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Abstract

Viral quasispecies are dynamic distributions of nonidentical but closely re-
lated mutant and recombinant viral genomes subjected to a continuous pro-
cess of genetic variation, competition, and selection that may act as a unit of
selection. The quasispecies concept owes its theoretical origins to a model
for the origin of life as a collection of mutant RNA replicators. Indepen-
dently, experimental evidence for the quasispecies concept was obtained
from sampling of bacteriophage clones, which revealed that the viral pop-
ulations consisted of many mutant genomes whose frequency varied with
time of replication. Similar findings were made in animal and plant RNA
viruses. Quasispecies became a theoretical framework to understand viral
population dynamics and adaptability. The evidence came at a time when
mutations were considered rare events in genetics, a perception that was to
change dramatically in subsequent decades. Indeed, viral quasispecies was
the conceptual forefront of a remarkable degree of biological diversity, now
evident for cell populations and organisms, not only for viruses. Quasispe-
cies dynamics unveiled complexities in the behavior of viral populations,
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with consequences for disease mechanisms and control strategies.This review addresses the origin
of the quasispecies concept, its major implications on both viral evolution and antiviral strategies,
and current and future prospects.

1. INTRODUCTION

In virology, quasispecies is defined as the set of mutant genomes that comprise viral populations.
Mutant ensembles are subjected to episodes of competition, selection, and random drift; they can
act collectively as a unit of selection. The concept applies to all RNA viruses for which genomic
sequences within infected cells and organisms have been compared. It does not refer to differences
among consensus sequences of independent viral isolates, which recapitulate influences on later
stages of virus evolution.

The quasispecies population structure was identified during the 1970s and early 1980s, prior to
the era of routine sequencing, molecular cloning, and PCR, due to a patient screening for muta-
tions by RNA fingerprinting of biological clones of viruses. Years later, viral genetic heterogeneity
was observed by use of rapid sequencing of biological and molecular clones. In the past decade,
the extreme complexity of RNA viral populations and their change in mutant composition with
time have been fully confirmed by deep sequencing methodologies. Although the rate of genetic
change is 104- to 107-fold larger for RNA viruses than for their host organisms (1), host envi-
ronments also present nonuniform challenges to viruses. The biosphere diversity in which viruses
are installed has consequences for the understanding of virus-host interactions because variant
virus forms often meet with unique intracellular environments. The present-day scenario is in
sharp contrast with concepts of mutational stasis that prevailed in genetics well into the twentieth
century. Because the origin of quasispecies lies in replication with frequent production of mutant
genomes, it is also valid forDNA viruses whose replication is catalyzed by low-fidelity polymerases
or that use RNA as a replicative intermediate.

Following the discovery of quasispecies, some authors attributed viral genome heterogeneity to
sequencing artifacts and even questioned the value of the concept for viral genetics. However, the
sequencing of genomes extracted from biological clones (not dependent on in vitro amplification
of viral RNA) and quantification controls of the mutations identified in molecular clones rendered
it unlikely that high mutation rates and frequencies were overestimates. The levels of genetic
heterogeneity inferred from deep sequencing data are reasonably close to those calculated from
the initial sequence comparisons, although recent sequencing platforms allow an unprecedented
penetration into the repertoire of minority mutations present in viral populations.

Mutant distributions offer an interpretation of adaptation based on the dynamic replacement
of genome subpopulations within replicating ensembles. This is not a minor facet because re-
sponding to harsh selective constraints or to subtle environmental changes is what viruses have
to do most of the time, including when they spread within organisms to cause disease. Inter-
estingly, quasispecies dynamics has provided a molecular interpretation of why some vaccine and
antiviral therapeutics fail and has suggested new approaches for viral disease prevention and treat-
ment. Among the latter is lethal mutagenesis—virus extinction by an externally induced excess of
mutations—which has acquired new impetus with the need to respond to the coronavirus disease
2019 (COVID-19) emergence (Sections 9 and 10).

The quasispecies concept had two independent origins, one from theoretical biophysics and
the other from experimental virology; both took place during the 1970s. Here we succinctly de-
scribe them from a historical perspective, with references to present-day virology. At the time
of their formulation, however, some connections between theory and empiric observations were
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not obvious. John Holland and colleagues (2) were the first to bring to light the biological sig-
nificance of high mutation rates of RNA viruses in the context of a DNA-based biosphere, with
medical implications of the collision between the contrasting DNA and RNA worlds.

Following the account of the origin of quasispecies, we recapitulate its major implications for
virology as we perceive them half a century later.

2. ORIGIN OF QUASISPECIES THEORY

Manfred Eigen and Peter Schuster in Göttingen, Germany, developed quasispecies theory to
explain self-organization and evolution of primitive RNA (or RNA-like) molecules (replicons)
that might have populated Earth at the onset of life. They approached self-organization of
replicating molecules by linking principles of Darwinian evolution and information theory
(3, 4). Darwinian evolution was explicitly investigated in the experiments of Sol Spiegelman and
colleagues (5), who showed that replicating RNA molecules evolved in the test tube. Information
theory had previously highlighted the requirement for the biological meaning imprinted in a
molecule to be faithfully transmitted to the following generations. The major departure from this
traditional view was to describe mathematically a system involving multiplication of molecules
with a regular production of error copies as inherent to the replicative process (3, 4) (Figure 1).
With equation 1 in Figure 1, replication and mutation became firmly linked. The error copies
of a master sequence (defined as the one with the highest replicative fitness in relation to its
error copies) was referred to as a comet tail by Eigen and was later known as mutant spectrum,
distribution, cloud, or swarm in virology.

There are two impediments to mutant distributions attaining a population equilibrium implied
by the initial formulation of quasispecies theory: (a) the random nature of mutations and (b) the
statistical fluctuations in genome frequencies during the replicative process, which continue upon
successive infectious cycles. Mutations are random because they arise from quantum mechanical
uncertainties regarding the electronic distribution of some atoms in template and nucleotide
substrate residues; altered electronic distributions may modify base pairing or base stacking
interactions that exert an influence on template copying. When and where a mutation will arise
during RNA virus replication is largely unpredictable; the certainty is that mutations will occur
at an average rate of about one mutation per 10,000 nucleotides copied (Section 3). Statistical
fluctuations may affect the variant genome production, competition, and selection, mainly
through viral population migrations entailing reductions in population size, notably bottlenecks
of different intensity (Figure 1).

The random nature of mutations (even accounting for differences in mutation type prefer-
ences among polymerases or biases at some template sites) concurrent with modifications of virus
population size are key ingredients of the unpredictable course of virus evolution. Remarkably,
however, features reminiscent of determinism—consisting of similar behavior in parallel evolu-
tionary lineages—are occasionally recorded under some experimental conditions, and they beg
for an interpretation at the molecular level. In viral dynamics, a population equilibrium (mean-
ing a steady mutant distribution that is constant in time) is beyond reach under usual replication
conditions, even after extensive virus multiplication in cell culture in the absence of external in-
fluences. Populations can at most be portrayed as consisting of sequential, very short equilibrium
steps (Section 7).

A prediction of quasispecies theory is that there is a limit to the information content that can
be stably inherited for a given average template copying fidelity of the replication machinery.
This concept is mathematically formulated as an error threshold relationship that includes as one
of its terms the average polymerase error rate above which the information cannot be propagated
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Basic equations of quasispecies theory and meaning of quasispecies for viral populations. (a) Equations describe replication (variation of
the concentration of genome i as a function of time) with production of error copies (equation 1) and the maximum accepted amount of
genetic information that can be stably maintained for a given superiority of the master sequence and average copying fidelity (equation
2). Terms are explained in the box. Derivation of the equations and extensions to nonequilibrium conditions can be found in
Reference 8. (b) Organisms (in this case a pig) infected by RNA viruses (or some rapidly mutating DNA viruses) include complex and
dynamic mixtures of variant genomes (represented by horizontal lines with colored symbols to depict mutations). A virus sample is a
minimal representation of the variants present in the infected organism, and it may be used for experimental evolution studies to test
the effect of selective pressures or bottlenecks, realized by plaque-to-plaque transfers (left panels). Quasispecies may facilitate
transmission to a new host, in this case humans, where they will form new, diverse, and compartmentalized mutant spectra (right).
Figure adapted with permission from References 33 and 98.

(equation 2 of Figure 1). For viral genomes the information content can be equated with the
number of nonredundant protein-coding regions and regulatory elements they harbor. Two
transformations can be distinguished: (a) the loss of superiority of the master sequence while
drift of components of the mutant spectrum is still allowed and (b) the complete disappearance
of the population due to transgression of an extinction threshold (6, 7). Maintenance of viral
identity is compatible with transmission of variant versions of a virus, sometimes exhibiting
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different phenotypes. The application of the concept embodied in equation 2 is the basis of lethal
mutagenesis as an antiviral strategy (Section 9).

The generally nondeterministic nature of virus evolution does not invalidate quasispecies as a
theoretical framework to approach viral dynamics. If the initial theory was not a sufficient stim-
ulus for experimental inquiries, extensions of quasispecies and its associated error threshold rela-
tionship have been formulated for entities that exhibit a finite population size and that confront
variable fitness landscapes (treated in several chapters of Reference 8).

The quasispecies display of primitive replicons was an important component of the catalytic
hypercycle, which was put forward as a mechanism of self-organization in the process of life con-
struction; the hypercycle combines the coding capacity of nucleic acids with the catalytic potential
of proteins in sustainment of primitive life forms (4, 9). Before we describe the experimental origin
of quasispecies, it is pertinent to mention that Eigen asserted on several occasions that the value of
a theoretical model lies in its capacity to evoke experimental testing (3, 10, 11). The experiments
that quasispecies theory has inspired in virology have been (and continue to be) highly revealing
of the nature of viral populations and of how they adjust to changing environments.

3. EXPERIMENTAL ORIGIN OF QUASISPECIES

The first evidence of RNA virus quasispecies was obtained in the laboratory of Charles
Weissmann in Zürich, Switzerland, also in the 1970s, independent of the theoretical develop-
ment of the concept. The discovery was preceded by many years of studies on the mechanism of
Escherichia coli bacteriophage Qβ replication, purification of its RNA replicase, and the elaboration
of a cell-free system for sustained phage Qβ RNA amplification that even today stands as the most
efficient in vitro RNA replication system (12–14).

A stepwise in vitro Qβ RNA synthesis procedure using purified replicase allowed the template-
directed introduction of a mutagenic nucleotide analog into preselected positions of the full-size
complementary RNA product. In the second round of copying, the analog directed the incor-
poration of either the correct or the incorrect nucleotide, generating a transition mutation at
the preselected site of some progeny genomes. Curiously, the analog N4-hydroxy-CTP used
at the time (15, 16) is the same pyrimidine analog produced intracellularly by prodrug NHC
(β-D-N4-hydroxycytidine-5′-isopropyl ester) used half a century later for lethal mutagenesis
of coronaviruses (17, 18) (Section 10). Relevant tools were provided by Walter Fiers and col-
leagues (19) in Ghent, Belgium, with the initial RNase-based RNA sequencing procedures and a
T1-oligonucleotide fingerprinting method that was applied to the identification of mutations in
P32-labeled viral RNA (20).

Synthesis of Qβ RNAs carrying a mutation at preselected genomic sites was the birth of site-
directed mutagenesis and reverse genetics (21), amply used today in virology and cell biology. A
mutant Qβ RNA synthesized by this procedure that included a transition at the 3′ extracistronic
region was viable (produced infectious progeny that maintained the engineered mutation). At the
time, the result came as a surprise because the high identity of the 3′ extracistronic region among
related bacteriophages (that was revealed by the very first results of RNA sequencing) had been
taken as evidence that extracistronic mutations would be lethal. The naïve distinction between
viability and lethality, without consideration of an intermediate behavior, reflects how our percep-
tion of the effect of mutations in viral genomes has changed since then. Upon replication in E.
coli cells, the extracistronic mutant reverted to the wild-type sequence, indicating that the mutant
displayed a selective disadvantage relative to its wild-type counterpart. A rate of 10−4 reversion
events per nucleotide copied was calculated by combining reversion and wild-type mutant com-
petition experiments (22). The value obtained was several orders of magnitude higher than the
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mutation rates calculated by John Drake (23) for some DNA viruses and microorganisms. In the
following decades, high mutation rates for RNA viruses and the difference with cells and complex
(large genome size) DNA viruses were corroborated (24–26).

Confirmation of the specificity of the site-directed mutagenesis procedure required many in-
fections of E. coli spheroplasts with the designed Qβ mutant RNAs and analyses of progeny RNA.
In the course of such experiments, it became obvious that phage populations (either the progeny
of site-directedmutants or standard, nonmutagenized clonal populations) were composed of pools
of mutants present at different frequencies. “The genome of Qβ phage cannot be described as a
defined unique structure, but rather as a weighted average of a large number of different individual
sequences” (27, p. 735). Weissmann presented these results to Eigen and his colleagues at a Max
Planck Winter Seminar in Klosters, Switzerland, in January 1978, and the connection between
quasispecies theory and experimental observations was made. One of the attendees recalled that
Eigen stood up and said, “Quasispecies in reality!” The subject was discussed at several Winter
Seminars in following years with participation of Christof Biebricher, whose work with colleagues
on in vitro Qβ RNA replication was an essential link between theory and experimentally deter-
mined kinetic parameters (28).

The calculation of a mutation rate and the conclusion that phage Qβ populations consisted
of mutant spectra provided a quantitative interpretation of many observations with RNA viruses
that had been reported in preceding decades, such as frequent reversion of temperature-sensitive
mutants and high frequency of plaque morphology bacteriophage variants or lesion-type
mutants in plant viruses, among others (additional examples and references are collected in
Reference 29). Quasispecies research continued on several theoretical and experimental fronts
in addition to virology. These domains include evolutionary optimization and the origin of life,
replicator networks, extensions to cellular biology such as the dynamics of bacterial populations
and cancer cells, chromosomal instability, conformation heterogeneity of prions, or generalization
of the error threshold concept (different areas of quasispecies research have been summarized
in Reference 8). Thus, from both theoretical and experimental perspectives, the quasispecies
concept has been instrumental for the investigation of dynamic systems, whether they are viruses,
cells, or molecules.

4. OVERVIEW OF QUASISPECIES IMPACT FOR VIROLOGY

The introduction of quasispecies in virology led to some controversy because some experts ar-
gued that the concept was unnecessary, that it provided a misleading view of virus evolution, and
that some virologists referred to the term quasispecies inappropriately (see, for example, the ex-
change of letters in References 30, 31). Additional concerns were expressed on the theory and the
experimental evidence of mutant spectra. It was argued that a deterministic mathematical formu-
lation such as that used for the initial quasispecies theory (implying infinite steady-state mutant
distributions in equilibrium) could not represent viral populations. From the experimental side, it
was suggested that mutation frequencies might have been overestimated due to errors introduced
during viral RNA template amplification procedures (discussed in Reference 1). In our view, four
developments in the past two decades have largely resolved the above concerns and have reinforced
quasispecies theory as a framework to understand key events in virus-host interaction, viral patho-
genesis, and the very early stages of virus diversification and evolution. The first developments are
extensions of quasispecies theory to finite populations in variable fitness landscapes—i.e., exten-
sions to mathematically describe mutant spectra under nonequilibrium conditions (1, 8) (see also
Section 2). The second developments are observations that suggest that mutant swarms can act
as units of selection. They include suppressive effects of mutant spectra on high fitness genomes,
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interference, cooperation, or complementation among components of a mutant spectrum, and
quasispecies memory. These interactions extend mutant spectrum composition and behavior be-
yond the standard mutation-selection balance (for reviews of mutant spectra acting as units of
selection, see References 1, 8, 32, 33). Third is that confirmation through control experiments
that the number of mutations introduced during reverse transcription–PCR amplification proce-
dures prior to molecular cloning and Sanger sequencing and by ultra-deep sequencing did not
inflate in a significant manner the number of mutations genuinely present in the RNA template
molecules of the virus samples. No significant discrepancies have been observed in quantifications
of mutant spectrum complexities using these different methods, or those resulting from sequenc-
ing biological viral clones, without cloning of individual molecules amplified in vitro. Fourth is
that the large proportion of low-frequency variants and their dynamic change in frequency (e.g.,
by comparing sequential samples from a virus replicating in cell culture or in a live host organism)
currently being revealed by ultra-deep sequencing portray a level of complexity not contemplated
in the concept of genetic polymorphism of population genetics, at least as classically formulated
(1). Therefore, although alternative procedures are available to understand short-term and long-
term viral evolution, quasispecies theory stands as a solid framework to interpret virus-host in-
teractions, as well as virus diversification in individual infected hosts, prior to transmission and
subsequent interhost evolutionary events.

Three major domains of quasispecies influence, and some of their ramifications, are schemat-
ically represented in Figure 2. They are conceptual departures such as a new definition of
wild type, the role of mutant spectra in virus adaptability and behavior, and the need to con-
sider viral dynamics when planning antiviral interventions. Central to the ramifications is that
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Figure 2

Scheme of quasispecies implications for viruses, and their connections. Major departures are a new meaning
of wild type, a more precise understanding of adaptation at the molecular level, and the necessity to open
new avenues for the control of viral disease. Each major departure has ramifications written succinctly below
the arrows. It puts into focus the main points discussed in this article. See text for evidence and references.
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complex mutant spectra—fueled by high mutation rates—are dynamically renewed in response
to environmental perturbations and stochastic (chance) effects. The perturbations comprise sub-
tle modifications of environmental parameters (intracellular ionic conditions or metabolite con-
centrations, temperature, etc.), components of the immune response, and external introductions
(antiviral agents, vaccination). Despite our consideration of viral genomes in terms of consen-
sus sequences (a largely unavoidable simplification), a deeper understanding of the nature of viral
populations and virus-host interactions is gained from the composition of mutant spectra. The
latter cannot be regarded as mere mutant aggregates acting independently of one another; in-
ternal interactions of cooperation or interference can be established in what has been called the
social behavior of viral populations. The first evidence was provided by the suppressive potential
of a vesicular stomatitis virus (VSV) population (32), and additional cases have been reported (re-
viewed in References 33, 34). The presence in mutant spectra of a molecular memory of those
genomes that were dominant in previous phases of the same evolutionary lineage is yet another
consequence of the weight of the mutant ensemble, with medical implications (35).

High mutation rates and the quantity of tolerated mutations recorded under various bio-
logical circumstances render the presence of mutant spectra the norm; even viruses within a
plaque on a cell monolayer are not genetically homogeneous (36, 37). DNA viruses whose
replicative machinery displays higher fidelity or includes proofreading-repair activities, and even
more those whose progeny DNA can benefit from postreplicative repair pathways, are expected to
have a low net mutational input. Their quasispecies features would be displayed under different
time frames and population size parameters (38), as also documented for cellular organisms
(several chapters of Reference 8).

5. MUTANT SPECTRA AS PHENOTYPIC RESERVOIRS

Mutant clouds equip viral populations with multiple related minority genomes present at low
frequency.Those that are better suited to respond to a selective constraint than the dominant ones
will increase in frequency once the constraint is in place. Clouds participate in a permanent game
of challenges and responses. Basal constraints are those inherent to the cellular environments in
which viruses replicate, and they act on both viral protein and RNA (extracistronic but also within
open reading frames); RNA structures may be an important part of the viral phenotype (recent
example in Reference 39).

In differentiated hosts, clouds vary among organs, tissues, and probably even individual cells
(40). The long-term historical adaptation of viruses to the cell types they infect has shaped the
core genome organization and encoded proteins to provide replicability and an acceptable long-
term survival probability. The central viral genome organization—which determines virus iden-
tity and assignment to one of the groups defined by the International Committee on Taxonomy
of Viruses—should be flexible enough to face host alterations, including nutritional influences
(41). The core genome concept has parallels with that of the pan-genome of bacteria, wherein all
members of a bacterial species share a core element while individuals differ in some nonidentical
features of their genetic information (42).

Because a large proportion of mutations that occur during viral genome replication results in
fitness decrease, mutant spectra tend to be populated mainly by genomes with a limited num-
ber of mutations relative to either the nonmutated class (when such a class can be specified)
or genomes with the lowest number of mutations in that population (27, 43). Heavily mutated
genomes, whose origin has sometimes been traced to apolipoprotein B messenger RNA editing
complex, and adenosine deaminase acting on double-strandedRNA activities tend to be rare.They
may survive in specific environments—such as the human brain for hypermutated measles virus
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RNA derivatives responsible for some neurological syndromes—or due to positive epistatic inter-
actions amongmutations or,more generally, tolerance to constellations of accumulatedmutations.

Mutations that bring about a phenotypic change have been identified as minority components
of mutant spectra of populations that exhibited a different phenotype. Phenotypes embodied in
minority genomes cannot be disregarded on the grounds that their becoming prominent is un-
likely. A population bottleneck (either intrahost or interhost) entails a certain probability that one
of the hitherto hidden traits may be expressed by the chance promotion of the genome encoding
that trait to dominance.

The biological effect of a single mutation can be recognized following site-directed mutagen-
esis of a viral genome (Section 3), but its presence in mutant spectra may not have been directly
demonstrated. Its fitness cost maymean it is present at frequencies below detectability.Detectabil-
ity of a mutation may also depend on the accompanying mutations in the same genome and other
genomes. Fortunately, advances in deep sequencing, with increasingly lower cutoff values for mu-
tant detection and new methods for sequencing entire viral genomes (44), should contribute to
clarifying if a residue responsible for one phenotype is present at low frequency in the mutant
spectrum of the virus exhibiting a different (or the opposite) phenotype.

Still another category of mutations comprises those whose presence in a mutant spectrum is
inferred from the experimental design that identifies them. It includes mutants that are resistant
to inhibitors, antibodies, or cytotoxic T cells (CTLs) and that are selected from a viral population
that collectively displays sensitivity to the constraint. In a study with human immunodeficiency
virus type 1 (HIV-1), the magnitude and genetic barrier for CTL escape were comparable to those
measured for escape to antiretroviral therapy (45). Escape mutations may incur a fitness cost, but
high mutation rates and large population sizes facilitate finding mutational pathways for fitness
recovery. The frequency of monoclonal antibody-resistant mutants (MARMs), determined for
several RNA viruses, falls in the range of 10−3 to 10−7, independent of the number of circulating
serotypes of the virus in nature (reviewed in Reference 1). There is no reason to suspect that
the mutation rate at the genomic residues that lead to the MARM phenotype differs on average
from the mutation rate at other sites for which we lack a quantification marker; the corresponding
mutant frequencies may, however, be modified following subsequent replication rounds. These
considerations predict the presence in mutant spectra of individual viral genomes with deviant
phenotypes, as increasingly reported in the literature.

Selection for an alternative viral phenotype may take place indirectly on infected cells. In
parainfluenza virus 5 (PIV5), some amino acid substitutions in protein P—which is part of the
virus replication complex—may repress viral transcription and replication, thus allowing subsets
of infected cells that express low levels of viral proteins to escape killing by the cellular immune
response (particularly by CTLs); such selective survival of P protein mutants mediates PIV5 per-
sistence (46). Both lytic and persistent variants were detected in the mutant spectrum of a dog
PIV5 isolate (that had beenminimally passaged in cell culture), suggesting the coexistence of lytic-
and persistent-prone genomes in PIV5 quasispecies. In general, the presence in mutant spectra
of minority genomes exhibiting decreased cytopathology may favor their selection as part of the
multiple mechanisms involved in viral persistence (47). Thus, CTL escape can be mediated by
amino acid substitutions that impede recognition of the relevant epitopes or indirectly through
limited expression of viral proteins at the surface of infected cells.

Quasispecies components may also modulate the immune response. Natural VSV isolates
include clones that differ from the majority of the population in capacity to respond to or to
induce interferon (IFN), a fact that established IFN induction as a quasispecies marker (48).
The IFN response may be affected by amino acid substitutions in viral proteins such as Sendai
virus protein C (49) or PIV5 protein V (50). Avian influenza virus subpopulations with enhanced
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Table 1 Influence of single mutations on phenotypic traits

Modification(s) Example(s) and comment(s) Reference
Lethality Amino acid substitution at an antigenic determinant of

rabies virus glycoprotein that altered virus lethality for
mice

112

Establishment of viral persistence Amino acid change in the lymphocytic choriomeningitis
virus glycoprotein that suppresses the antiviral CTL
response

113

Lytic and leukemogenic activity Amino acid substitution in the envelope of Friend murine
leukemia virus that attenuated the lytic and leukemogenic
properties of this retrovirus

114

Diabetogenicity Amino acid substitution that renders encephalomyocarditis
virus diabetogenic

115

Alteration of neurovirulence Reduction of neuroinvasiveness associated with
neuroinvasiveness

116

Modification or expansion of host
range

A substitution in foot-and-mouth disease virus adaptation to
guinea pig; substitutions in the IV polymerase

117

Breakage of host barrier SIV Vif substitution to permit SIV transmission from
chimpanzees to gorillas, overcoming the APOBEC barrier

118

Change in receptor and coreceptor
recognition and cell tropism

HIV-1 transition from use of CCR5 to CXCR4 as
coreceptor; IV hemagglutinin for α2,3 versus α2,6 sialic
acid linkage to galactose; flavivirus mutants with altered
neurovirulence

Several studies reviewed in
Reference 1

Substitutions in B cell or T cell
epitopes

Antigenic variation (drift)

Evasion of antibody response; most studies with IV but
described for many viruses; CTL escape; antigenic
variation may be linked to changes in cell tropism

Several studies reviewed in
Reference 1

Only a few of many examples of relevant effects of single mutations or amino acid substitutions reported in the literature are included here. Abbreviations:
CTL, cytotoxic T cell; HIV-1, human immunodeficiency virus type 1; IV, influenza virus; SIV, simian immunodeficiency virus.

IFN-induction capacity have been retrieved from viral populations and the relevant mutations
introduced into live-attenuated vaccine candidates (51). Mutant spectra can be a source of
interesting and useful virus variants.

From the architecture of mutant swarms, it follows that new traits whose acquisition depends
on a single mutation are particularly prone to be gained or lost upon shifts in genome dominance.
Phenotypic modifications due to single mutations in viral genomes are continuously being
reported; some examples are listed in Table 1. The relevant amino acid replacements may be
conservative or drastic, and they may affect conserved or variable protein domains; no rules have
become apparent. Dependence on single mutations concomitantly with protein multifunction-
ality facilitates mutual influences among traits. A documented case is coevolution of cell tropism
and antigenicity, which is aided by the overlap between antigenic sites and receptor recognition
domains on surface virion proteins (52). Therefore, the mutant spectrum composition may
simultaneously participate in the evasion and the modulatory strategies of virus interaction with
the immune system.

6. QUASISPECIES IN VIRUS-HOST INTERACTIONS

Penetration of viruses into their host cells triggers a cascade of mutual virus-cell influences, re-
flected in modifications of the cell expression program and its derived metabolic pathways. The
virus in turn tends to accommodate its mutant spectrum to the cellular environment and then to
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accessible and susceptible host compartments. The effects on the host can lead to post-infection
sequels and pathologies, so that the consequences of an infection can last even after the virus is no
longer detected (even perhaps after complete elimination).

For example, the cellular perturbations associated with hepatitis C virus (HCV) include in-
duction of inflammatory and oxidative stress responses, host DNA and mitochondrial damage,
aberrant expression of microRNAs, and increased hepatocyte proliferation (53). A high HCV
quasispecies complexity has been connected with liver disease progression and poor response to
treatment (54–56). Epigenetic cell modifications can enhance cancer risk after a sustained virolog-
ical response (57). In some analyses of hepatocellular carcinomas (HCCs) developed during active
viral replication, the HCV quasispecies complexity was larger within the tumor than in surround-
ing tissue (58), suggesting that the virus may respond to an unfavorable tumor environment by
genome diversification. Hepatitis B virus (HBV) quasispecies complexity has also been related to
progression toward HCC (59), and the quasispecies complexity of the HBV X gene (HBX) inte-
grated in the tumor DNA of cancer patients was larger than the complexity of unintegrated HBX
(60). Immunodeficiency-related vaccine-derived rubella virus in children displays high rates of in-
trahost evolution, and the virus in cutaneous granulomas shows a broader mutant spectrum (61).

Studies with plant viruses have documented that the patterns of host perturbations, including
epigenetic modifications, are influenced by the genotype profile of the virus and its degree of
adaptation to the host (62–65).

Several mechanisms may be responsible for virus-induced host modifications: viral fitness per
se (measured as the rate of intracellular replication), the intracellular viral load (which is related
to fitness), the presence of specific variants, combinations of variants, or modulation by defective
genomes (66), among other influences. These possibilities illustrate the challenges researchers
confront when trying to understand the interactions of mutant swarms with cells.

Regarding adjustment of mutant spectra to environmental demands, several analyses have doc-
umented differences in mutant spectrum composition at different sites of the same infected host
individual. Among many examples, an early study documented selection of organ-specific lym-
phocytic choriomeningitis virus variants (67). Distinct HIV-1 mutant spectra were located in dif-
ferent anatomic compartments or human brain regions (68, 69), and in tissue-specific quasispecies,
syncytium-inducing and noninducing HIV-1 phenotypes coexisted (70); mutant spectrum com-
plexity was associated with progression toward acquired immunodeficiency syndrome (AIDS) and
neuropsychological impairment (71). HIV-1 compartmentalization may be favored by differential
coreceptor expression. The size of the West Nile virus (WNV) mutant spectrum correlated with
virus ability to replicate in mosquito cells (72). A distinct mutant composition in different com-
partments may have its origin in the colonization of a new site following a bottleneck known to
occur within infected organisms (73, 74) and not only in a direct modification of an entire mu-
tant swarm in the new environment. This duality is a reflection of the old neutralist-selectionist
controversy.

Despite the flexibility conferred by a broad mutant spectrum, it is not a predictor of general
adaptability per se. The size of the WNV mutant spectrum attained in Culex pipiens or young
chicken hosts correlated negatively with mortality in mice (75). Adaptation of mutant spectra to
alternative environments is a mechanism of virus attenuation that operates in the preparation of
live-attenuated vaccines that can be regarded as reshaped mutant swarms; virulent and attenuated
viruses may coexist in vaccine preparations (76, 77).

With a mouse-adapted foot-and-mouth disease virus, mutant spectra displaying distinctive
virulence were characterized in different mouse organs (78). The subpopulations were indistin-
guishable by their consensus sequences, and had similar mutant spectrum complexities, within the
resolution of the assay. The results mean that virulence determinants may be absent or present in
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Serum Spleen Pancreas

Figure 3

A simplified representation of compartmentalized quasispecies in a mouse infected with foot-and-mouth
disease virus (FMDV) (78). Virus pathogenicity can be the result of complex interactions among components
of the mutant spectrum. In the mutant distributions (depicted as in Figure 1b), solid lines represent
pathogenic genomes and dashed lines represent nonpathogenic genomes. The model is intended to explain
different virulence for mice of three FMDV populations that display equal consensus sequence and
population complexity. Figure adapted with permission from Reference 78.

mutant spectra of comparable complexity (Figure 3). Viral virulence may be dictated not only by
specific viral and host genes (as often assumed) but also by population parameters and the mutant
spectrum composition.

7. A PERMANENT POPULATION DISEQUILIBRIUM

Several recent studies have addressed quasispecies dynamics by deep sequencing analysis of se-
quential viral populations replicating in cell culture (43, 79, 80). Replication in established cell
lines is as close as presently can be devised for a virus to approach some equilibrium with an en-
vironment. Yet, the dynamics observed is of relentless mutant spectrum modifications. Mutant
spectrum analysis of HCV replicating in human hepatoma cells in culture indicated that after
200 serial infections (which are equivalent to about 700 days of uninterrupted viral replication),
changes in mutant frequency of individual residues were as prominent as in the initial passages,
if not more, and the modifications brought about phenotypic changes (81). This study suggests
that RNA viruses, whether replicating in changing or static environments, keep a sustained level
of genetic heterogeneity that maintains their capacity to respond to constraints, independent of a
history of environmental invariance. If transient equilibria exist (Section 2), they are of very short
duration relative to the time frame of laboratory observations. Procedures to dissect underlying
groups of related sequences within vastly complex mutant spectra have been developed (82–85).

A state of population disequilibrium weakens the value of a master or dominant genome as
a guarantee of population resilience against increases of mutation rate. The HCV data suggest
two possible influences on the stability of the genetic information conveyed by viral populations
(Figure 2; Sections 2 and 9): (a) the superiority of the master (dominant) genome and (b) the
accommodation of the entire mutant spectrum to an environment, even if successive master
sequences have only a transient existence. Most likely, factor (b) is the major one involved
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in fitness gain and resistance to lethal mutagenesis (Section 9). The reason is that long-term
adaptation of HCV to a cell culture environment was associated with an expansion of the mutant
spectrum rather than a convergence toward a single new consensus sequence (79, 81). Again,
mutant spectra play a prominent role.

8. THE ELUSIVE MEANING OF CONSERVATION

The multiple low-frequency variants found in mutant spectra point toward a need to reconsider
the concept of lethality.With the resolution power of deep sequencing, some mutations that were
previously cataloged as lethal may instead be highly deleterious (fitness decreasing) but not lethal.
This puzzle has also been raised for bacterial populations (86). A related aspect refers to which
nucleotide or amino acid sequences can be cataloged as conserved (invariant) among members of
a given virus. Residues that are considered conserved according to the alignment of genomic se-
quences in data banks turn out to be variable when the alignment is done with sequences retrieved
from mutant spectra. This difference has been documented with HCV replicating in cell culture
or in infected patients (87). The study involved a two-rank comparison of conservation scores: be-
tween mutant spectra and their corresponding consensus sequences, and between mutant spectra
and Los Alamos National Laboratory HCV sequence alignment. Residue conservation accord-
ing to consensus sequences or data banks does not necessarily correspond to conservation at the
quasispecies level. A relaxed negative selection acting at the quasispecies level versus multiple
selective and bottleneck filters undergone by viral populations until a genomic sequence is in-
corporated in data banks may provide an explanation. The implications are far from trivial. The
standard calculation of nucleotide or amino acid conservation for the design of broad spectrum
(or universal) vaccines or antiviral agents may not diminish the probability of selection of escape
mutants. The putative universal antiviral reagents will not be directed to consensus sequences
but to mutant spectra replicating in infected individuals. Despite their likely inferior replicative
fitness, minority genomes that are not represented in data banks may be only a short mutational
distance away from gaining fitness, thereby becoming competent escape mutants. Design of uni-
versal ligands remains an important challenge, and, if undertaken, it should be endorsed by a
more stringent conservation evaluation using mutant spectra data in the sequence alignment (87).
If the results with HCV are extended to other viruses, they will diminish the scope of residue
conservation of viruses to a far more reduced subset than presently thought. The observation
adds to the limited value of using a consensus sequence as the representative of a viral population
(33, 88–90).

9. IMPACT ON ANTIVIRAL STRATEGIES

Successful vaccines and antiviral treatments have been developed for decades, without awareness
of mutant swarms and their implications. Yet, at least part of their failures and limitations has been
attributed to not having calibrated sufficiently the genome variation dynamics of viruses. Benefits
will follow from considering viruses as true moving targets and from refraining from combating
complexity with simplicity (monotherapy, simple vaccine formulations) (1, 33). Caution has
also been expressed with designs intended to control the COVID-19 pandemic (91; see also
Section 10).

In this scenario, lethal mutagenesis or the extinction of viruses by an excess of mutations
driven by nucleotide analogs is gradually expanding as a broad-spectrum strategy applicable to
emerging viral infections (Figure 1; Section 2). The first results of an adverse effect of increased
mutation rates on virus viability were obtained by J.J. Holland and associates (92), and the term
lethal mutagenesis was coined by Lawrence Loeb and colleagues (93), who also performed the
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first clinical trial with AIDS patients (94) and opened the approach for anticancer therapy (95).
The virus transition toward extinction is a complex multistep process, initiated by defective
genomes and culminating in overt lethality. The main features of lethal mutagenesis of viruses
are reviewed in Reference 96 and include the following:

� It is an intracellular event that is induced by increases of mutation rate, often by nucleotide
analogs.

� It requires mutagenic activity. Equivalent inhibitory levels without mutagenesis are not ef-
fective. It is not due to a mere R0 reduction.

� It is characterized by an increase of mutation frequency and a 102- to 103-fold decrease of
specific infectivity without modification of the consensus sequence.

� It is a multistage process involving at least two recognized steps: (a) lethal defection (gen-
eration of defective mutants that interfere with replication of the ensemble) and (b) overt
lethality (number of mutations incompatible with completion of the infectious cycle).

� It has proven effective against several RNA viruses in cell culture and in vivo, including
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Some antivirals that are
licensed for human use and that have been used in antiviral treatments (favipiravir, ribavirin)
may have been effective partly due to lethal mutagenesis.

� Synergisms (among lethal mutagens, and between lethal mutagens and nonmutagenic in-
hibitors) offer additional promise as broad spectrum treatments against emerging viral
pathogens.

� Several compatible mechanisms based on quasispecies theory and the population genetics
concept have been proposed to explain the experimental and clinical observations (reviewed
in Reference 8).

These features, along with the accumulated evidence in cell culture and in vivo, render this ap-
proach a promising one to be added to the traditional combination therapies with nonmutagenic
inhibitors.

10. ANY LESSONS FOR COVID-19?

When the possible connections between quasispecies dynamics and long-term evolution at
the epidemiological level had been explicitly recognized as a pertinent question (87, 97–99),
COVID-19 erupted in the human population. This new pandemic associated with the betacoro-
navirus SARS-CoV-2 has posed the question of to what extent the 3′ to 5′ exonuclease activity
encoded by the SARS-CoV-2 genome (domain present in protein nsp14) decreases the mutation
rate inherent to the replicative complex (that includes nsp12 and several cofactors). In other
coronaviruses, the equivalent 3′ to 5′ exonuclease activity lowers the mutation rate about 15-fold,
and such a decrease is thought to contribute to the genetic stability of the large coronavirus RNA
genome (100). At the time of this writing, to our knowledge, the mutation rate of SARS-CoV-2
in absence and presence of an active 3′ to 5′ exonuclease has not been calculated. The mutation
rate for SARS-CoV-2 and its consequences for mutant spectrum broadness are relevant to a virus
with a large RNA genome that can colonize different human organs (101).

Perhaps due to the urgency to understand basic replicative features of the virus and to respond
to the public health emergency, expressions of concerns about the impact of genetic and anti-
genic diversity for antiviral and vaccine efficacy have been limited, despite decades of experience
with influenza vaccines. Also, there is evidence of S (spike protein) diversification through point
mutations and insertions-deletions, with amino acid substitutions that may confer resistance to
antibodies and convalescent plasma (102). SARS-CoV-2 replicates as mutant spectra (103, 104),
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as previously reported for the Middle East respiratory syndrome coronavirus (105, 106). With a
mutant frequency cutoff of 1%, mutant spectrum differences were revealed among viruses from
different anatomical compartments and among sequential virus samples from the same patient
(107, 108).

Comparison of genomic consensus sequences (that gradually replenish the GISAID and other
databases) yields an average rate of SARS-CoV-2 evolution at the epidemiological (interhost) level
of (1.2 ± 0.5) × 10−3 mutations per site and year (range 9.9 × 10−4 to 2.2 × 10−3 mutations per
site and year) [this calculation is based on data from 10 reports (L. Vázquez-Sirvent, B.Martínez-
González,M.E. Soria, C. Perales, unpublished results)]. The rate of evolution and the estimates of
intrahost heterogeneity indicate that even a large viral RNA genome follows the typical evolution-
ary patterns described for other RNA viruses. The possibility that SARS-CoV-2 replicates with an
average error rate close to the maximum acceptable to maintain functionality is suggested by its
vulnerability to lethal mutagenesis when the full catalytic potential is expressed by the nsp12-nsp7-
nsp8 polymerase complex (17, 109). The analog favipiravir—which exerts its antiviral activity at
least partly by lethalmutagenesis—has proven effective in some clinical assays (110, 111), therefore
adding to treatment options for COVID-19 that may also be of value for future viral emergences.

11. CLOSING STATEMENTS

The theoretical and experimental origins of viral quasispecies are a demonstration of the benefits
that can be gained by bridging research fields. The convergence between a model of the origin
of life and the empirical observations on the mutant spectrum nature of viral populations has
unveiled a huge layer of minority genomes that were hidden from inspection until clonal analy-
ses and deep sequencing were used. Covert mutant swarms can either modulate the behavior of
the population ensemble or become prominent as a result of selection or random events such as
bottleneck isolations of individual variants.

It is expected that increasingly powerful and accurate sequencing methods, combined with
analyses of viral genomes in single infected cells, will provide a realistic picture of the nature of
the viral populations we are confronting. We should worry about individual mutations (despite
being unable to prevent them) because what is minority at a given moment may be prominent the
next. Consensus sequences provide an identification but not a characterization of a virus. There is
a clear trend toward planning antiviral strategies according to the challenge posed by quasispecies
dynamics. It is hoped that a more detailed description of mutant spectra, in parallel with the ac-
commodation of vaccine and treatment strategies to the reality of viral populations, will improve
both our knowledge of viruses and our capacity to react to disease challenges.

SUMMARY POINTS

1. Viral quasispecies are the dynamic mutant distributions that replicate in infected hosts.
The concept had a theoretical origin in a model of the origin of life and an independent
origin in observations on the presence of multiple variant genomes in RNA bacterio-
phage populations.

2. The major impact of quasispecies for virology lies in the consideration of the wild type
as a set of related genomes, the interpretation of virus adaptability by modification of
the composition of mutant spectra that is accelerated by high mutation rates, and new
possibilities of antiviral interventions.
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3. Mutant spectra are reservoirs of phenotypically relevant variants that may affect the in-
teraction with the host, disease processes, and response to treatments. Mutant genomes
may act collectively as units of selection.

4. A consensus sequence is a simplified representation of a viral population. It may not be
present in the virus population it intends to represent. Studies with hepatitis C virus
suggest that residue conservation according to alignments of consensus sequences or
sequences compiled in data banks does not fit conservation of the same residues in
mutant spectra.

5. Lethal mutagenesis is an antiviral design inspired in the error catastrophe concept of
quasispecies theory. It consists of the extinction of a virus by introducing in the replicat-
ing viral genome a number of mutations incompatible with maintenance of infectivity.
There is increasing evidence of its effectiveness in cell culture and in vivo.

FUTURE ISSUES

1. Clarification is needed of the extent of operation and biological implications of quasi-
species dynamics for complex DNA viruses and cellular populations, in particular tumor
cells.

2. Application of ultra-deep sequencing techniques and new bioinformatics approaches to
achieve deeper penetration into the composition of mutant spectra is needed, in partic-
ular the use of whole-genome sequencing to identify mutation linkage and to interpret
fitness effects of epistasis in dominant and minority genomes.

3. Implementation of expanded data banks for viral genomes that incorporate mutant spec-
trum sequences for a stricter criterion of residue conservation should help in the design
of universal ligands and vaccines.

4. It will be necessary to distinguish viable and defective genomes in the mutant spectra
characterized by deep sequencing and the role of defective genomes in the interactions
of the viable virus subset with its host.

5. Advances in lethal mutagenesis designs should center on finding (or designing) new mu-
tagenic agents that increase the error rate of the viral (but not of the cellular) polymerases
and that can act synergistically to avoid selection of escape viral mutants.
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