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INTRODUCTION

This discussion attempts to present a simple explanation of
the current theory of error catastrophe and why it does not
herald a paradigm shift in antiviral strategy. In the main text of
the paper, the workings of a simple model of error catastrophe
are examined to demonstrate what actually causes error catas-
trophe. The Appendix contains a more detailed discussion of
the original error threshold model of Eigen and Schuster and
how it applies to a viral quasispecies.

RNA viruses are said to replicate at the edge of “error
catastrophe” (18). Error catastrophe is a term coined to de-
scribe the supposed inability of a genetic element to be main-
tained in a population as the fidelity of its replication machin-
ery decreases beyond a certain threshold value. Error catastrophe
has been invoked as a theoretical basis for treatment of viral
infection with drugs that would push the error rate for copying
of the viral genome beyond this threshold (1, 4, 5, 6, 7, 9, 10, 14,
15, 16, 17, 19, 22, 25, 26, 28, 29, 40). Numerous publications
aimed at the detection of virus extinction by error catastrophe
induced by viral mutagens have appeared in recent years (8, 11,
12, 13, 24, 27, 33, 34, 35, 36, 38, 39, 46, 47).

The catastrophic effect of high error rates was originally
predicted in a mathematical model by Eigen and Schuster
(20), in which a master genetic sequence replicated in com-
petition with a collection of variants generated by errors in
replication of the master sequence. In the simplest versions
of the model (41), the variants all typically have a lower
replication rate than the master sequence, and the effect of
their replication errors is to convert one variant into an-
other. When the distribution of genomes in such a replicat-
ing system was calculated to steady state, it was found that
beyond a threshold error rate the master sequence effec-
tively disappeared, becoming no more frequent than any
single variant sequence. Eigen and Schuster referred to this
hypothetical redistribution of the genetic information of the
system as an error catastrophe (not to be confused with the
theory of ageing that is also called error catastrophe [30, 31,
32]). Various treatments of the basic model have appeared
in the literature since publication of Eigen and Schuster’s
original paper (2, 3, 21, 42, 42, 44, 45).

We present here an examination of the theoretical basis for

error catastrophe as predicted by the accepted mathematical
simulations. For this purpose, we have constructed our own
relatively simple model, based on ordinary differential equa-
tions, that reproduces error catastrophe. Using this model, we
show that an error threshold is predicted to occur solely be-
cause of the implausible proposition that all progeny genomes
that are not the master sequence continue to replicate at a
finite rate no matter how many replication errors they contain,
whereas replication of the master sequence is disqualified by a
single error in the progeny genome. The disappearance of the
master sequence at the error threshold is predicated on com-
petition between the progeny and the master sequence to in-
finite time. We will show that, without the assumption that all
mutants, no matter what their sequences, continue to replicate,
mathematical models do not predict error catastrophe.

MODELS THAT PRODUCE ERROR CATASTROPHE

Our model is patterned after that of Swetina and Schuster
(41) but is highly simplified to make its workings more trans-
parent to a wider audience. In it (see Appendix) v0 represents
any genome of unspecified length with the exact master se-
quence with no errors, and v�0 is any genome with one or more
errors. Together, these two classes of genomes make up the
viral quasispecies that in Swetina and Schuster’s model was
explicitly defined as classes of genomes 50 nucleotides in
length, differing from the master sequence by 0, 1, 2, or 50
nucleotides. We shall refer to the sequence of v0 as the wild-
type genome and the various sequences of v�0 as mutant ge-
nomes. When the wild-type genome is copied to produce a
progeny molecule, an average number (m) of errors is ran-
domly introduced into the progeny. Since errors are random,
some progeny of wild-type genomes receive more than m
errors, some receive fewer than m errors, and some receive no
errors. From the Poisson distribution, we calculate the fraction
of progeny genomes receiving no errors as e�m, and only those
genomes correspond to the wild-type sequence. All other ge-
nomes are mutant.

The effect of errors on the replication rates of wild-type and
mutant genomes. In our model, k0 is the replication rate con-
stant of v0, and k1 is the replication rate constant of all v�0

genomes. According to the conditions assumed in the original
model of error catastrophe, all mutant genomes replicate at
one-tenth the wild-type rate, so k1 is equal to 0.1 · k0. How-
ever, the apparent rate constant of the wild type, k0a, is re-
duced directly in proportion to the fraction of master se-
quences produced and therefore varies with the error rate such

* Corresponding author. Mailing address: Department of Molecular
Genetics and Microbiology, University of New Mexico, Albuquerque,
NM 87131. Phone: (505) 272-8896. Fax: (505) 272-9595. E-mail: jsummers
@salud.unm.edu.

20



that k0a � e�m · k0; that is, the higher the mutation frequency,
the lower the rate of production of wild-type genomes. In
contrast, the replication rate constant of the mutants is not
affected by the error rate, no matter how high, because errors
simply convert one mutant into another with the same rate of
growth (except for rare errors that cause reversion to the wild
type). The effect of the error rate m on k0a and k1 is illustrated
in Fig. 1A. Swetina and Schuster’s model and ours both predict
that at values of m � �ln 0.1, or 2.303, the growth rate of the
wild type is greater than that of the mutants, while for m �
2.303, the mutant growth rate is greater. Note that the model
does not predict a sudden or catastrophic drop in k0a at a
“threshold” error rate but produces a continuous first-order
decline (Fig. 1A, inset).

Wild-type virus extinction at steady state. In Eigen’s model
of error catastrophe, competition between the wild type and
mutants in a population of fixed size continues to steady state
conditions, a requirement that is truly satisfied only at infinite
times. Although the replication rate of the wild-type virus
decreases in a continuous fashion with the error rate, as shown
in Fig. 1A, it is easy to see why the wild-type sequence will
disappear from the population when it replicates even margin-
ally slower than the mutants if competition occurs over a suf-
ficient number of generations. This disappearance with in-
creasing mutation rate is shown in Fig. 1B, which plots the
fraction of the wild type (F0) as a function of the error rate at
t 3 �. As in Swetina and Schuster’s model, the switch to
extinction occurs when m is equal to 2.302. Because the con-
sensus sequence of the quasispecies (the most prevalent nu-
cleotide at each position) is identical to the sequence with the
highest replication advantage (20), elimination of the replica-
tion advantage of the wild type results in the loss of that
consensus sequence. This loss is represented in Fig. 1B by the
red dotted line, which is the probability that the consensus
sequence is identical to the wild-type sequence. This probabil-
ity goes discontinuously from 1 to 0 at the error threshold. In
fact, above the error threshold there is no preferred consensus
sequence. All sequences are equally probable among the com-
peting mutant viral genomes because there is no replication
penalty for mutations caused by errors. The loss of any con-
sensus sequence for the quasispecies population has been re-
ferred to as error catastrophe, virus extinction, lethal mutagen-
esis, and mutational meltdown. That is, the population is
predicted to consist entirely of replicating genomes with ran-
domized sequences.

Shown in Fig. 1C is the steady state fraction of v0 (F0) when
competition with mutants is eliminated by setting k1 equal to 0,
i.e., assuming that mutants are produced solely during replica-
tion of the wild-type genomes and that the mutants do not
replicate. In this case, there is no error catastrophe, and the
steady-state fraction of v0 simply decreases as a first-order
function of the error rate, in parallel with the decreasing rep-
lication rate (Fig. 1A, B, and C, compare insets). This example
serves to illustrate that the extinction of the wild type in models
of error catastrophe is a result of competition with variants that
replicate. In reality, variants that result from replication errors
will not, of course, conform to either of these two extreme
properties, i.e., constant replication versus no replication, but
will consist of a spectrum of phenotypes ranging from en-
hanced replication to lethal mutation. However, we may as-

sume that higher rates of errors in the variant population will
render an increasing proportion of variants replication incom-
petent; i.e., the only viable genomes will be those that have not
received a lethal mutation. Under no conditions can we imag-
ine that the replication of any variant genome would be insen-
sitive to the deleterious effects of any and all additional muta-
tions, as specified in models of error catastrophe.

It is a common misconception that the model of error catas-
trophe is about the loss of viability of a genome when it accumu-
lates a number of errors greater than the error threshold.
However, many experiments have shown that the relationship
between mutagen exposure and virus viability follows single-hit
kinetics, as does the k0a curve in Fig. 1A, and the interpreta-
tion of this observation has been that genome inactivation
events are, on average, the result of single lethal events rather
than accumulating effects of multiple sublethal events (23).
More-recent studies have shown that approximately 40% of
random single nucleotide substitutions in the genome of vesic-
ular stomatitis virus were lethal, while only 30% were delete-
rious but not lethal, with an average reduction in growth rate
of 19% (37). These results demonstrate directly that the major
effects of errors on virus viability occur through single-hit le-
thal mutations. The reduction in k0a due to mutation in models
of error catastrophe likewise follows single-hit kinetics with no
error threshold and, in this regard, resembles the real-life
effects of mutations on viability. However, unlike real life,
mutagenesis in the error catastrophe model does not produce
any lethal mutations but only limited deleterious mutations.
This assumption of the model is essential for generating error
catastrophe at a threshold error rate.

DISCUSSION

Error catastrophe simulations. In the first numerical simu-
lation of error catastrophe (41), genomes were classified as
being either identical to or distinct from the master sequence
according to the number of mutations. To simplify the math-
ematical treatment, only two fitness levels were assumed: that
of the master sequence (superior) and that of all other se-
quences (inferior but finite). That a genome could acquire a
property of zero fitness through the degeneration of its se-
quence was not provided for in the model. Thus, only one
outcome of errors introduced during replication was possible:
a one-time reduction in replication rate. The inevitable out-
come of this assumption was that all mutant nucleic acid se-
quences would be replication competent. Thus, it was possible
through this assumption to postulate the existence of a quasi-
species consisting entirely of a population of replication-com-
petent genomes with randomized mutant sequences. It is this
population of replicating mutants that displaces the wild-type
genome at the error threshold in the process of mutational
meltdown.

Extinction at the error threshold does not occur because
the wild-type genome suddenly fails to replicate but because
the mutant genome replication rate is invariant while the
yield of wild-type genomes continuously declines with error
rate. Subsequent elaborations on the model have retained
the basic premise that further errors do not affect the rep-
lication of mutants (2, 3, 21, 42, 43, 44, 45). It can be shown,
however, that if the deleterious effects of mutations on the

VOL. 80, 2006 MINIREVIEW 21



population of variants is taken into account, Eigen and
Schuster’s model of the quasispecies does not predict error
catastrophe (see Appendix).

Empirical evidence for error catastrophe. Despite the ab-
sence of any realistic theoretical underpinning, error catastro-
phe claims experimental support from two general types of
observation in the literature: (i) loss of virus infectivity from
cell cultures after serial passage in the presence of a mutagen
and (ii) an apparent threshold mutation frequency for infec-
tivity of viruses or viral RNAs. While a detailed critique of the
literature in this field is beyond the scope of this commentary,
we find that, in general, experimental support for error catastro-
phe is marred by the failure to propose or test alternative expla-
nations for the results and by inadequate precision in the data.

For example, in Fig. 1A it is clear that the effect of mutagens
on v0 replication rates is no different from the effect of other
antiviral agents (nucleoside chain terminators, for example) in
that both reduce the yield after replication of the viral genome
in a continuous manner. In a virus infection in real life or in an
experimental setting, all viruses may be eliminated from a
system if the amount of virus consumed in the process of
initiating an infectious cycle exceeds the amount of infectious
virus produced in that cycle. For example, if a “conventional”
inhibitor or a mutagen reduced the yield of progeny such that,
on average, ten cells have to become infected to produce one
infectious particle, then each cycle of infection would reduce
the virus population by a factor of ten and a virus population
of 1010 particles would then become extinct after approxi-
mately 11 such cycles of infection. Therefore, extinction of a
virus population caused by the action of a mutagen is not, by
itself, evidence of error catastrophe because extinction, in the-
ory, can occur by simple inhibition of the production of infec-
tive particles.

Of equal concern is that published specific infectivity and
mutation frequency measurements entail large errors and few
data points, and attempts to determine whether the results fit
the error catastrophe model better than other, simpler models
have not been reported. In fact, it would be somewhat difficult
to detect error catastrophe by such an analysis. Wild type
“infectivity” for both the error catastrophe model (Fig. 1B)
and the conventional model without error catastrophe (Fig.
1C) decreases smoothly with increasing average error rate. The
curves are very similar, except that wild-type infectivity goes to
zero at the error threshold, whereas without error catastrophe
the wild-type infectivity approaches zero asymptotically. De-
tection of this kind of difference would require accurate mea-
surements of specific infectivity over several orders of magni-
tude. The reported data are simply insufficient to demonstrate
an error threshold for viability.

Even if such data existed, there could be other interpreta-
tions. For example, the direct effect of mutagens on the yield of
viable progeny genomes might be potentiated if mutations

FIG. 1. Simplified error catastrophe model. (A) Apparent rate con-
stants as a function of error rate m. The apparent rate constant k0a for
wild-type replication (black) was calculated as k0a is equal to e�m · k0,
where k0 is equal to 1. The rate constant for mutant replication (blue)
is constant when k1 is equal to 0.1. The vertical red arrow represents
the value of m beyond which replication of mutant genomes is more
rapid than that of the wild type. (B) Virus extinction by error catas-
trophe. Wild-type virus (black) is completely replaced with mutants
(blue) when k0 is equal to 1 and k1 is equal to 0.1, i.e., when mutants
can replicate. The probability that the consensus sequence is identical
to the wild-type sequence (red) switches from 1 to 0 at the error
threshold. (C) Virus extinction does not occur when mutants cannot
replicate. When k0 is equal to 1 and k1 is equal to 0, wild-type virus
(black) steadily decreases with the increasing error rate and mutants
(blue) increase, but mutants never completely replace the wild type.
Because the replication rate of wild-type virus is always higher that that

of the mutants, the probability that the consensus sequence remains
identical to the wild-type sequence (red) remains at 1 for all error
rates. Steady-state conditions are satisfied at t 3 � (see Appendix,
equations 2 and 3). Inserts in the right of each panel are the same
curves on a semilog plot.
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resulted in the production of defective interfering proteins, as
suggested recently (24). It is possible that such interference
could magnify the decreases of specific infectivity caused by high
mutation frequencies, creating the appearance of a threshold.

A third type of observation in the literature has been inter-
preted as providing support for error catastrophe but actually
argues against it. It has been noted for several RNA viruses
that it is not possible to increase the frequency of mutations
more than a fewfold without large losses in viability. This
observation has been interpreted as indicating that RNA vi-
ruses, indeed, replicate at the edge of error catastrophe. There
are obvious reasons why substantially increased mutation rates
cannot be detected. Genomes with high numbers of mutations
may not be readily recovered because they are selected against
due to the presence of lethal mutations; RNA viruses already
have a high rate of mutation, and a fewfold increase in muta-
tions is a large number of additional mutations. But the pre-
diction of the theory of error catastrophe is that the accumu-
lation of mutations by RNA genomes should be unlimited,
allowing a mutational meltdown to occur. The products of such
a meltdown, according to theory, should be hypermutated ge-
nomes with random sequences. At least one study specifically
designed to detect such genomes was unsuccessful (27). Ob-
jectively speaking, the failure to find such products might ac-
tually be considered a disproof of error catastrophe.

In our opinion, the theoretical model predicting error catas-
trophe cannot realistically represent any virus infection in the
biological world as we know it and by itself cannot serve as a
new paradigm for antiviral therapy. Explanations for the anti-
viral behavior of mutagens other than error catastrophe need
to be considered and tested, with the possibility that other,
more significant mechanisms might be discovered.

APPENDIX

Our model of error catastrophe. Treatments of error catas-
trophe have been concerned with the fate of the “wild-type”
quasispecies, the collection of variants of a master wild-type se-
quence that is generated by replication errors. The consensus
sequence of the quasispecies at steady state, i.e., the most preva-
lent nucleotide at each position, is exactly that of the master
sequence molecule as long as the master sequence molecule
maintains any replication advantage over other members of the
quasispecies (20). Molecules with the master sequence may be a
minority or a majority of all sequences in the quasispecies, de-
pending on the relative fitness of the master sequence. If the
master sequence molecule loses its replication advantage, then
the consensus sequence assumes that of a different most-fit se-
quence (20). The replication efficiency of the master sequence
molecule may be reduced by high error rates, and error catastro-
phe occurs when the error rate destroys its replication advantage.
Because maintenance of a wild-type quasi species depends on the
presence of the master sequence molecule, this model will con-
sider the dynamics of that molecule itself relative to all other
members of the quasispecies.

A genome with the master (wild-type) sequence, whose pop-
ulation size is indicated by v0, replicates through a conservative
nucleic acid synthesis pathway. During replication it incurs an
error rate in progeny genomes of m mutations per daughter
genome to produce a mixture of wild-type and non-wild-type

genomes whose yield is indicated by v0 and v�0. A single
replication event is represented by the pathway

�0O¡
k0

�0 � ��0 or �x	

where the index, x, represents any one of the collection of
various mutants, a, b . . . x, all of which replicate according to
the pathway

�xO¡
k1

�x � ��x or �y or �0	

Although reversion of any mutant to the master sequence, 0,
occurs at a finite rate, the probability that an x genome will
produce a 0 genome during one replication cycle is the prob-
ability that every mutation in the genome will be reverted and
that no other mutation will occur. If errors are random, the
reversion rate is

e�m � 
m⁄3�n

n! ��L
n�

for mutants with n errors, where L is the length of the genome
in nucleotides and 
n

L� is the binomial coefficient. Since this rate
is very small compared with the error rate, we have ignored the
contribution of reversion to the number of v0 genomes. If all
mutants replicate at the same rate, k1, the collection of mu-
tants can be absorbed into one term, v�0. The result of this
simplification is that the replication of the �0 population is not
affected by the error rate, whereas that of the 0 population is
diminished by the term e�m, the fraction of 0 progeny that do
not incur errors during replication. The time evolution of the
populations v0 and v�0 is then given by

d�0
t�
dt � e�m � k0 � �0
t� and (1)

d��0
t�
dt � k1 � ��0
t� � 
1 � e�m� � k0 � �0
t� (2)

Virus extinction. Equations 1 and 2 can be solved to derive
the fraction F0 of v0 in the virus population:

F0
t� � �1 �
k0 � k0a

k0a � k1 � 
1 � e�t � 
k0a � k1����1

where the apparent rate constant k0a is equal to k0 · e�m. The
value of F0 at steady-state conditions, achieved at t 3 �,
depends on the relative values of k0a and k1. For k0a � k1,

lim
t3 �

F0
t� � �1 �
k0 � k0a

k0a � k1�
�1

�
k0a � k1
k0 � k1 and (3)

for k0a � k1,

lim
t3 �

F0
t� � 0 (4)

Conditions for extinction of 0 (F03 0) occur only when k0a

� k1. k0a decreases with an increasing mutation rate, but since
k1 is not affected by errors, the value of k1 eventually exceeds
that of k0a and virus extinction occurs. The crucial assumption
in the model that generates virus extinction by error catastro-
phe is that k1 is not sensitive to errors.

Comparison with Eigen and Schuster’s model of the error
threshold. The theory of Eigen and Schuster (20) has been
used to postulate a threshold error rate by the following argu-
ment. On page 555 (equation 27), Eigen and Schuster define
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the condition that guarantees the stable conservation of master
sequence information in the quasispecies at steady state and
state that if this condition is not met the information will be
lost. It is summarized as

Qm � �m
�1 (5)

Qm, the “quality factor,” is defined on page 548 (equation 1) as
the probability that the master sequence genome (designated
by subscript m) will be reproduced without error. �m is the
“superiority” of the master sequence over the (weighted) av-
erage of all its mutants at steady state, as defined on page 552
(equation 17; equation 6 below):

�m �
Am

Dm � Ēk 
 m
(6)

Am is a term that determines the replication rate of the master
sequence, and Dm determines its decomposition rate (Eigen
and Schuster, page 548). Ēk 
 m is defined on page 252 (equa-
tion 16) as the (weighted) average “excess productivity,” Ek, of
the mutants at steady state, where Ek is equal to Ak � Dk,
corresponding roughly to the replication rate constant minus
the decomposition rate constant for each mutant. Assuming
that the decomposition rate constants are equal for all ge-
nomes, then the following is true:

�m �
Am

Āk 
 m
(7)

Combining equation 7 with Eigen and Schuster’s inequality
(page 555, equation 27) above, we get

Qm � Am � Āk 
 m (8)

The inequality expressed in equation 8 is the same as the
constraint for maintenance of the wild type in our model,

e�m � k0 � k1 (9)

Moreover, Eigen and Schuster’s equation 18 (equation 10
below),

�Fm	 �
Qm � �m

�1

1 � �m
�1 (10)

where Fm is the fraction of the master sequence, is equivalent
to equation 3 in our model. Therefore, our model reproduces
the essential features of the error threshold theory of Eigen
and Schuster.

Effect of error rate on the mutant population. In both equa-
tions 8 and 9, it can be seen that an error threshold can be
reached only if (i) Ak 
 m (or k1) is greater than 0, that is, if
there are replicating mutants and if (ii) errors reduce the
apparent replication rate of the wild type (left side) to or below
the average replication rate of the mutants (right side). The
form of equations 8 and 9 does not indicate explicitly that
either Āk 
 m or k1 is affected by the error rate, but in reality, the
average replication capacity of the mutant population, Āk 
 m,
or k1, diminishes with an increased error rate if the deleterious
effects of mutations are taken into account.

Eigen and Schuster’s selection equation (equation 10; equa-
tion 11 below) describes the competition among all sequences
of a defined length over time. This vast population is grouped

into closely related sequences (quasispecies), and the selection
criterion for each quasispecies is expressed by the equation

yi� � 
�i � Ē
t�� � yi (11)

where yi is the concentration of each quasispecies i, �i is a
measure of the rate of its production, and Ē
t� is the average
excess productivity (net replication) of the entire collection of
quasispecies evolving over time (this term was constructed to
maintain a constant population of genomes). The selection
equation shows that with time any quasispecies that is charac-
terized by a �i that is less than the average replication rate of
the population as a whole is lost because yi

� is negative. This
process causes Ē
t� to increase until a steady state is reached
when

Ē
t�3 �max (12)

Thus, only the quasispecies with the maximum �i is retained.
This example, as explained by Eigen and Schuster, produces an
extremum principle, expressed in equation 12, that says that
the weighted average of replication rate constants of the entire
population, Ē
t�, evolves toward the replication rate constant
of the most-fit quasispecies, �i, and that all other quasispecies
are eliminated. The model describes how the quasispecies acts
as the target of selection, based on its fitness and its ability to
replicate itself effectively. For our purposes, each quasispecies
is, in effect, a different virus species with its own fidelity of
replication, and the sequence space that exists between two
different viruses consists of replication-incompetent space that
is unlikely to be traversed by simple errors in replication.

Let us examine, however, what happens when the error rate
in a population already at steady state, i.e., consisting of one
quasispecies, is increased (by the addition of a mutagenic nu-
cleoside analog, for example) so that the accuracy (Q) of copy-
ing of all templates in the quasispecies is reduced. Initially, the
excess productivity, Ē
t�, of the entire population is unaffected,
but the production of more highly mutated copies of every
member is increased at the expense of exact copies. This pro-
cess will result in a remodeling of the quasispecies in the
direction of a greater proportion of more highly mutated error
copies. Change in the concentrations of the various species, xi,
is described by the selection equation (Eigen and Schuster
equation 6; equation 13 below), simplified by setting the de-
composition term, Di, to 0,

xi� � 
Ai � Q � Ē
t�� � xi � �
k 
 i

Ak � Qik � xk (13)

where Qik is the probability that species k will produce species
i as a result of replication errors. At steady state, before addi-
tion of a mutagen, all x�i are equal to 0, so that for all species the
net production of accurate copies is less than the average
excess productivity and the deficit is made up by production of
copies of i through replication errors; i.e.,


Ē
t� � Ai � Q� � xi � �
k 
 i

Ak � Qik � xk (14)

When Q is decreased in a quasispecies at steady state, both
sides of equation 14 are increased. However, the right side of
the equation is a very small number compared with Ē
t� � xi and
Ai · Q · xi, so that the magnitude of changes in the latter
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parameters determines primarily whether any particular spe-
cies expands or contracts. For example, for rapidly replicating
genomes that are present in high amounts, the left side of the
equation is increased by decreasing Q to a greater extent than
the right side is increased by Qik, which results in


Ē
t� � Ai � Q� � xi � �
k 
 i

Ak � Qik � xk

at the new value of Q. These species will acquire a negative
value of x�i and will be depleted over time. Conversely, spe-
cies with lower replication rates and concentrations will be
enriched.

Depletion of the species with higher replication rates cannot
continue indefinitely because the value of Ē
t� decreases over
time as species with higher replication rates are diminished.
Steady state will be reached for each species when equation 14
is again satisfied at the new value of Q. Ē
t� will continue to
approach Ai · Q (which is invariant with time) as closely as
required to achieve the condition (expressed by equation 14)
for steady state because the continued accumulation of error
copies over time produces increasingly higher frequencies of
deleterious and lethal mutations in the quasispecies as a whole.

We will designate the new steady-state value of Ē
t� as Ē
Q�
in order to recognize that the excess productivity depends on
the accuracy of replication Q for the quasispecies. Ē
Q� can be
determined by the conditions for steady state of the master
sequence concentration xm (from Eigen and Schuster, equa-
tion 6) as follows:

Ē
Q� � xm � Am � Q � xm � �
i 
 m

Ai � Qmi � xi (15)

The steady-state value of �
i � m

Ai � Qmi � xi, which is an ex-
ceedingly small number (for realistic genome sizes) compared
with Am · Q · xi, varies directly with Q because (i) the mutant
population is enriched in mutants with more errors (xi 
 m), (ii)
the high-error copies have a reduced rate of replication
(Ai 
 m), and (iii) the high-error copies have a reduced proba-
bility of reversion per replication (Qmi). Consequently, at the
new steady-state distribution, if the term �

i � m
Ai � Qmi � xi is ne-

glected, the excess productivity of the quasispecies is expressed by

Ē
Q�3 Am � Q and

Ēi 
 m
Q� � Am � Q

In other words, within a quasispecies the master sequence
competes successfully with the aggregate of its error copies at
all error rates. Therefore, increasing the error rate cannot
result in a loss of the master sequence information.
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