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Abstract

The quasispecies theory is a helpful concept in the explanation of RNA virus evolution and behaviour, with a relevant impact
on methods used to fight viral diseases. It has undergone some adaptations to integrate new empirical data, especially the
non-deterministic nature of mutagenesis, and the variety of behavioural motifs in cooperation, competition, communica-
tion, innovation, integration, and exaptation. Also, the consortial structure of quasispecies with complementary roles of
memory genomes of minority populations better fits the empirical data than did the original concept of a master sequence
and its mutant spectra. The high productivity of quasispecies variants generates unique sequences that never existed before
and will never exist again. In the present essay, we underline that such sequences represent really new ontological entities,
not just error copies of previous ones. Their primary unique property, the incredible variant production, is suggested here as
quasispecies productivity, which replaces the error-replication narrative to better fit into a new relationship between mankind

and living nature in the twenty-first century.
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Introduction

Since the advent of deep sequencing methodologies and their
application to metagenomics surveys in the last decades, the
generally accepted view is that viruses are the most abun-
dant biological entities on this planet (Koonin 2009; Forterre
2013). They outnumber cellular organisms by ten times and
affect all cellular entities during their whole lifetime from
the beginning of evolution to date (Forterre and Prangish-
vili 2013; Rohwer et al. 2014). Most viruses do not cause
diseases and epidemics but invade host genomes persistently
without harming the host (Villarreal 2005). As defective
viral parts, they remain exapted or co-opted as effective
regulatory RNAs for cellular needs (Vignuzzi and Lépez
2019). Without the abundance of viral host interactions, no
cellular life could exist, and no evolutionary progress in the
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emergence of new species would have occurred (Koonin
et al. 2022). The virosphere represents the evolutionary and
regulatory key player within the roots and stem of the tree
of life (Villarreal and Witzany 2010). One reason for this
success story of viruses is their high mutation rate, which
guarantees nearly incomprehensible variability in the virus
populations as well as in the virus-host relationship. The
reason for this high variability is explained in the quasispe-
cies concept of Manfred Eigen and Peter Schuster (Eigen
and Schuster 1977).

Additionally, our knowledge about RNA networks and
their roles in gene regulation dramatically increased. Short
RNA sequences may snap back and build stem-loop struc-
tures with a stem of double-stranded RNAs and loops that
are single-stranded but highly binding prone to foreign
RNAs (Higgs and Lehman 2015). Through various evolu-
tionary ligation procedures, they conserved the tRNA struc-
tures and ribosomal subunits (Briones et al. 2009). Such
RNA stem-loops spontaneously generate bulges and loops
and change their interaction potential (Smit et al. 2006). In
contrast to the leading opinion in the twentieth century on
gene expression, more recently it has been found that most
genes in complex organisms express regulatory RNAs (Mat-
tick and Amaral 2022).
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This paper summarises the original quasispecies concept
and its necessary adaptations to more recent empirical data
on behavioural motifs of viruses with its evolutionary impact
on cellular life.

The origin of the quasispecies theory

In the early 70s of the twentieth century, Manfred Eigen and
Peter Schuster formulated a fundamental physico-chemical
concept that integrated Darwinian evolution, mathematical
information theory, and statistical mechanics as a purely
deterministic approach. The concept assumed a steady-state
mutant distribution of virus isolates in equilibrium far from
environmental impacts. Additionally, this concept provided
an explanatory model for the origin of life driven by the
inherent processuality of RNA replicators (Eigen and Schus-
ter 1977). At the core of this concept, the replication of RNA
molecules with a high error rate was described. Quasispecies
represent RNA collectives that are error products of repli-
cation with prevalent production of mutant genomes. They
called this ‘mutant distribution’ of infinite size around one
or more master sequences. The application of quasispecies
theory represented the first attempt to coherently explain the
planetary unique variability of RNA viruses.

Additionally, a second important consequence of these
quasispecies populations is that there exists a limitation to
the information that can be inherited. If this limitation is
overstepped by too high a mutation rate, a so-called error
threshold leads to a population collapse of quasispecies until
extinction (Eigen 1971). This seminal concept has developed
into lethal mutagenesis as a strategy currently used in anti-
viral pharmacology (Domingo 2005; Perales et al. 2019).

The context-dependent nature
of mutagenesis

Despite the initial quasispecies theory having been formu-
lated deterministically for mathematical tractability, it was
soon realised that extensions to non-deterministic models
would best fit the reality of viral quasispecies, and gener-
alizations of the initial quasispecies theory were developed
(Saakian and Hu 2006; Domingo and Schuster 2016). The
non-deterministic nature of mutant swarm formation and
their evolutionary outcomes has several underlying influ-
ences. A very initial one is the unpredictable generation of
mutations due to quantum mechanical indeterminations in
the electronic distributions in nucleobases that influence the
occurrence and frequency of the different tautomeric forms
of a base. Such tautomeric variations are one of the driv-
ers of base-to-base mispairings and, thus, of introduction
of mutations during RNA genome replication. This initial
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unpredictable mutation occurrence is followed by random
events, due to bottlenecks at various stages of the infectious
cycle of viruses, notably during cell-to-cell or host-to-host
transmission. In practical terms, the master sequence that
presided the original, deterministic quasispecies formula-
tion is blurred in favor of broad mutant spectra organised in
functional ensembles that have been referred to as coopera-
tive consortia (Villarreal and Witzany 2013).

The extremely high adaptive capability of RNA viruses
was explained by their error-prone replication and the pro-
duction of closely related variant genomes in interaction
with a more static DNA-based biosphere (Holland et al.
1982). Interestingly, Holland and colleagues mentioned that
error-prone replication of a quasispecies genome swarm in
infected individuals is not only an error in copying the mas-
ter sequence. It is a really new and unique entity, which
‘has never existed before and will ever exist again’ (Holland
et al. 1992).

This newly adapted quasispecies concept is also valid in
the explanation of real-life world environments; the changing
conditions and non-deterministic contextuality of quasispe-
cies now are far away from observations limited to virus iso-
lates. It better explains the various forms of genetic variation,
competition, and selection and gives better insights into viral
fitness, such as fitness gain through genome segmentation
(Garcia-Arriaza et al. 2004). It pertains also to the multiple
recombinant (and recombination intermediate) forms often
inherent to replication in some RNA viruses that compete to
provide molecularly viable (functional) solutions (Bentley
et al. 2021). The medical benefit of this concept is that with
technically constructed error thresholds, the epidemic infec-
tion waves may be stopped because infecting viral clouds
crash down by information overload (Lézaro et al. 2003).

Too much information: error threshold

Crossing the limit into overproduction with increased muta-
tional loads leads to RNA virus extinction because the criti-
cal limit for heritable information is overstepped. The error
threshold introduced by Eigen and Schuster means the maxi-
mum at which the dominant sequence can stabilise the whole
mutant consortium.

Quasispecies populations of RNA viruses explore new
sequence space, generating new and non-deterministically
identified variants, which are subject to biological selec-
tion processes. Such exploration continues being active
even upon extensive replication in the absence of externally
applied perturbations, as shown with experimental evolution
studies with the hepatitis C virus in which the occupation of
sequence space was monitored (Moreno et al. 2017). There-
fore, the continuous input of new variants is an important
driver of genetic novelty and of impact on host evolution
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(Domingo et al. 2012). The various forms of error thresh-
old that limit virus adaptability by information damage are
neutralised by the virus/virus competitions that may lead to
dominating variant clouds out of nearly outcompeted parts
of populations in producing better variations than previously
existed (Cuesta et al. 2011). Error threshold in real is explor-
ing the limits of variant possibilities until the end. How-
ever, surprisingly, the end does not exist because, unless the
mutational input becomes unbearably high due to externally
introduced mutagenic agents, quasispecies cooperation and
competition always succeed (Domingo-Calap et al. 2019).
This is important for virus-host co-evolution because, prin-
cipally, it opens new ways of adaptation to whatever will
happen in the real-life world.

History-dependent memory genomes

Additionally, another feature has been noticed to play impor-
tant roles in the quasispecies mutant spectrum. Minority
genomes that cannot be identified by analyses of the con-
sensus sequence play crucial roles in resistance to antivi-
ral inhibitors, or neutralizing antibodies. Thus, minority
genomes play complementary roles to the viral clouds of
viral quasispecies populations and add important features
to viral identities according to environmental (and contex-
tual) circumstances such as the immune system of the host
(Briones and Domingo 2008). These memory genomes
are endowed with history-dependent consortial properties,
which enrich the adaptability of the whole quasispecies pop-
ulation (Ruiz-Jarabo et al. 2000). Minority genomes may
store information of previous selection processes in a minor-
ity of populations. These may play complementary roles in
quasispecies fitness (Arias et al. 2004; Garcia-Arriaza et al.
2004). Not to forget the various motifs of recombination
with other virus types, which lead to assemblies of RNA
(+/-) DNA and retroviruses, with high extension of varia-
bles and increasing tendency to cross host barriers (Stedman
2015). The adaptive potential of this quasispecies coopera-
tion cannot be simply error-based. The common use of ‘error
copy’ generally designates a deficient or damaged variant of
an original entity, not an optimised and better variant.

How clouds of genetic parasites persistently
invade host genomes

With the hypercycle model, Eigen and Schuster could
explain the evolutionary step from self-replicating quasispe-
cies to DNA storage medium of cellular life, not to forget the
essential roles of reverse transcriptases that translate RNA
information into DNA (Eigen and Schuster 1978). How-
ever, the origin of cellular life did not stop and is constantly

affected by viral infection events and integration of genetic
material into host cell DNA. To coherently explain the most
common lifeform of viruses, the host persistence, Villar-
real suggested the model of ‘addiction modules’ (Villarreal
2012). Shortly summarised, competing viral clouds together
with host immune systems reach equilibrium status that is
inheritable and dramatically changes host genetic identity
such that the host now uses defective viral sequence parts to
better adapt to environmental circumstances. The resulting
addiction module of counterbalancing parts of former com-
peting genetic parasites now serves as an immune function
against related genetic parasites (Villarreal 2009a). The parts
are addicted to one another as a stable toxin and an unstable
antitoxin. It protects the host, compared to members of the
same population that do not possess this module. They can
be found as various RNA networks such as mobile genetic
elements and all the non-coding RNAs being relevant in
every step of cell development and regulation. Prominent
examples of addiction modules that can be found in bacteria
include toxin/antitoxin and restriction/modification modules,
but any insertion deletion module, and even other counter-
regulated pathways, may derive from such competitive viral
clouds with host equilibrium status (Mruk and Kobayashi
2014). The addiction module can become unstable again
through different circumstances, e.g. stress situations, which
may inactivate the counter balance and become virulent
again for some time. This is demonstrated by various forms
of symptoms of human herpes virus (Villarreal 2009b).

Insufficiently complex

The deterministic approach of the original concept of Eigen
and Schuster is insufficiently complex to integrate more
recently found empirical data about the social life of viruses
(Diaz-Muiioz et al. 2017). Although Eigen mentioned that
quasispecies represent self-instructing species that ‘resemble,
in many ways, social behaviour’, a deterministic approach
cannot integrate the variety of cooperative interactions on
intra- and inter-cellular levels. Extensions of the initial deter-
ministic theory to embrace non-equilibrium conditions have
been developed (Saakian and Hu 2006; Domingo and Schuster
2016). In addition, cooperative and communicative competen-
cies opened new insights to a rich social life of viruses, which
affects the whole range of cell-based evolution and diversity
of the tree of life from its roots unto its leaves (Sanjuan 2021).
The social behaviour of biotic agents cannot be completely
formalised because the communication needs signals, com-
monly shared rules for their use, and a real-life world context,
which determine the final meaning of the signals. Especially,
the context-dependent meaning of genetic information is out of
the current scope of mathematical equations (Witzany 2014).
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Quasispecies are competent in innovation,
integration, regulation, and exaptation

It is important to notice that RNA viruses within RNA net-
works and their infective capacity enrich genomic habitats
and sequence space as open systems. Therefore, any given
host sequence may be affected in its integrity by invading
genetic parasites. The newly added sequence parts provided
by the genetic parasites change the genetic identity of hosts
with serious consequences for the host populations, influ-
encing self/non-self recognition. The core competencies of
such genetic parasites are innovation, integration, regulation,
and exaptation (Villarreal 2008). This means the infected
host may have some benefits from viral infection such as
innovation of the genetic identity, the integration of new
features, newly derived tools for regulation, and the newly
adapted regulatory tools of former viral parts into the host
regulatory system; these features have been documented in
the vast majority of RNA networks being crucial players
in host cell regulation (Feschotte 2008). In addition to this,
another case of innovation lies in the reactivation of ancient
states, such as interactions or activities, that remained latent
or silenced within a host cell after a viral infection. This
ability to rescue and rekindle pre-existing processes would
significantly contribute to cellular adaptation and plasticity
(Schwartz and Stern-Ginossar 2023).

In this perspective, the evolution of species depends on
virus features for innovation and transfer of genetic infor-
mation as can be seen, for example, in the evolution of the
adaptive immune system (Villarreal 2009b). The regulatory
complexity differentiates humans from C. elegans both with
a nearly equal number of genes (Mattick and Amaral 2022).
The regulatory tools in all steps and substeps of transcrip-
tion, translation, immunity, and repair in cellular organisms
are outlined by RNA networks derived from former infec-
tions of genetic parasites (Witzany 2011). Interestingly,
the crucial driving motif of RNA group interactions is not
competition but cooperation (Mizuuchi and Ichihashi 2018).
It was shown that cooperative RNA stem loop groups out-
compete selfish ones (Vaidya et al. 2012). At the dawn of
biotic behaviour and biological selection in an early RNA
world cooperation is the dominant interacting motif (Briones
et al. 2009).

The genetic code and its editors
Manfred Eigen assumed the genetic code as a real lan-

guage, not just a metaphor; however, his model of natu-
ral languages and communication was determined by
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mathematical theories of language such as the informa-
tion theory, which describes language as a quantifiable set
of signs, or the Noam Chomsky’s concept of a ‘universal
syntax’ hidden in material reality, which determines the
meaning of informational contents. The self-organisation
of matter into life was constructed by Eigen in the light
of Alan Turing’s and John v. Neumann’s self-reproducing
automaton (Eigen and Winkler 1993). However, these
theoretical preconditions are falsified by the modern com-
munication theory (Witzany 2014).

Natural languages do not function as algorithm-based
decision machines, and therefore, since the first proposals
of Turing and v. Neumann, not even one self-reproducing
machine has been constructed or seen until today. Also,
Chomsky’s universal syntax does not meet reality because
information meaning depends on context, not on syntax.
The genetic code is a real natural code, but as no natural
language speaks itself, no natural code codes itself; all
available empirical data indicate that every natural lan-
guage or code requires social interacting groups of living
agents that use these languages or codes in real-life world
context to coordinate and organise common behaviour
(Witzany and BaluSka 2012). These processes are called
communication, and natural communication basically is
a social event of interacting agents (Witzany 2019). The
meaning of information depends on the context in which
it is used by these agents, not on a ‘universal syntax’. As
convincingly demonstrated by epigenetics, the context of
use represents the pragmatic and highly adaptive nature
of the genetic information (Jablonka 2013). This requires
the participation of populations of competent code-using
agents. Social interacting groups of living agents not only
generate meaningful sequences in messages or informa-
tion storage, but also generate new unexpected sequences
depending on the communication context that cannot be
computed or formalised by algorithm-based mechanisms
(Villarreal and Witzany 2023). In light of these clarifica-
tions, the following can be better understood: the com-
munication of viruses, their rich social lives, the innova-
tive generation of really new sequences, the integration
of viral sequences or their defectives into host genetic
sequences and the various consequences, changing host
genetic identity, host gene regulation, and exaptation.
Virus populations provide this editorial competence of
genetic sequences according to the real-life context (Wit-
zany 2011). The evolutionary outcomes then are innova-
tions in geno- and phenotypes caused by genetic parasites,
e.g. as demonstrated in the evolution of the placenta or the
evolution of neuronal communication, which are clearly
not results of accumulation of error replication events
(Pérot et al. 2012; Pastuzyn et al. 2018).
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The error narrative revisited

Regarding cell biology, mutations are generally defined as
error replications of DNA content. The mutation rate of an
organism can be viewed as the probability that a change in
the genetic information can be inherited by the next gen-
eration. If DNA in cellular genomes is damaged through
environmental influences such as radiation or by biotic
influences such as genetic parasites or an error in cellular
replication, empirical data confirms two directions of con-
sequences: first, the damaged or destroyed DNA sequence in
the cellular genome is repaired by a variety of highly coor-
dinated pathways that restructure the original sequence. Up
to 100 proteins encoded in the human genome are involved
in maintaining cellular DNA integrity. The second conse-
quence may be deleterious, i.e. the genetic content remains
deficient, which may lead to disease or even death of the
organism. Overwhelmingly, in most observations, DNA
mutations in cells cause no better variant and do not lead
to better replicons than the parent string. Deleterious muta-
tions occur far more frequently than beneficial mutations.
Error replication in most cases yields a worse variant than
the original copy. Evolutionary biology has developed a nar-
rative to coherently integrate these facts into evolutionary
processes. Some few error replications on cellular DNA are
neutral or better variants. Over the long evolutionary time
scales, the few neutral or better variants may accumulate and
lead to a new or better adapted phenotype of the organism.

When the high mutation rates of RNA viruses, as out-
lined in the quasispecies concept, are considered, it must
be noticed that there are some relevant phenomena that do
not fit into the error-replication narrative. These phenom-
ena include low evolutionary rate in cases of virus/host per-
sistence, immune escape strategies by variant productions,
complementary interaction with history-dependent memory
genomes of minority populations, the variety of coopera-
tion mechanisms, and often fast-changing roles from coop-
erative agents to competitive agents and vice versa (Ciota
et al. 2012; Shirogane et al. 2012). They include also the
non-formalisable mutant spectra of viral clouds and non-
predictable outcomes and, last but not least, the generation
of new sequences, the innovative sequence content, and the
integration into host genomes without damaging protein
coding sequences. This is at odds with a mere error replica-
tion formulation that results in an increase of quasispecies
fitness (Villarreal 2008).

Therefore, as an updated narrative, we suggest the term
‘productivity’ as more adequate than error-prone replication.
The high mutation rate of quasispecies represents an inher-
ent high productivity of variants, which are not mathemati-
cally predictable in a real-life world context. Quasispecies
productivity integrates all features of mutant spectra, the

various interaction strategies in cooperation, competition,
and complementary functions. The high productivity guar-
antees maximum of survival and adaptation probability of
these populations that are essential agents within the roots
and the stem of the tree of life. If productivity is too high,
information overload will destroy heritable information in a
productivity threshold.

What is the benefit of revising the error replication nar-
rative? The time during which the quasispecies concept
was originally developed was a time with a very dominant
mechanistic paradigm in molecular biology. Most research-
ers were convinced that life is physics and chemistry that
functions mechanistically in a machine-like fashion and
that it could be computed by formalisable procedures and
mathematical equations (Eigen and Winkler 1993). Yet,
the complexity of viral quasispecies can give rise to emerg-
ing properties based on interactions that are exerted among
components of the same mutant spectrum. Evidence that
mutant spectra cannot be considered as mere aggregates of
mutant genomes with their expression products includes the
following: (i) fitness (overall replicative capacity) of indi-
vidual biological clones of a virus is lower than the fitness
of the parental population from which the clones were iso-
lated (Domingo et al. 1978; Duarte et al. 1994). (ii) Coop-
eration among components of a mutant spectrum can give
rise to emergent phenotypes (recent examples in Shirogane
et al. 2023; Yousaf et al. 2023). These observations under-
line the consortium nature (Villarreal and Witzany 2013)
in the expression of some phenotypic traits of RNA viruses
and accentuate the productivity feature of viral quasispe-
cies. RNA viruses are suitable experimental systems to
understand the molecular mechanisms of the emergence of
new biological features. The evidence of biological com-
plexity that was initially portrayed by viral quasispecies
was extended in subsequent decades to the cellular world.
Such extension consisted also in the recognition of cellular
heterogeneities, in this case due to genetic and epigenetic
factors, as well as communication processes among cells,
tissues, and organs. These events conform to the complex-
ity of biological systems, with their potential for emerging
properties, in which viruses play a role as interacting entities
(Solé and Goodwin 2000; Domingo 2020). It is in the sense
of recognition of the potential of emergent behaviours in
which we propose to modify previous narratives that domi-
nated molecular biology and that were overt simplifications
(one gene-one protein, junk DNA in complex genomes,
viruses as mere disease agents, etc.). The new narrative
that we emphasize with the term ‘productivity’ clearly sur-
passes the mere ‘error-prone replication’ picture often used
to frame quasispecies behaviour. Interestingly, the narrative
centered in biological complexity and its power for emergent
behaviour fits what has been termed ‘stochastic thinking’, or
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how apparently random events may help culminating bio-
logical functions, including key processes of cell biology
(Domingo et al. 2023). Quasispecies productivity cannot be
disconnected from events that exert great influence on our
biosphere. For example, it fuels virus occupation of new
biological niches, promoted by environmental modifications,
which are severely accentuated by climate change.

For interactions among components of a mutant spectrum
to maintain genomes by complementation or to generate
new phenotypes by cooperation, the presence of multiple
virus particles in an infected cell is a key mediator. Multi-
ple particles are achieved by a high multiplicity of infection
(expressed as the number of infectious particles per cell). A
favorable event for a cell to capture multiple viral particles
with non-identical genomes for intra-mutant spectrum inter-
actions is provided by their en-bloc transmission through
extracellular vesicles, an occurrence that has been docu-
mented with several viral-host systems (Chen et al. 2015;
Cattaneo et al. 2019; Kerviel et al. 2021). Thus, complemen-
tation or cooperation events may take place through inter-
actions among mutants that have arisen de novo within an
infected cell or among more genetically divergent genomes
that have reached the same cell from distant origins, either
by individual viral particle or by groups of particles envel-
oped into different classes of extracellular vesicles.

Therefore, we propose replacing the error-replication
narrative by a productivity narrative that emphasizes the
emergence of phenotypic traits that can follow from mutant
spectra acting as productive consortia. Quasispecies produc-
tivity is the molecular origin of a wealth of new biological
potentialities. To some extent, this brings viruses closer to
Charles Darwin’s view, expressed in the Origin of Species of
‘.....endless forms most beautiful and most wonderful have
been, and are being evolved....".

Conclusions

Although the quasispecies theory is more than 50 years old,
it is an appropriate concept to explain RNA virus evolution
at the dawn of biological selection processes and therefore
at the origin of life. Some assumptions, such as mutagen-
esis, cannot be coherently explained within a deterministic
approach and had to be updated to better fit into more recent
empirical data. The same holds true for various behavioural
motifs of quasispecies consortia, especially the complemen-
tarity of minority genomes, various cooperation and com-
munication skills of viral populations, and the information
on theoretical pre-assumptions about the genetic code, which
does not meet the relevance of context of use and meaning
(function) of nucleotide sequences, in contrast to pure analy-
ses of the molecular syntax. Finally, the error-replication
paradigm of mutations remains a historical curiosity if we
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want to explain the incredible diversity in the evolution of
organisms with all its regulatory pathways in developmental
processes by selective accumulations of replication errors.
If we look at the current knowledge about the interactional
dynamics of quasispecies and RNA networks, the more
appropriate term for this never-ending potential to generate
new, unexpected, and non-formalisable abundance of vari-
ants, we therefore suggest ‘quasispecies productivity’, which
in our opinion better fits into an integrated picture of life
processes in the twenty-first century.

Declarations

Conflict of interest The authors declare no competing interests.

References

Arias A, Ruiz-Jarabo CM, Escarmis C, Domingo E (2004) Fitness
increase of memory genomes in a viral quasispecies. J] Mol Biol
339:405-412

Bentley K, Alnaji FJ, Woodford L, Jones S, Woodman A, Evans DJ
(2021) Imprecise recombinant viruses evolve via a fitness-driven,
iterative process of polymerase template-switching events. PloS
Pathog 17:¢1009676

Briones C, Domingo E (2008) Minority report: hidden memory
genomes in HIV-1 quasispecies and possible clinical implications.
AIDS Rev 10:93-109

Briones C, Stich M, Manrubia SC (2009) The dawn of the RNA world:
toward functional complexity through ligation of random RNA
oligomers. RNA 15:743-749

Cattaneo R, Donohue RC, Generous AR, Navaratnarajah CK, Pfaller
CK (2019) Stronger together: multi-genome transmission of mea-
sles virus. Virus Res 265:74-79

Chen YH, Du W, Hagemeijer MC, Takvorian PM, Pau C, Cali A,
Brantner CA, Stempinski ES, Connelly PS, Ma HC, Jiang P, Wim-
mer E, Altan-Bonnet G, Altan-Bonnet N (2015) Phosphatidylser-
ine vesicles enable efficient en bloc transmission of enteroviruses.
Cell 160:619-630

Ciota AT, Ehrbar DJ, Van Slyke GA, Willsey GG, Kramer LD (2012)
Cooperative interactions in the West Nile virus mutant swarm.
BMC Evol Biol 12:58

Cuesta JA, Aguirre J, Capitan JA, Manrubia SC (2011) Struggle for
space: viral extinction through competition for cells. Phys Rev
Lett 106:028104

Diaz-Muiioz SL, Sanjuan R, West S (2017) Sociovirology: conflict,
cooperation, and communication among viruses. Cell Host
Microbe 22:437-441

Domingo E (2005) Virus entry into error catastrophe as a new antiviral
strategy. Virus Res 107:115-228

Domingo E (2020) Virus as populations. Composition, complexity,
quasispecies, dynamics, and biological implications. Elsevier,
Amsterdam

Domingo E, Martinez-Gonzalez B, Garcia-Crespo C, Somovilla P, de
Avila Al, Soria ME, Duran-Pastor A, Perales C (2023) Puzzles,
challenges, and information reservoir of SARS-CoV-2 quasispe-
cies. J Virol 97(12):e0151123

Domingo E, Sabo D, Taniguchi T, Weissmann C (1978) Nucleo-
tide sequence heterogeneity of an RNA phage population. Cell
13:735-744



The Science of Nature (2024) 111:11

Page70of8 11

Domingo E, Schuster P (2016) What is a quasispecies? Histori-
cal origins and current scope. Curr Top Microbiol Immunol
392:1-22

Domingo E, Sheldon J, Perales C (2012) Viral quasispecies evolution.
Microbiol Mol Biol Rev 76:159-216

Domingo-Calap P, Segredo-Otero E, Duran-Moreno M, Sanjuan R
(2019) Social evolution of innate immunity evasion in a virus.
Nat Microbiol 4:10061013

Duarte EA, Novella IS, Ledesma S, Clarke DK, Moya A, Elena SF,
Domingo E, Holland JJ (1994) Subclonal components of consen-
sus fitness in an RNA virus clone. J Virol 68:4295-4301

Eigen M (1971) Self-organization of matter and the evolution of bio-
logical macromolecules. Naturwissenschaften 58:465-523

Eigen M, Schuster P (1977) A principle of natural self-organization.
Naturwissenschaften 64:541-565

Eigen M, Schuster P (1978) The hypercycle. Naturwissenschaften
65:7-41

Eigen M, Winkler R (1993) Laws of the game: how the principles of
nature govern chance. Princeton University Press, Princeton

Feschotte C (2008) Transposable elements and the evolution of regula-
tory networks. Nat Rev Genet 9:397-405

Forterre P (2013) Les virus anouveau sur le devant de la scéne [The
great virus comeback]. Biol Aujourdhui 207:153-168

Forterre P, Prangishvili D (2013) The major role of viruses in celular
evolution:facts and hypotheses. Curr Opin Virol 3:558-565

Garcia-Arriaza J, Manrubia SC, Toja M, Domingo E, Escarmis C
(2004) Evolutionary transition toward defective RNAs that are
infectious by complementation. J Virol 78:11678-11685

Higgs PG, Lehman N (2015) The RNA World: molecular cooperation
at the origins of life. Nat Rev Genet 16:7-17

Holland JJ, de La Torre JC, Steinhauer DA (1992) RNA virus popu-
lations as quasispecies. Curr Top Microbiol Immunol 176:1-20

Holland JJ, Spindler K, Horodyski F, Grabau E, Nichol S, VandePol S
(1982) Rapid evolution of RNA genomes. Science 215:1577-1585

Jablonka E (2013) Epigenetic inheritance and plasticity: the responsive
germline. Prog Biophys Mol Biol 111:99-107

Kerviel A, Zhang M, Altan-Bonnet N (2021) A new infectious unit:
extracellular vesicles carrying virus populations. Annu Rev Cell
Dev Biol 37:171-197

Koonin EV (2009) On the origin of cells and viruses: primordial virus
world scenario. Ann NY Acad Sci 1178:47-64

Koonin EV, Dolja VV, Krupovic M (2022) The logic of virus evolution.
Cell Host Microbe 30:917-929

Lazaro E, Escarmis C, Perez-Mercader J, Manrubia SC, Domingo E
(2003) Resistance of virus to extinction on bottleneck passages:
study of a decaying and fluctuating pattern of fitness loss. Proc
Natl Acad Sci USA 100:10830-10835

Mattick JS, Amaral P (2022) RNA-the epicenter of genetic information.
CrC Press, Boka Raton

Mizuuchi R, Ichihashi N (2018) Sustainable replication and coevolu-
tion of cooperative RNAs in an artificial cell-like system. Nat Ecol
Evol 2:1654-1660

Moreno E, Gallego I, Gregori J, Lucia-Sanz A, Soria ME, Castro V,
Beach NM, Manrubia S, Quer J, Esteban JI, Rice CM, Gémez
J, Gastaminza P, Domingo E, Perales C (2017) Internal disequi-
libria and phenotypic diversification during replication of hep-
atitis C virus in a noncoevolving cellular environment. J Virol
91:¢02505-e02516

Mruk I, Kobayashi I (2014) To be or not to be: regulation of restriction-
modification systems and other toxin-antitoxin systems. Nucleic
Acids Res 42:70-86

Pastuzyn ED, Day CE, Kearns RB, Kyrke-Smith M, Taibi AV, McCor-
mick J, Yoder N, Belnap DM, Erlendsson S, Morado DR, Briggs
JAG, Feschotte C, Shepherd JD (2018) The neuronal gene arc

encodes a repurposed retrotransposon gag protein that mediates
intercellular RNA transfer. Cell 172:275-288

Perales C, Gallego I, de Avila Al, Soria ME, Gregori J, Quer J,
Domingo E (2019) The increasing impact of lethal mutagenesis
of viruses. Future Med Chem 11:1645-1657

Pérot P, Bolze PA, Mallet F (2012) From viruses to genes: syncytins.
In: Witzany G (ed) Viruses: Essential Agents of Life. Springer,
Dordrecht, pp 325-361

Rohwer F, Youle M, Maughan H, Hisakawa N (2014) Life in our phage
world. Wholon, CA, San Diego

Ruiz-Jarabo CM, Arias A, Baranowski E, Escarmis C, Domingo E
(2000) Memory in viral quasispecies. J Virol 74:3543-3547

Saakian DB, Hu C-K (2006) Exact solution of the Eigen mode with
general fitness functions and degradation rates. Proc Natl Acad
Sci USA 103:4935-4939

Sanjuan R (2021) The social life of viruses. Annu Rev Virol 8:183-199

Schwartz M, Stern-Ginossar N (2023) Rethinking human cytomegalo-
virus latency reservoir. Ann NY Acad Sci 1524:30-36

Shirogane Y, Harada H, Hirai Y, Takemoto R, Suzuki T, Hashiguchi
T, Yanagi Y (2023) Collective fusion activity determines neu-
rotropism of an en bloc transmitted enveloped virus. Sci Adv
9(4):eadf3731

Shirogane Y, Watanabe S, Yanagi Y (2012) Cooperation between dif-
ferent RNA virus genomes produces a new phenotype. Nat Com-
mun 3:1235

Smit S, Yarus M, Knight R (2006) Natural selection is not required
to explain universal compositional patterns in rRNA secondary
structure categories. RNA 12:1-14

Solé R, Goodwin B (2000) Signs of life. How complexity pervades
biology. Basic Books, New York

Stedman KM (2015) Deep recombination: RNA and ssDNA virus
genes in DNA virus and host genomes. Ann Rev Virol 2:203-217

Vaidya N, Manapat ML, Chen IA, Xulvi-Brunet R, Hayden EJ, Lehman
N (2012) Spontaneous network formation among cooperative
RNA replicators. Nature 491:72-77

Vignuzzi M, Lépez CB (2019) Defective viral genomes are key drivers
of the virus-host interaction. Nat Microbiol 4:1075-1087

Villarreal LP (2005) Viruses and the evolution of life. ASM Press,
Washington

Villarreal LP (2008) Evolution of Viruses. In: Mahy BWJ, Regenmortel
MHYV (eds) Encyclopedia of Virology, 3rd edn. Academic Press,
pp 174-184

Villarreal LP (2009a) The source of self: genetic parasites and the
origin of adaptive immunity. Ann N 'Y Acad Sci 1178:194-232

Villarreal LP (2009b) Origin of group identity. Viruses, addiction and
cooperation. Springer, New York

Villarreal LP (2012) The addiction module as social force. In: Witzany
G (ed) Viruses: Essential Agents of Life. Springer, Dordrecht,
pp 107-145

Villarreal LP, Witzany G (2010) Viruses are essential agents within
the roots and stem of the tree of life. J Theor Biol 262:698-710

Villarreal LP, Witzany G (2013) Rethinking quasispecies theory:
from fittest type to cooperative consortia. World J Biol Chem
4:79-90

Villarreal LP, Witzany G (2023) Self-empowerment of life through
RNA networks, cells and viruses. F1000Research 12:138

Witzany G (2011) The agents of natural genome editing. J] Mol Cell
Biol 3:181-189

Witzany G (2014) Language and communication as universal require-
ments for life. In: Kolb V (ed) Astrobiology: an evolutionary
approach. CRC Press, Boca Raton, pp 349-370

Witzany G (2019) Communication as the main characteristic of life. In:
Kolb V (ed) Handbook of Astrobiology. CrC Press, Boca Raton,
pp 91-105

@ Springer



1 Page 8 of 8

The Science of Nature (2024) 111:11

Witzany G, BaluSka F (2012) Life’s code script does not code itself.
The machine metaphor for living organisms is outdated. EMBO
Rep 13:1054-1056

Yousaf I, Hannon WW, Donohue RC, Pfaller CK, Yadav K, Dikdan
RJ, Tyagi S, Schroeder DC, Shieh WJ, Rota PA, Feder AF, Cat-
taneo R (2023) Brain tropism acquisition: the spatial dynamics
and evolution of a measles virus collective infectious unit that

drove lethal subacute sclerosing panencephalitis. PLoS Pathog
19(12):e1011817

@ Springer

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.



	Quasispecies productivity
	Abstract
	Introduction
	The origin of the quasispecies theory
	The context-dependent nature of mutagenesis
	Too much information: error threshold
	History-dependent memory genomes
	How clouds of genetic parasites persistently invade host genomes
	Insufficiently complex
	Quasispecies are competent in innovation, integration, regulation, and exaptation
	The genetic code and its editors
	The error narrative revisited
	Conclusions
	References


