still able to replicate, probably helped by the oc

ence of compensatory mutations. Thus, survival is the r
f a collective property of mutant spectra: many indivi
ls are extinguished and a minority of genetically apt i
iduals (generated by virtue of some classes of muta
ntroduced in adequate recipient genome subpopulat
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Fig. 4. Viral yield as a function of the transfer number for the numerical
model described in the text. For the eight runs shown, the total number of
mutations per replication cycle is kept constant,p+ q= 0.1. As the amount of
compensatory mutations (represented by the variableq) decreases, plaques
with high viral yields become less frequent, and the system tends to sit close
to the extinction threshold for longer time. In these simulations, the num-
ber of replication cycles allowed before the bottleneck event occurs isr = 6.
(A) The probability that a particle disappears isd= 0. Despite having a low
yield, complete extinction cannot occur. (B) There is a small, finite proba-
bility d= 0.005 per particle and replication cycle to degrade the genome and
be eliminated from the system. Occasionally, this produces the complete
extinction of viable particles. Note that, independently of the fitness of the
seed particle, extinction can occur with probabilityd. In terms of the aver-
age number of transfers required, the seed particle would disappear before
replicating once every 1/d transfers, or every 200 in this case. This number
becomes smaller if the particle repeatedly fails to replicate, a situation that
holds for smallq.The four cases shown have been selected as representatives
of the average behavior for the parameter values used.

fitness values which is fixed, not the ensemble of genomic
sequences. Indeed, mutations continue to occur, a steady
accumulation of mutations in the sequential consensus se-
quences is observed, and there is a persistent drift in the
genome space (Escarḿıs et al., 2002,unpublished results)
(Section3.3).

Fig. 5. Average number of transfers required for replication of the seed
particle to fail. The probability of extinction decreases as the fraction of
compensatory mutations increases. Two different situations are shown. In
the upper curve, the probabilityd that a particle “dies” (or is degraded by the
system) isd= 0. In the lower curve (open squares), this probability is positive:
d= 0.001 per particle and replication cycle. To calculate the average values
shown, we have considered both the possibility that the seed particle does not
replicate and the cases where no particle survives afterr replication cycles,
that is to say, when actual extinction takes place. Other parameters are as in
Fig. 4.

Most previous models of Muller’s ratchet considered that
true reversions constituted the only mechanism to compen-
sate for the negative effects of deleterious mutations. An
exception was a model of fitness evolution in finite partheno-
genetic populations subjected to random drift, which con-
sidered the effect of compensatory mutations (Wagner and
Gabriel, 1990). Given that the frequency of reversions is
very low (except for length variation of the internal oligoad-
enylate tract, very few true reversions have been observed
associated with fitness gain of FMDV clones or large pop-
ulations (Escarḿıs et al., 1999, 2002)), it is nearly impos-
sible to recover genomes that do not accumulate mutations.
This is also a feature of our numerical model. It is the oc-
currence of compensatory mutations at a given frequency
relative to the total mutation rate which maintains genomes
with a sufficient fitness level for survival. It will be extremely
interesting to quantitate the number of mutations that the
FMDV genome can accumulate as the result of the equilib-
rium between deleterious and compensatory mutations, when
positive selection (plaque formation) is imposed for even a
larger number of transfers. Such experiments are currently in
progress.

For given values ofr (number of replication rounds),
p (frequency of deleterious plus neutral mutations), andq
(frequency of compensatory mutations), the average fitness
v y the
s f the
p g on
t ,
2 fit-
n was
d irus
alue reached at the stationary phase is determined b
ize of the population bottleneck. Hence, the fitness o
opulation may either increase or decrease, dependin

he initial fitness and the bottleneck size (Lázaro et al.
002). The minimal bottleneck size required to maintain
ess, dictated by the fitness of the initial population,
ocumented in experiments with vesicular stomatitis v
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(Novella et al., 1995b), again in agreement with our numerical
model.

5. Possible biological implications of the model, and
the design of error-catastrophe strategies

The strong resistance of FMDV clones to extinction de-
spite a steady accumulation of mutations (Sections3.1 and
3.3) in viruses evolving under an intense periodic selective
pressure (the absolute requirement to give rise to a plaque on
a cell monolayer) can be put into an evolutionary perspec-
tive. We know now that the mutation rate of a polymerase
can vary as a consequence of structural modifications of the
enzyme, produced by amino acid substitutions (Menéndez-
Arias, 2002; Castro et al., 2005). Therefore, the mutation
rate is a quantity that has probably been subjected to se-
lection, and attained, in the course of evolution, values to
ensure survival of the species. In model systems that con-
sider the interaction of a quasispecies with the immune sys-
tem, it has been proposed that one mutation per genome and
replication round is nearly optimal to escape immune attack,
with the constraint that a viable quasispecies must be main-
tained (Kamp and Bornholdt, 2002). Not only the immune
response, but also an array of physiological responses in in-
f d by
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5.1. Some tentative guidelines for antiviral designs
based on error catastrophe: the need to combine
population dynamics and biochemistry

According to the initial formulation of the error threshold
relationship (Swetina and Schuster, 1982; reviews inEigen,
2002; Eigen and Biebricher, 1988; Biebricher and Eigen,
2005) the maximum information that can be maintained in a
genome depends on the superiority (selective advantage) of
the master (dominant) sequence over the mutant spectrum.
Such a superiority is denoted byσo, and lnσo is the numera-
tor in the error threshold relationship (defined in the glossary
of Table 1). The value ofσo will be larger the larger the rela-
tive fitness of the mutant distribution (Eigen and Biebricher,
1988; Schuster and Stadler, 1999). Therefore, in agreement
with the experimental results with FMDV (Pariente et al.,
2001, 2003; Sierra et al., 2000), viral extinction by muta-
genic agents should be favored when the virus displays low
relative fitness in the infected organisms. Although viral sub-
populations with very different relative fitness may coexist
in an infected organism, in principle viruses with lower fit-
ness may be found at early phases of infection (when quasis-
pecies optimizations have not yet been attained (Novella et
al., 1995a)), or transiently when the virus had to respond to a
selective constraint such as to overcome an inhibitory activity
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nd often in the course of transmission (which often invo
mall amounts of virus). A range of mutation rate va
Drake and Holland, 1999) must have evolved to ensure
ontinuous heterogeneity to find population subsets to
uately colonize cells under rather stressful conditions
ropose that the observed resistance to extinction of FM

n the course of plaque-to-plaque transfers may be a re
ion of the same intrinsic strength of the RNA-based gen
ystems.

How can the experimental observations and the re
f numerical simulations be applied to an antiviral des
ased on virus entry into error catastrophe? First, it mu
entioned that there is evidence that virus extinction by
anced mutagenesis has probably played a role in clea
f hepatitis C virus (and related hepatitis-associated viru

n treatments involving ribavirin (Lanford et al., 2001; Maa
t al., 2001; Vo et al., 2003; Young et al., 2003) (fur-

her discussed by Parker, 2004;Pariente et al., 2005). Fur-
hermore, treatment of mice with FU prevented the es
ishment of a persistent LCMV infection in the anim
Rúız-Jarabo et al., 2003; de la Torre, 2005). These lines o
vidence encourage extended applications of error cat
he in vivo. Therefore, it is of interest to summarize w

he available data suggest would be an effective mea
se mutagenic agents and antiviral inhibitors to clear v

n vivo.
r a strong immune response (Borman et al., 1996; Nijhu
t al., 1999). This would suggest that a mutagenic treatm
hould be initiated early during an infection (i.e. soon aft
otentially chronic infection is diagnosed) or upon viral lo
eduction when a combination treatment with multiple
ibitors is implemented (i.e. highly active antiretroviral th
py for HIV-1-infected patients (Ho, 1995; Le Moing et al
002; Van Vaerenbergh et al., 2002)). If our view is correct

t would be important to apply a strong mutagenic treatm
efore virus replication permits selection – and ensuing

imization (through compensatory mutations) – of inhibi
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will clearly need further investigation when a possible clini-
cal application is envisaged. Independent theoretical models
also support a synergy between mutagens and antiviral in-
hibitors as a treatment design (Gerrish and Garcia-Lerma,
2003).

To achieve synergy between mutagens and inhibitors will
necessitate of addressing a number of important issues re-
garding the biochemical behavior of the drugs. Specifically,
it will be important to identify the transporter molecules that
mediate drug entry into the cells and the cellular compart-
ments where virus replication takes place (Pastor-Anglada
et al., 2005). Mutagens and inhibitors will affect metabolic
pathways in ways that may alter nucleotide pools, in them-
selves an influence on viral replication and on mutagenesis
of the viral genome. It will also be extremely relevant to find
new mutagenic agents (or derivatives of the existing ones)
that are specific for viral polymerases, and that show low
toxicity for cells and organisms. Structural biology and tox-
icology will also have a role to play, emphasizing both the
interdisciplinary and the transdisciplinary nature of the un-
dertaking.

These considerations underline also the profound conse-
quences that an understanding of the nature of viral popula-
tions and quasispecies dynamics may have in the design of
new strategies to control viral disease. To turn error catas-
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Pérez, J.J., Giralt, E., Stuart, D., Palma, E.L., Domingo, E., 1
Antigenic heterogeneity of a foot-and-mouth disease virus ser
in the field is mediated by very limited sequence variation at se
antigenic sites. J. Virol. 68 (3), 1407–1417.

aynard-Smith, J., 1976. The Evolution of Sex. Cambridge Unive
Press, Cambridge.

enéndez-Arias, L., 2002. Molecular basis of fidelity of DNA synthe
and nucleotide specificity of retroviral reverse transcriptases.
Nucl. Acid Res. Mol. Biol. 71, 91–147.

uller, H.J., 1964. The relation of recombination to mutational adva
Mut. Res. 1, 2–9.
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