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The term ‘‘error catastrophe,’’ origi-
nally introduced in the theory of mo-

lecular evolution (1), has become fashion-
able among virologists. In a recent paper
in PNAS (2), it was suggested, on the basis
of quantitative sequence studies, that riba-
virin, a common antiviral drug, by its
mutagenic action drives poliovirus into an
error catastrophe of replication, thereby
turning a productive infection into an
abortive one. Previous studies by Loeb
and his group (3, 4) on the AIDS virus
(HIV) and by Domingo, Holland, and
coworkers (5, 6) on foot-and-mouth dis-
ease virus (FMDV) have led to similar
conclusions, suggesting a paradigm shift in
antiviral strategies (7). A recent issue of
PNAS presents a paper by Grande-Pérez
et al. (8), which deals with the ‘‘molecular
indetermination in the transition to error
catastrophe,’’ shedding light on the com-
plexity of the mechanisms involved in
virus infection and stressing the need for
a careful molecular analysis of the detail,
which may differ greatly from one virus to
another. Because of its practical relevance
for developing potent antiviral drugs and,
beyond that, its general importance for an
understanding of molecular evolution, this
commentary will highlight the theoretical
basis and point out the kind of conclusions
that can be drawn in discussing experi-
mental results.

The term error catastrophe is of a de-
scriptive nature and lacks a clear-cut def-
inition. A catastrophe is usually triggered
if certain tolerances are exceeded. For
replication, there is indeed such a limiting
value of error or mutation rate that must
not be surpassed if the wild type is to be
kept stable. We call this limit the ‘‘error
threshold.’’ Why is it a sharply defined
limit? Why does the efficiency of replica-
tion not vary monotonically with the error
rate? The information stored in the
genomic sequence melts like ice at 0°C.
This comparison is indeed a very apt one.
The information melts away in a process
that has all the physical characteristics of
a first-order phase transition requiring
cooperative behavior with unlimited co-
herence lengths, as we encounter in the
melting of a solid or the evaporation of a
liquid at its boiling point. The error
threshold is caused by the inherent auto-
catalytic nature of replication, which rep-

resents not only the transfer of informa-
tion from one generation to the next, as
would be the case for a message sent
through a transmission channel. Rather,
replication provides an exponential pro-
liferation of the information contained in
the sequence as a whole. In the population
formed, this results in competition among
the various slightly differing sequences,
which behave as cooperative units. Natu-
ral selection is a direct consequence of this
competitive replication. It presupposes
differences in efficiency of replication
without excluding neutral mutants. Neu-
tral copies, all belonging to the group of
best-adapted ones, are selected against the
rest, but because of their inherently repro-
ductive behavior, they continue to com-
pete with one another in a stochastic
manner. Kimura and Ohta (9) called this
nondeterministic f luctuating selection
‘‘non-Darwinian,’’ although Darwin him-
self anticipated it. Kimura and Ohta’s
stochastically f luctuating selection re-
minds us of ‘‘critical phase transitions,’’ as
found in ferro- or antiferromagnetism or
liquid-gas transformation near the critical
point where, in analogy to neutrality
among replicative units, the densities of
the liquid and gaseous phases become
equal, with the consequence of density
fluctuations on all scales of spatial dimen-
sions manifesting themselves in the phe-
nomenon of ‘‘critical opalescence.’’

However, note that these phase transi-
tions associated with natural selection do
not take place in the space–time coordi-
nates of our physical space. They refer
rather to an abstract ‘‘information space’’
and are therefore not easy to visualize,
because they may appear scattered in
physical space and over extended periods
of time. Information space is a discrete
point space with a metric named after
Richard Hamming (10). Each of the pos-
sible 4N sequences of length N is assigned
to one and only one point, with all neigh-
borhoods among sequences correctly or-
dered according to their kinship distances.
This “spatial” order requires a 22 N-
dimensional Hamming space. The dynam-
ical equations of the rise and fall of pop-
ulations can be written in a fairly general
phenomenological form, yielding the qua-
sispecies model (11, 12). A quasispecies is
a population structure in information

space and is the ‘‘condensed’’ mutant dis-
tribution that results from the phase tran-
sition representing natural selection. It
has been termed ‘‘quasispecies’’ because
the whole distribution behaves ‘‘quasi’’ as
a single species, because it is determined
by one (namely the largest) eigenvalue of
its system of dynamical equations. The
eigenvalues, being invariants of the equa-
tions, are determined as soon as the mu-
tant spectrum is defined, regardless of
whether the final stationary population
structure is achieved. Rather than elabo-
rating on further details of theory, I shall
now discuss the important parameters that
determine selection and hence also the
behavior of virus populations, as ex-
pressed in the work this commentary re-
fers to.

Fig. 1 shows a computer simulation of a
model case that is representative of the
phenomenon of error catastrophe. Such
simulations were first performed by
Schuster and Swetina (13). The present
example was computed by Tarazona (14).
It shows the stationary structure of a
population consisting of binary sequences
of length N � 20, in which all sequences
have equal values of all their replication
rates except for one sequence, which
shows a 10-fold higher rate. The error rate
(1 � q), i.e., the relative number of mis-
incorporations per site, has been assumed
to be uniform for all sequences in the
distribution. Fig. 1 shows a plot of the
relative population number of the steady-
state population against the error rate
(1 � q), the numbers 0, 1, 2, etc., referring
to 0 errors (� master sequence) and the
sums of all of the 1, 2, 3, error sequences,
respectively. The error threshold is seen
clearly at 1 � q � 0.11. Although the
individual curves vary quite markedly with
the error rate, the order of the quasispe-
cies, represented by the consensus se-
quence, is clearly conserved up to the
‘‘melting point,’’ i.e., the error threshold.
Above the error threshold, each of the
�106 (i.e., 2N) possible individual se-
quences occurs with the same probability
of �10�6. Because the distribution was
centered around the master sequence (0
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errors), the sum of all k-error sequences is
given by the binomial coefficient (k

N),
which has its maximum at k � N�2. That
is why the sum curve for 10 errors shows
the most frequent representation (corre-
sponding to about 17.6% of the �106

sequences). Above the threshold, no
memory of the former wild type remains.

The model simulated in Fig. 1 suffices to
show the clear analogy to a first-order
phase transition (14) applying to the in-
formation content of the quasispecies as a
whole. The transition would be even
sharper for (more realistic) longer se-
quences, reaching a slope of � for N3 �,
whereas smaller selective advantages of
the wild type would just cause a shift of the
transition point along the abscissa to lower
error rates without much changing the
overall shapes of the curves. What is es-
sential is that the population of the master
and of individual mutant types already
changes quite conspicuously below the
error threshold but is ‘‘all or none’’ above
the threshold. However, the model chosen
is entirely unrealistic if we want to apply it
to our discussion of virus quasispecies. Let
me discuss the parameters that determine
the shape of the curves, and we shall see
more clearly what to expect in situations
closer to those of real viruses.

(i) The Most Obvious Parameter Is the
Error Rate
First, a uniform fidelity q for all positions,
and hence a uniform error rate 1 � q, is
absolutely fictitious. Grand-Pérez et al. (8)
emphasize that different regions of the

virus sequences must have different error
rates, and it has long been known that it is
not only the kind of base and its nearest
neighbors that make individual positions
more or less variable, ranging from ex-
ceedingly conservative positions to ‘‘hot
spots.’’ This is the more so if mutations are
enhanced by using drugs that resemble
base analogues. Because the probability of
mutants is sequence-specific, we must in-
troduce two indices: one for the particular
sequence Sk and another one for the po-
sitions ‘‘i ’’ within each sequence Sk.
Hence the fidelity of a position thus char-
acterized is qik and its corresponding error
rate (1 � qik). The overall fidelity of
reproducing any given sequence Sk is then
the product q1kq2k . . . qNk or
� i�1

Nk qik � q̂k
Nk, where q̂k is the geometric

mean of all qik of sequence k, whereas Nk
is its length expressed as the number of
nucleotides. The geometric mean differs
from the arithmetic by weighting more
sensitively individual elements. Although
some elements can reach zero without
much changing the value of the arithmetic
mean, they must not do so for the geo-
metric mean, where the product becomes
zero if one of its elements is zero. This
property of the geometric mean has im-
portant consequences for the possible rel-
evance of certain singular mutations. The
theory, on the other hand, does not
change its formal structure by the intro-
duction of averages. Instead of a uniform
fidelity q or error rate (1 � q) (abscissa in
Fig. 1), we now use the averages q̂k and call
the sequence-specific overall fidelity q̂k

Nk

� Qk. Because q̂k for any realistic se-
quence is very close to one, meaning a
small average error rate (1 � q̂k), as found
between 10�3 and 10�5 for RNA viruses,
a fairly precise approximation to Qk is
given by e�Nk(1�q̂k). The exponent is the
average number of errors per sequence
and can yield Qk values appreciably
smaller than one. The conclusion of this
paragraph is that the probability distribu-
tion of mutants in a quasispecies is not at
all uniform; single mutants may reproduc-
ibly appear orders of magnitude more
frequently than others, of which some may
have only a sporadic existence. This all
happens below the error threshold and
may produce quite nonuniform mutant
distributions close to the error threshold,
although the all-or-none nature of the
error threshold is first realized after it is
crossed.

(ii) The Error Threshold Is Not Solely
Determined by the Average Error Rate
Of equal importance is the fitness land-
scape within the quasispecies distribution.
Let us take the example represented by
Fig. 1, in which one of the 106 different
sequences, called Sm, is clearly distin-
guished by a (massive) selective advan-

tage. At the critical error rate (1 � q̂m), the
master sequence Sm has a fidelity Qm �
e�Nm(1�qm) with a value well below 1, which
then requires a corresponding selective
advantage of the master sequence, relative
to the average of its mutant distribution.
Any mutation occurring in the master
sequence reduces its frequency of occur-
rence, whereas any mutation occurring in
the rest of the quasispecies (including the
mutations that come about in the master
sequence) produces some other member
of this mutant distribution. In other words,
mutations in the rest of the distribution do
not lower their total number. The master
sequence must therefore be at least �m
times more efficient in its reproduction to
make up for the loss caused by its muta-
tion rate, such that �mQm � 1. In the
above example, �m can be easily calcu-
lated. For realistic nonuniform distribu-
tions, which, in addition, may contain sev-
eral neutral master copies, the � functions,
although clearly definable by the eigen-
values and eigenvectors of the exact solu-
tions, would be calculable only if the de-
tails of the fitness landscapes are known.
Experimental data, such as those pre-
sented in the papers under consideration,
are therefore most important.

We now see that it is not only the
irregularity in the mutant distribution but
also the contribution of each mutant to
the reproductivity of the quasispecies that
is rated by natural selection. A particular
mutation that appears to occur very fre-
quently may be either neutral or, if it
involves a ‘‘strategic’’ position, deleteri-
ous, or under certain environmental
changes, such as those produced by the
immune response of the host, it may be
advantageous for the virus. These situa-
tions cause quite dramatic differences for
different viruses, as is known for polio
virus and HIV (15). The equivalent im-
portance of �m and Qm is obvious from the
symmetric condition �mQm � 1. It is
somewhat obscured in the standard
expression defining the error threshold:
(1 � q̂m) � ln �m�Nm which follows from
�mQm if one substitutes for Qm the expo-
nential e�Nm(1�q̂m). The logarithmic depen-
dence on �m in the error threshold relation
seems to belittle its influence, because the
logarithm of numbers clearly larger than
one does not depart far from one. How-
ever, � values may be very close to one,
i.e., equal to 1 � �, where � 		 1. Then the
logarithm is a very small number: ln (1 �
�) � � for � 		 1. In irregular fitness
landscapes and irregular mutant distribu-
tions, �m is a complicated function of the
variables concealed in the averages �m and
Qm. As in the case of fidelity Qm, much of
the detail appearing in the precise form of
eigenvalues and eigenvectors gets lost in
the averaging procedures leading to �m
values. Selectivity is different for different

Fig. 1. Relative population numbers of binary
sequences Sk (ordinate) as functions of single-digit
error rate (1 � q) (abscissa). The length of all binary
sequences is N � 20. All 2N � 106 sequences are
degenerate in their reproductivity except for one
‘‘master’’ sequence Sm, which reproduces 10 times
more efficiently than the rest. The resulting quasi-
species distribution is centered at the master se-
quence (‘‘0’’ errors). The numbers 1, 2, . . . 20 refer
to the sum of all 1-, 2-, . . . 20-error mutants. The red
curve refers to the consensus sequence, which
shows a sharp first-order phase transition at the
error threshold.
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fitness classes of mutants, the extremes
being neutrals (�3 1) and nonreproduc-
ible deleterious mutants (� 3 �). In ad-
dition, there might be large fluctuations
even for a given virus in the same envi-
ronment, when very rare (but important)
mutations occur stochastically in different
temporal sequences.

(iii) Virus Infection Involves More
Complex Operations than Just the
Replication of RNA or DNA
The genomes of even the smallest viruses
encode several functions, of which rep-
lication is only one, albeit a very impor-
tant one. Yet what is finally weighted for
selection is the virus, overall perfor-
mance in the infection process. We have
studied the kinetics of infection with the
example of the bacteriophage Q� [Eigen
et al. (16)]. The experiments carried out
by M. Gebinoga (17) involved pulse-like
infection. Samples of host cells were
incubated with virus for defined lengths
of time, i.e., quenching the infection
after 1, 2, 3, etc., minutes up to the total
time interval between infection and lysis
of the host cells. The quenched samples
were carefully treated with toluene to
remove the outer (lipid) membrane of
the host cells. The remaining murein
sacculus, which is not penetrable for
larger molecules such as proteins and
nucleic acids or for organelles, was per-
fused with radioactively labeled nucleo-
side triphosphates and amino acids. The
kinetics of both RNA and protein syn-
thesis then were recorded. The rates,
extrapolated to the starting point, which
ref lects the profile of the process in vivo,
are plotted as a function of time in Fig.
2. As seen, at the moment of infection
the rate of RNA formation is zero, be-
cause specific replicase is not yet avail-
able, but protein synthesis (using the
translation machinery of the host) is
active right from the start. After about 10
min, enough replicase has been formed
so that both replication and translation
can now compete, leading to a sharp (i.e.,
hyperbolic rather than exponential) in-
crease of both protein and RNA concen-
tration, as expected for a nonlinear ‘‘hy-

percyclic’’ (18) mechanism. At the same
time, replicase formation is down-
regulated by the binding of coat protein
(which acts as regulator) to the replicase
gene. The burst of synthesis comes to an
abrupt halt when the amount of RNA
present has increased sufficiently to
block all available binding sites provided
by the host ribosome population as well
as those of the (ultimately constant)
replicase concentration—very much as
in an ‘‘end-point titration.’’ From now
on, both RNA and coat protein produc-
tion proceeds at a constant rate until the
host cell lyses, about 40 min after infec-
tion. This is a highly regulated mecha-
nism, which yields about 10,000–20,000
complete virus particles (each consisting
of one plus strand of RNA and 180 coat
proteins that form its icosahedral shell).
Because of error accumulation, only less
than 10% of the viruses produced are
viable. Nevertheless, this is more than
sufficient to maintain the autocatalytic
growth nature of the overall process,
described by the phenomenological rate
equations.

What I wanted to show is the complex
nature of the overall process of virus

infection, which differs from one type to
another but in no case is just simple rep-
lication. Coming back now to the objective
of this commentary, I would like to em-
phasize three points:

(i) Very close to the error threshold, the
mutant spectrum, as Fig. 1 demonstrates,
becomes quite diverse. Before the phase
transition occurs, master sequence and
low-error mutants become a minority
even in the unrealistic model case of uni-
form error rates. The wild type keeps its
distance from this point of transition to
maintain robust stability. The application
of mutagens may change this situation in
an uncontrolled way.

(ii) The resulting error spectrum in-
volves neutral, deleterious, and also—
under the new conditions—advantageous
mutants. In which manner they are effec-
tive, before the total information ‘‘melts
away’’ completely, depends on the partic-
ular type of virus.

(iii) The mutant spectrum expresses it-
self in a spectrum of phenotypic functions
that include all processes involved in the
complex infection mechanism. Hence, er-
ror catastrophe is intimately linked to all
functions involved, because it depends on
both (realistically quite complex) param-
eters Q and �.

The paper of Grande-Pérez et al. (8)
shows what is to be done to cope with this
situation. Theory cannot remove com-
plexity, but it shows what kind of ‘‘reg-
ular’’ behavior can be expected and what
experiments have to be done to get a
grasp on the irregularities. This is more
true in biology than in any other field of
the physical sciences. The work on the
error threshold opens a new paradigm
for how to fight viruses, namely not by
inhibiting their replication but rather by
favoring it with an increased rate of
mutation. At first this procedure seems
to challenge the virus to escape immune
protection, but at the same time, it may
cause the virus to lose all its pathogenic
information. The paper quoted makes it
plain that a lot of experimental work has
to be done for each particular type of
virus, presenting what is certainly one of
the great challenges of the 21st century.
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Fig. 2. Kinetic profile for the infection of E. coli by
phage Q�. The total infection cycle lasts about 40
min. The ordinate refers to the rates (i.e., the num-
ber of particles formed per minute and per host
cell) that are plotted as functions of time. Red lines
represent proteins (coat protein and replicase);
blue lines, RNA (plus and minus strands); and the
green line, complete virus particles.
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Molecular indetermination in the transition to error
catastrophe: Systematic elimination of lymphocytic
choriomeningitis virus through mutagenesis does
not correlate linearly with large increases in
mutant spectrum complexity
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Studies with several RNA viruses have shown that enhanced
mutagenesis resulted in decreases of infectivity or virus extinction,
as predicted from virus entry into error catastrophe. Here we
report that lymphocytic choriomeningitis virus, the prototype
arenavirus, is extremely susceptible to extinction mutagenesis by
the base analog 5-fluorouracil. Virus elimination was preceded by
increases in complexity of the mutant spectra of treated popula-
tions. However, careful molecular comparison of the mutant spec-
tra of several genomic segments suggests that the largest increases
in mutation frequency do not predict virus extinction. Highly
mutated viral genomes have escaped detection presumably be-
cause lymphocytic choriomeningitis virus replicates at or near the
error threshold, and genomes in the transition toward error ca-
tastrophe may have an extremely short half-life and escape de-
tection with state-of-the-art cloning and sequencing technologies.

RNA viruses replicate with an extremely high mutation rate
(10�3 to 10�5 misincorporations per nucleotide copied)

because of the low fidelity of RNA polymerases and reverse
transcriptases, which lack proofreading repair activities (1–3).
Coupled to recombination, high yields and short replication
cycles, large varieties of related mutant genomes, defined as viral
quasispecies, represent the genomic structure of RNA virus
populations (4). The theoretical quasispecies is a steady-state
organized distribution of error copies of the most fit (or master
sequence) in a particular environment.

The fast generation of a large repertoire of mutant virus genomes
has been interpreted as the molecular mechanism underlying the
rapid evolution of RNA viruses during in vivo infections (5–9) and
has important clinical implications. For example, it has been shown
that genomes resistant to chemotherapeutic agents can already be
detected in an HIV-infected person before any exposure to these
agents (10). Computer simulations of the behavior of quasispecies
predict that during genome replication, the mutation rate can
increase only up to a threshold value without compromising the
production of infectious genomes. Crossing this threshold will lead
to the complete loss (or ‘‘melting’’) of the genetic information. This
is called error catastrophe of replication, and its induction would
lead to an elimination of the infection; i.e., any viral genomes
produced would contain so many misincorporations that their
genomes could not replicate further (11, 12). The transition into
error catastrophe would convert a productive infection into an
abortive one (13).

Considerable evidence suggests that riboviruses exhibit a genome
mutation rate that is very close to the predicted threshold for entry
into error catastrophe of replication. Consistent with this hypoth-
esis, exposure of RNA viruses to mutagenic agents leads frequently
to abortive infections. Thus, when examined, the mutation fre-

quency of poliovirus and vesicular stomatitis virus could not be
increased at defined loci by more that 3-fold by using chemical
mutagenesis [e.g., 5-fluorouracil (FU), 5-azacytidine (AZC), eth-
ylmethanesulfonate, or nitrous acid (14)]. In similar experiments
the retrovirus mutation rate was increased by 13-fold after treat-
ment with the nucleoside analog AZC (15). In another study
3�-azido-3�-deoxythymidine (AZT) was shown to increase the rate
of HIV-1 mutation by a factor of 7 in a single round of replica-
tion (16).

Further evidence in support of mutagenesis-induced virus elim-
ination has been obtained with HIV-1 by using deoxynucleoside
analogs to increase viral genome mutagenesis (17). Those authors
coined the term ‘‘lethal mutagenesis’’ to describe mutagen-induced
loss of viral infectivity and suggested this could provide a new
approach to treating HIV-1 and other RNA virus infections. The
same authors also proposed to induce lethal mutagenesis through
the incorporation of mutagenic ribonucleosides into the HIV-1
genome by the host cell RNA polymerase, rather than by the viral
reverse transcriptase to avoid resistant viruses (18).

Recently, we passaged foot-and-mouth disease virus (FMDV) in
the presence of FU and AZC and characterized the viral genomes
through intensive sequencing analysis. Occasionally, but not sys-
tematically, FMDV was driven into extinction concomitantly with
an increase in mutation frequency and mutant complexity (19). In
a follow-up study we demonstrated that reducing viral loads and
viral fitness systematic extinctions of FMDV were achieved accom-
panied by an increase in mutant spectrum complexity (20).

In a more recent study Crotty et al. (21) suggested that ribavirin’s
antiviral activity may be exerted through lethal mutagenesis. They
described that ribavirin caused a large (99.3%) loss of viral genome
infectivity, concomitantly with only a 9.7-fold increase in mutagen-
esis, and suggested that ribavirin forced poliovirus into error
catastrophe (22).

Lymphocytic choriomeningitis virus (LCMV), a noncytopathic
arenavirus in cell culture and a natural pathogen of wild mice, has
been an important model to study persistent infections and to
define the role of the immune system in viral pathogenesis (23–29).
LCMV has a single-stranded RNA genome of negative polarity
composed of a large (L) and a small (S) RNA segment (30). The
complete nucleotide sequence reveals an ambisense coding strategy
on both RNA segments encoding two proteins in opposite orien-
tations: a nucleocapsid protein (NP) and an envelope glycoprotein

Abbreviations: 5-FU, 5-fluorouracil; AZC, 5-azacytidine; FMDV, foot-and-mouth disease
virus; LCMV, lymphocytic choriomeningitis virus; GP, glycoprotein; NP, nucleocapsid pro-
tein; pfu, plaque-forming unit.
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(GP) on the small RNA segment (31, 32), and an RNA polymerase
and a small zinc-finger protein (Z) on the large RNA segment (30,
33). LCMV is an excellent model to study the generation and
selection of viral variants in cultured cells and in vivo. The in vivo
biological significance of LCMV variants has been a matter of study,
but the complexity of LCMV quasispecies has not been examined
in detail (34–36).

Serial passages of LCMV quasispecies in the presence of increas-
ing concentrations of the nucleoside analogs AZC and FU dem-
onstrated that systematic elimination of the virus can be obtained
with FU in a dose-dependent fashion. Despite achieving systematic
elimination of LCMV infections in vitro, and up to 15-fold increases
in mutation frequency during viral replication in the presence of
mutagens, the systematic virus elimination did not correlate with
the large increases in the number of misincorporations per nucle-
otide, but did correlate with our inability to amplify any viral
sequences.

Materials and Methods
Cells and Virus. Baby hamster kidney cells (BHK-21) were grown as
described (19). Vero p68 cells were maintained in DMEM supple-
mented with 5% FCS and 2% glutamine. LCMV ARM 53 b is a
triple plaque-purified clone from ARM CA, passaged four times in
BHK-21 cells. A stock virus (p0) was prepared by infecting BHK-21
monolayers (1 � 107 cells) with 0.01 plaque-forming unit (pfu) of
LCMV per cell.

Virus Infections. Conditions for a standard infection were selected
to obtain high virus titers (� 108 pfu�ml). Semiconfluent [2 � 106

cells in 100-mm diameter dishes (Greiner, Nurtingen, Germany)]
monolayers of BHK-21 were infected with 0.01 pfu per cell (0.001
pfu per cell for the low viral load infections in serial passages in the
presence of AZC) in 5 ml of DMEM supplemented with 10% FCS,
10% tryptose phosphate broth, 2% L-glutamine, 0.52% glucose,
and 50 �g�ml gentamicin. Viral supernatants were harvested 48 h
postinfection, clarified by centrifugation at 2,500 rpm for 30 min at
4°C, and stored at �80°C.

For various preextinction virus populations (virus infectivity �
103 pfu�ml) (passages 1 and 2 of LCMV grown in 100 �g�ml of FU,
and passage 9 of virus grown in 25 �g�ml of FU) 15 flasks of
semiconfluent BHK-21 monolayers (1.6 � 107 cells per 182-cm2

flask) were infected and incubated for 48 h in 10 ml of infection
medium per flask. Virus sequences could be only amplified from
passage 1 in 100 �g�ml. No specific LCMV sequences could be
amplified from passage 2 in 100 �g�ml or from passage 9 in 25
�g�ml. Virus infectivity was determined by plaque assay on Vero
cell monolayers as described (37). Values shown are the mean of
three titrations.

Drug Treatment. Preparation of AZC and FU stock solutions,
determination of BHK-21 cell viability, and procedures for infec-
tions in the presence of mutagen nucleoside analogs have been
described (19).

RNA Extraction, Reverse Transcription–PCR, Nucleotide Sequencing,
and Calculation of Mutant Spectrum Complexity. RNA was extracted
with Trizol (Sigma) from supernatants of infection following the
manufacturer’s protocol. Virus suspensions with low infectivity
(�103 pfu�ml) were concentrated 20-fold by ultrafiltration (Cen-
tricon Plus-20 Biomax-100, Millipore) before RNA extraction, and
RNA was resuspended in 1�10 the volume of control samples.

RNAs were amplified in triplicate by reverse transcription–PCR
by using avian myeloblastosis virus reverse transcriptase and Pfu
DNA polymerase (both from Promega). As a control to confirm
that an excess of template was being amplified, a 1�10 dilution of
the RNA was processed in parallel. cDNAs were purified with a
Wizard PCR purification kit (Promega) and cloned into pGEM-T
Easy Vector (Promega) that was used to transform Escherichia coli

DH5� to obtain molecular clones. Purified cDNA and molecular
clones were subjected to cycle sequencing with Big Dye chemistry
(Applied Biosystems; Perkin–Elmer), and the products obtained
were analyzed with an ABI 377 automated sequencer (Perkin–
Elmer).

Three LCMV genomic regions were amplified by reverse tran-
scription–PCR and sequenced by using the following oligonucleo-
tide primers: in the small genomic RNA the GP genomic region,
using primers GP247 (forward 5�-GTG GCA TGT ACG GTC
TTA AGG-3�) and GP759 (reverse 5�-GGT ATT GGT AAC TCG
TCT GGC-3�); and the NP region with primers NP2223 (forward
5�-GCA TTG TCT GGC TGT AGC TTA-3�) and NP2743 (reverse
5�-CAA TGA CGT TGT ACA AGC GC-3�). In the large RNA, the
polymerase region was amplified with primers L3654 (forward
5�-AGT TTA AGA ACC CTT CCC GC-3�) and L4233 (reverse
5�-TGT TGA GGG TTC CAC AGA GC-3�). All of the nucleotide
positions are given in the viral (genomic) sense. Sequences were
retrieved from GenBank although a reconstruction of large
genomic RNA was performed by using the data from the two
published sequences (accession nos. M27693 and J04331).

Total cDNA (for consensus sequences) and molecular clones
obtained from passages 1 and 9 of control, FU, and AZC treat-
ments of the virus as well as p0 (our initial stock) were sequenced.
The consensus sequence of p0 was compared with the published
sequence and four nucleotide substitutions in the GP gene
(C467 3 T, G603 3 A, C606 3 G, and G607 3 C) were found
that accounted for two amino acid changes (D176 3 N and
R1773A) of the GP1 protein, whereas one nucleotide substitution
was found in the NP gene at position A2290 3 G. In the
mutagenized populations only one nucleotide substitution was
found in the consensus sequence of passage 9 of 5 �g�ml AZC. All
of our calculations are based on mutations found by alignment of
consensus sequences compared with that of p0, and, within each
quasispecies analyzed, only mutations not present in the corre-
sponding consensus sequence were counted. An average of 15
clones per sample were sequenced (7,000–11,000 nt per sample in
each genomic region were screened for substitutions, deletions, or
insertions). Sequences were compared by using BLAST TWO se-
quences (http:��www.ncbi.nlm.nih.gov�gorf�bl2.html) and SEWER
(http:��iubio.bio.indiana.edu�webapps�SeWeR�).

The complexity of the quasispecies was analyzed by means of two
parameters: (i) mutation frequency and (ii) Shannon entropy. The
first represents the number of mutations per nucleotide, and the
second is a measure of the number of different molecules in the
mutant spectrum of the quasispecies. To calculate the mutation
frequency of each quasispecies, repeated mutations were counted
only once. Shannon entropy is calculated with the formula: ��i
[(pi � ln pi)�ln N] in which pi is the frequency of each sequence in
the quasispecies and N is the total number of sequences compared
(38). Shannon entropy value of 0 indicates that all of the sequences
are identical whereas a value of 1 indicates that every molecule
differs from the others in its nucleotide sequence.

Results
Genomic Viral Quasispecies Structure of LCMV: Experiments with FU.
We characterized the genomic structure of LCMV during serial
passages in the presence of the mutagenic base analogs FU or AZC.
We measured and compared viral infectivity and mutation fre-
quencies of mutagenized and nonmutagenized LCMV populations.
The behavior of LCMV quasispecies in serial passages in the
presence of increasing concentrations of FU is illustrated in Fig. 1A.
Infectivity values after a single passage (given in Fig. 1B) show the
dose–response effect of FU on LCMV replication. At low concen-
trations (10, 15, 20 �g�ml) LCMV replicates at a lower infectivity
(�3–4 log decrease) but it is not lost, even after 13 passages. An
increase in FU to 25 �g�ml forces LCMV to move toward extinction
in 11 passages. At 50, 75, and 100 �g�ml of FU, we uncovered a
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drastic effect: virus infectivity could not be detected after either two
or three passages.

At the dose of 50, 75, and 100 �g�ml of FU, virus extinction was
achieved systematically in just two passages in 3–5 separate exper-
iments. However, total recovery of the infectivity of LCMV after
a � 6 log reduction in viral titer in 100 �g�ml of FU was obtained
in three further serial passages in the absence of mutagen (Fig. 1C).
At any recovery passage, the virus could still be eliminated sys-
tematically by further addition of 100 �g�ml of FU in 1–2 further
passages. Once the virus infectivity is effectively undetectable, even
serial blind passages did not allow viral titers to re-emerge, con-
firming complete elimination of LCMV infectivity.

Studies with AZC. Evolution of LCMV during serial passages in the
presence of high doses of AZC showed that at any of the two
concentrations tested virus elimination was not observed in at least
13 passages (Fig. 1D). The highest dose of AZC not to affect the
survival of BHK cells was 10 �g�ml (19). Previously, we showed that
for FMDV passaged in the presence of AZC the lowering of the
viral load enhanced the frequency of extinction events (19). To test
whether reducing viral load in the presence of AZC could enhance
the elimination of LCMV, we serially passaged the virus at a 10-fold
dilution of the multiplicity of infection of control and AZC-treated
series. In these experiments a 10-fold reduction of the multiplicity
of infection did not lead to systematic viral extinction over 13
passages.

Uneven Distribution of Mutations in the LCMV Genome. LCMV has
two genomic single-stranded RNAs, large and small. Each one
encodes for two ORFs arranged in an ambisense orientation (Fig.
2A). Large RNA (7.2 kb) harbors the genes for the polymerase or
L protein and also a small zinc finger protein. The small RNA (3.3
kb) encodes for the GP precursor of GP1 and GP2 and NP. We have
sequenced three genomic regions of molecular clones of LCMV

populations passaged in the presence or absence of FU and AZC
and compared with the consensus (average) sequence. The loca-
tions of the mutations found shown in Fig. 2A indicate that there
are great differences in the number of mutations detected between
regions. In naive LCMV populations (see Fig. 2B) mutations in the
NP and GP regions are 3.5-fold and 2.5-fold more abundant than
in the L (polymerase) region, indicating that the polymerase is a
conserved region and suggesting that mutations in the L region
could be less tolerated than in the other two. Although the overall
frequency of mutations was augmented in all regions of the LCMV
genome, both mutagens induced a proportionally higher increase of
mutations in the L region. Strikingly, of the two mutagens tested,
AZC was able to induce the highest number of mutations in all
regions analyzed. Nevertheless, AZC-treated virus was not elimi-
nated even when viral load was decreased by 10-fold (see Fig. 1D).

Molecular Landscape of LCMV’s Genomes During Entry into Error
Catastrophe. To measure the genetic complexity of the viral qua-
sispecies in mutagenized LCMV populations we calculated the
mutation frequencies and Shannon entropy values for p0 (stock)
virus and passages 1 and 9 for LCMV control and mutagen-treated
populations (Fig. 3).

In the absence of published data on mutation frequencies for
untreated LCMV populations we did calculate those first. In
control viruses, the values for any of the three regions analyzed
ranged between 1.0 � 10�4 and 5.7 � 10�4 substitutions per

Fig. 1. Evolution of LCMV during serial passages in the presence of FU (A–C) and
AZC(D).Virus serialpassageswereobtainedby infectionofBHK-21monolayerswith
0.01 pfu per cell of LCMV (p0, stock) in the absence (control) or presence of the
indicated concentrations of nucleoside analogs (FU and AZC in �g�ml). Each super-
natant was assayed for virus infectivity and used as inoculum for the following
passage. (A) LCMVdose–responsetoFU. (B)Virus infectivity titersof thefirstpassage
in the presence of increasing concentrations of FU; each value is the mean of three
separate experiments. (C) Recovery of LCMV infectivity after mutagenesis with 100
�g�mlFU.Blue lines indicateviruspassages inmediumcontaining100�g�mlFU;red
lines represent incubations without mutagen (control). (D) Evolution of LCMV in the
presence of AZC. Multiplicity of infection in series 1�10 of control, 5 �g�ml AZC, and
10 �g�ml AZC was 0.001 pfu�cell per passage.

Fig. 2. (A) Schematic diagram showing the positions of mutations found in the
genomic regions of control and mutagenized LCMV quasispecies. Each single-
stranded genomic segment encodes for two proteins in an ambisense orientation.
Positions of start and end codons for each ORF as well as mutations within the L
(polymerase), GP, and NP genes are given in the genomic sense. Mutations (base
substitutions, deletions, or insertions) found in the analyzed virus populations (see
Table1)arerepresentedas§foruntreatedvirus(control),2forFU-treatedvirus,and
� for AZC-treated virus, irrespective of the passage at which they were found. The
hashed areas represent the sequenced genomic regions. (B) Distribution of muta-
tions by genomic regions in LCMV control and nucleoside analog-treated popula-
tions. Numbers (n) of mutations and percentages of the total for each treatment are
given.
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nucleotide. After nine passages in the absence of drugs, mutation
frequencies were between 1.0 � 10�4 and 2.7 � 10�4 substitutions
per nucleotide. The highest mutation frequency detected corre-
sponded to the NP region of passage 1 and the lowest was for L in
agreement with previous observations (Table 1) that NP was the
most variable and L the most conserved region (34–36). Shannon
entropy values correlated with the detected mutation frequencies
and were usually less than 0.25 except for the NP region of passage
1, which showed a higher mutant complexity (Fig. 3).

When LCMV populations were serially passaged in FU we
uncovered large variations in mutation frequencies between re-
gions. Unexpectedly, passage 9 of virus treated with 20 �g�ml FU
showed a 16.8-fold increment in mutation frequency in the L region
whereas in the GP region it was just 2.6-fold and 4.1-fold in the NP
region. These results demonstrate, first, that it is of vital importance
to analyze different areas in the genomic RNA because mutation
frequencies can be region specific. If we just take into account the
GP region we will assume that FU can increase the mutation
frequency only 2.6-fold instead of nearly 17-fold. Second, high
increments in mutation frequency in a conserved genomic region
encoding for the polymerase did not abolish replication of the virus
(see Fig. 1A). Intriguingly, the LCMV quasispecies is accepting at
least 17-fold more mutations than the control in this particular
region. The infectious titer of this virus population is over 104

pfu�ml, 3–4 logs less than the control viral quasispecies, and did not
become extinct for at least four additional passages in the presence
of FU (Fig. 1A).

We were only able to analyze molecular clones from one pre-
extinction population, the one treated with 100 �g�ml FU. Just one
passage away from extinction the mutation frequency of the
polymerase increased 3.4-fold compared with the 1.6-fold found for
the GP and NP regions.

For AZC-treated populations, values of mutation frequencies
were similar for the three genomic regions and showed an incre-
ment of 5.1- to 9-fold compared with the control after nine passages
for any of the concentrations tested. The L region was the less
mutated of the three, suggesting that the type of mutagen used
affects evolution of the virus. For all of the mutagen-treated
populations Shannon entropies were higher than the controls and
correlated with the variations of mutation frequencies, the maxi-
mum observed for the population treated for nine passages with 20
�g�ml FU.

Importantly, in two pre-extinction populations (100 �g�ml of FU
on passage 2 and 25 �g�ml on passage 9) specific LCMV sequences

could not be amplified. This failure to amplify LCMV-specific
sequences could not be overcome, even after large scale-up pro-
duction of potentially infectious virus. In these populations muta-
tion frequencies possibly became so high as to include mutations in
the primer binding sites, and highly mutated sequences were highly
unstable, given the proximity of RNA virus replication to the error
threshold (4–6, 11–14, 39–43). New methods are needed to attempt
to detect and analyze highly mutated, minority LCMV genomes
that may transiently be produced during the transition toward error
catastrophe.

Mutations Induced by FU and AZC in LCMV Populations. The types of
mutation that were found in control, FU-treated, and AZC-treated
populations are shown in Table 1. The most frequent types of
mutation induced by FU were transitions U 3 C and A 3 G
followed by C 3 U, which are expected because of the chemical
structure of the FU and the effect that this analog has on the cellular
levels of dNTPs. In the AZC-treated populations, transversions
C3 G were the most frequent followed by C3 A, G3 C, and
G3U, in agreement with previous evidence (39). It is remarkable
that in just one passage in the presence of 100 �g�ml of FU we have
detected 11 transitions caused by this mutagen but only two in the
sample treated with 20 �g�ml, which can account for the delete-
rious effect of 100 �g�ml FU on the virus population. Taken
together, these results confirm that these base analogs are intro-
ducing mutations in the viral RNA. However, the high mutation
frequency and Shannon entropy values for the polymerase (L)
genomic region of the quasispecies of passage 9 in 20 �g�ml FU did
not correlate systematically and linearly with elimination of the
quasispecies.

Discussion
Lethal mutagenesis induced by treatment with nucleoside analogs
has been suggested as a novel way of treating HIV infections (17).
The basis of this new antiviral therapy resides in the fact that
increasing the already high mutation rates of RNA viruses would
lead to the loss of the genetic message (melting of information) of
the virus. Forcing the virus to cross the error catastrophe threshold
would convert a productive into an abortive infection because of an
excess of mutations. This is a transition predicted by quasispecies
theory (4, 11–13). Base or nucleoside analogs, in particular FU and
AZC, have been used to induce mutagenesis in several RNA viruses
(14, 19, 44). Several studies have shown that nucleoside analog-
induced loss of viral infectivity paralleled moderate increases in

Fig. 3. Genetic heterogeneity of LCMV quasispecies replicated in the presence of mutagenic nucleoside analogs. Mutation frequencies (A and B) and Shannon entropy (C)
were calculated for the indicated LCMV passages in the absence (control) or presence of FU (A and C) and AZC (B and C). The mutation frequencies (A, tables) were calculated
by dividing the number of mutations found in the viral population (and not present in its consensus sequence) by the total number of nucleotides sequenced (7,000–11,000
nt). The normalized Shannon entropy (B) was calculated as ��i [(pi � ln pi)�ln N] in which pi is the frequency of each sequence in the quasispecies and N is the total number
of sequences compared. Genomic regions analyzed were: L (polymerase), NP, and GP. Passage 9 in the presence of 5 �g�ml AZC is from the 1�10 dilution series.
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mutation frequency during single infection events (21, 22) or after
serial passages (17–20). Thus, it has been suggested that RNA
viruses replicate near the error catastrophe threshold, and more
recent experiments have been taken as evidence that this threshold
is effectively crossed by treating poliovirus with ribavirin (22).
However, although in these experiments ribavirin eliminated 99%
of poliovirus genome infectivity, approximately 107 pfu were still
detected, which is higher than titers found for many other viruses
even in the absence of any treatment.

We have now explored extinction mutagenesis of the prototype
arenavirus, LCMV. To provide detailed evidence of the molecular
landscape during the transition of RNA virus replication into error
catastrophe we have analyzed LCMV viral quasispecies passaged in
the presence of the nucleotide analogs AZC and FU. Serial
passages in the presence of increasing doses of FU showed very
different outcomes of LCMV quasispecies evolution under the
selective pressure of the mutagen. Within a narrow range of
mutagen concentration we observed the systematic extinction of
virus passaged in concentrations of 50 �g�ml FU or above, pro-
gressive loss of infectivity toward extinction after 11 passages in 25
�g�ml FU, and a decrease in replication ability of the virus
passaged in 10–20 �g�ml FU. When grown in the presence of AZC,
virus extinction was not observed either in 13 passages at any
concentration of AZC or by decreasing the virus load 10-fold. This
finding is in contrast with previous results that documented that
FMDV can occasionally be driven to extinction by AZC (19).
Higher concentrations of AZC could not be used because they
induced unacceptably high toxicity in BHK cells.

Nucleotide sequence analyses of the three genomic regions of
virus quasispecies treated in the presence or absence of mutagen
showed no correlation with virus elimination. Increases in mutation
frequency in the regions analyzed preceded viral extinction, and our
results do not exclude that in other genomic regions mutations
accumulated in a way as to direct viral extinction. The polymerase

gene of virus passaged nine times in 20 �g�ml of FU, a virus that
was not eliminated by mutagen treatment, showed the highest
mutation frequency, 15-fold more than passage 9 of control virus.
Conversely, the virus treated with 100 �g�ml of FU, a pre-
extinction population, only showed an increment of 3.4-fold for the
same region compared with the control. Treatment of LCMV with
5 �g�ml or 10 �g�ml AZC was not able to drive the virus to
extinction, although very high and comparable numbers of nucle-
otide misincorporations were detected.

Error catastrophe (4, 13, 45, 46) is predicted to involve accumu-
lation of errors in successive replication rounds until the genomic
information is entirely lost (4, 46). In this article, we show evidence
that LCMV treated with 100 �g�ml FU can be systematically driven
into error catastrophe. After one passage in the presence of the
mutagen the virus infectivity was seriously compromised, and an
additional blind passage in the presence of the drug was necessary
to effectively eliminate LCMV infectivity. However, a second
passage in the absence of mutagen allowed the virus to regain full
infectivity as predicted by viral quasispecies theory. Although the
molecular basis of entry into error catastrophe of replication can be
found only in the genetic material of the virus, failure to amplify
highly mutated sequences precludes such direct demonstration.
Thus, our data strongly suggest that the relatively lower increases in
viral mutation frequencies that can be obtained experimentally
(e.g., up to 17-fold) may reflect only those genomes that can still be
amplified.

Previous studies on mutagenesis of HIV and poliovirus with
nucleoside base analogs calculated mutation frequencies focusing
their analyses on just one genomic region. Our results have shown
that mutations in the LCMV populations were not evenly distrib-
uted throughout the virus genome. We observed areas where both
amounts and positions of mutations introduced by FU and AZC
differ from one gene to the other. Thus, mutation frequencies from
just one genomic region might lead to wrong conclusions about the

Table 1. Types of mutations found in LCMV populations subjected to chemical mutagenesis
with 5-FU and AZC

Alternating shading is used to group passage numbers in the presence of individual mutagens’ concentration.
*Mutations found in total (regardless of the genomic region) divided by the total number of nucleotides
sequenced in each passage.
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molecular scenario during mutagenesis of LCMV, and ideally the
whole genome ought to be sequenced.

Differences in mutation frequencies among several genomic
regions subjected to enhanced mutagenesis may be determined in
part by differences in the tolerance of these individual genomic
regions to additional mutations, which in turn may depend on the
particular mutagenic agent used. Some of the mutated genomes
analyzed might have already accumulated extremely debilitating
mutations that could compromise their viability. Further studies are
needed to clarify these possibilities.

In Table 1 we show the types of mutations found in the three
genomic regions of each sample analyzed. Considering just the
transitions induced by FU the number of mutations in the FU-
treated populations would be two transitions for passage 1 of 20
�g�ml FU and passage 1 of 25 �g�ml FU, 26 transitions for the
passage 9 of 20 �g�ml FU, and 11 transitions for passage 1 of 100
�g�ml FU. This finding suggests that the dose–response effect we
had detected in the loss of infectivity caused by FU treatment is also
found in the number of mutations typically induced by this base
analog in the viral genome. This could explain that the virus treated
with 100 �g�ml is driven to extinction in just two passages because
the mutations introduced in the genome are proportional to the
amount of mutagen available in the cell.

The most abundant types of mutation found in the AZC-treated
population were transversions C3 G, C3 A, G3 C, and G3
U, which are the reported mutations induced by AZC (19). The fact
that in passage 9 of 10 �g�ml AZC treatment four times more
G3U mutations were found could be caused by an excess of AZC.
Thus, our results indicate that the nucleoside analog treatment is
effectively introducing mutations into the viral genomic LCMV
RNA.

Amino acid replacements corresponding to mutations found in
control as well as in FU- and AZC-treated LCMV populations are
shown in Table 2, which is published as supporting information on
the PNAS web site, www.pnas.org. All of the amino acid replace-
ments were exclusive to mutagenized virus populations when
compared with those observed in the control virus populations.
AZC-induced amino acid replacements were more evenly distrib-
uted in the three genomic regions, whereas for FU, the L and GP
regions accepted fewer amino acid replacements than NP. In
particular, at passage 9 of LCMV in 20 �g�ml FU only about 30%

of the mutations found in the L or GP regions led to amino acid
replacement compared with the 70% observed for the NP region,
indicating that amino acid changes are more tolerated in NP. The
fact that only 28% of the mutations found in the L region of passage
9 in 20 �g�ml FU were nonsynonymous indicates that although this
region can accept higher number of mutations the majority do not
alter the amino acid sequence of the polymerase. Comparison of the
degree of acceptability of amino acid substitutions (47) suggests
an increase in drastic amino acid substitutions in mutagenized
populations.

Our data demonstrate conclusively that an RNA virus can be
systematically and efficiently driven into extinction by nucleoside
analogs, presumably by introducing mutations in the viral RNA.
Although the easiest interpretation of our results is that they
indicate that FU drives LCMV quasispecies into extinction because
of increased mutagenesis, direct evidence of melting genomic
information is still lacking. We postulate that genome mutagenesis
will affect primer binding sites used to amplify viral genomes and
that mutation frequencies obtained thus reflect viral genomes at the
gates of error catastrophe. Because RNA virus populations repli-
cate close to error catastrophe (4–6, 11–14, 39–43, 45, 46), genomes
including a substantially larger number of mutations than found in
the pre-extinction populations, may have a fleeting existence, and
constitute a minority in the hypermutated RNA genome popula-
tion. Proof of the existence of such molecules on their way to
melting of genetic information (4, 11, 13, 46) will require develop-
ment of analytical techniques to gain access to such replication-
incompetent intermediates.
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