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  Abstract   RNA viruses, such as human immunode fi ciency virus, hepatitis C virus, 
in fl uenza virus, and poliovirus replicate with very high mutation rates and exhibit 
very high genetic diversity. The extremely high genetic diversity of RNA virus 
populations originates that they replicate as complex mutant spectra known as viral 
quasispecies. The quasispecies dynamics of RNA viruses are closely related to 
viral pathogenesis and disease, and antiviral treatment strategies. Over the past 
several decades, the quasispecies concept has been expanded to provide an ade-
quate framework to explain complex behavior of RNA virus populations. Recently, 
the quasispecies concept has been used to study other complex biological systems, 
such as tumor cells, bacteria, and prions. Here, we focus on some questions regarding 
viral and theoretical quasispecies concepts, as well as more practical aspects con-
nected to pathogenesis and resistance to antiviral treatments. A better knowledge 
of virus diversi fi cation and evolution may be critical in preventing and treating the 
spread of pathogenic viruses.      
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    1   Introduction 

 RNA viruses are important pathogens of humans, animals, and plants. This group of 
viruses exhibits rapid evolution and high variability, which have important implications 
for the control and spread of viral diseases. The high mutation rates of RNA viruses 
allow them to escape host defenses and therapeutic interventions with antivirals or 
vaccines. These highly mutable entities can also quickly adapt to new environments 
and ecological changes, as evidenced by the emergence and reemergence of viral infec-
tions from animal reservoirs, including human immunode fi ciency virus (HIV), SARS, 
in fl uenza, West Nile fever, Ebola, and dengue fever, among others. 

 RNA viruses form complex distributions of closely related but nonidentical 
genomes that are subjected to a continuous process of genetic variation, competition, 
and selection (Fig.  1 ). These so-called viral quasispecies have been described in vivo 
through the analysis of molecular and biological clones isolated from viral populations, 
and more recently using ultradeep sequencing techniques. The viral quasispecies 
was  fi rst documented with bacteriophage Q b , during replication in its  Escherichia 
coli  host (Domingo et al.  1978  ) ; it was later con fi rmed for many RNA viruses, 
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  Fig. 1    Schematic representation of a viral quasispecies. Viral genomes are represented as horizon-
tal lines, and mutations as symbols in the lines. Upon infection with an RNA virus—even with a 
single particle, as depicted here—viral replication leads to a mutant spectrum of related genomes, 
termed quasispecies       
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including animal viruses (Sobrino et al.  1983  )  and important human pathogens such 
as in fl uenza virus (Lopez-Galindez et al.  1985  ) , HIV type 1 (−1) (Meyerhans et al. 
 1989  ) , human hepatitis C virus (HCV) (Martell et al.  1992  ) , and poliovirus (Vignuzzi 
et al.  2006  ) , as well as for plant viruses and viroids (Ambros et al.  1999  ) . The term 
quasispecies was  fi rst used by Eigen and Schuster to theoretically describe the type 
of population structure proposed to have mediated the self-reproduction, self-
organization, and adaptability of primitive replicons during the early stages of the 
development of life on Earth (Eigen  1971 ; Eigen and Schuster  1977  ) . They described 
the self-reproducing entity not as a single molecule but as a “swarm” or “cloud” of 
variant reproductive molecules with a numerical distribution governed by an equa-
tion; Eigen and Schuster referred to this distribution as “quasispecies” (Eigen and 
Schuster  1977  ) .  

 Experimental work performed by virologists has shown that the classic genetic 
concepts of wild-type and mutant may not be applicable to molecular viral elements; 
in particular, the idea of individuality does not relate to single, replicative RNA 
molecules, but instead must be applied in terms of a “swarm,” “cloud,” or quasispecies 
(Fig.  1 ). Virologists currently use the term quasispecies to refer to distributions of 
non-identical but related genomes that are subjected to a continuous process of genetic 
variation, competition, and selection; in this concept, the “swarms” or “clouds” of 
genomes, rather than individual genomes, function as units of selection (Lauring and 
Andino  2010 ; Mas et al.  2010 ; Ojosnegros et al.  2011 ; Perales et al.  2010  ) . This means 
that the evolution of individual viral genomes is decisively in fl uenced by the mutant 
spectrum surrounding them and that, unavoidably, a group of individuals must be 
selected. Experimental work has demonstrated that the evolvability of individual viral 
genomes is constrained by the distribution of its mutational neighbors (Burch and 
Chao  2000 ; de la Torre and Holland  1990  ) . Due to their high mutation rates, rapid 
generation time, and short genomes, RNA viruses are an excellent and simple tool for 
using experimental virology to explore and challenge population genetics and system 
biology concepts, including  fi tness variations (Chao  1990 ; Holland et al.  1991 ; 
Martinez et al.  1991  ) , Muller’s ratchet theory (Chao  1990  ) , the Red Queen hypothesis 
(Clarke et al.  1994  ) , epistasis (Bonhoeffer et al.  2004 ; Sanjuan et al.  2004  ) , etc. 

 In this chapter, we describe how viral quasispecies are generated and how 
they impact viral evolution, pathogenesis, and treatment. We also show how the 
quasispecies concept can be extended to other fast-evolving entities, such as cancer 
cells, bacteria, or prions.  

    2   Generation of RNA Virus Diversity 

 Unlike eukaryotic DNA polymerases, RNA viruses lack proofreading activity; thus, 
the error rate during replication has been estimated at 10 −4  to 10 −5  mutations per 
nucleotide during each cycle (Table  1 ) (Domingo et al.  2006  ) . If one assumes that 
10 9  to 10 12  viral particles are present at any given time in an acutely infected organism, 
these must be the product of at least 10 7  to 10 8  replication cycles. Given the length 
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of the RNA virus genome (approximately 10,000 nucleotides), it is likely that every 
possible single point mutation (10 4 ) and many double mutations will occur by the 
time the population reaches the size of many natural virus populations. In contrast, 
the total number of possible single mutations for a mammalian genome is about 
10 10 , well above the population size of mammalian species. In RNA viruses, although 
speci fi c combinations of multiple mutations may be rare, it is clear that the degree 
of potential genetic change drives their diversi fi cation in response to selective pres-
sures of host immune responses or antiviral therapies (Table  1 ).  

 Theoretical work predicts the existence of a limiting value of error or mutation 
rate—termed the “error threshold”—that must not be surpassed if the wild-type is 
to be kept stable (Eigen  1971,   2002  ) . It has been suggested that mutation rates for 
RNA viruses are close to the error threshold, and can be forced into error catastrophe 
by a moderate increase in mutation rate. Pioneer studies demonstrated that muta-
genesis by a variety of chemical mutagens conferred only 1.1 – to 2.8-fold increases 
in mutation frequencies at de fi ned single base sites in vesicular stomatitis virus and 
poliovirus (Holland et al.  1990  ) . These results suggested that a high mutation rate is 
an adaptive trait of RNA viruses and that RNA virus genomes are unable to tolerate 
many additional mutations without a loss of viability. Studies on HIV-1, lympho-
cytic choriomeningitis virus, and foot and mouth disease virus have led to similar 
conclusions (Grande-Perez et al.  2002 ; Loeb et al.  1999 ; Sierra et al.  2000  ) . This 
concept of the error threshold opened a new paradigm for how to  fi ght viruses, not 
by inhibiting their replication but rather by favoring it with an increased rate of 
mutation (Fig.  2 ). Several studies in cell culture and in vivo have supported lethal 
mutagenesis as a viable antiviral strategy (Lauring and Andino  2010  ) , and a clinical 
trial was recently reported in which a mutagenic pyrimidine analog was adminis-
tered to HIV-1 infected patients (Mullins et al.  2011  ) .  

 In addition to mutations made by viral polymerases, other mechanisms are 
implicated in the generation of mutant clouds. RNA recombination and reassortment 
both create genetic diversity in RNA viruses; these processes are mechanistically 
different, but both require that two or more viruses infect the same host cell. 
Recombination can occur in all RNA viruses, irrespective of whether their 

   Table 1    Important parameters that in fl uence variability and adaptability of RNA virus 
populations   

 Average number of mutations per genome 
within the viral population of an infected 
individual 

 Generally averages 1–100 (more in some cases) 
mutations per genome 

 Mutation rate  Estimated at between 10 −4  to 10 −5  mutations per 
nucleotide per cycle of replication 

 Genome length  3 to 32 kb 
 Virus population size and fecundity  Variable, but an acutely infected organism may 

harbor 10 9 –10 12  viral particles at any given 
time 

 Mutations needed for a phenotypic change  Many recorded adaptive changes depend on 
one or a few mutations 
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genomes are composed of single or multiple segments. The process corresponds 
to the formation of chimeric molecules from parental genomes of mixed origin. 
A widely accepted model of RNA recombination is “copy choice” recombination 
(Lai  1992a,   b  ) , in which the RNA polymerase in RNA viruses (and reverse tran-
scriptase in retroviruses) switches from one RNA molecule to another during syn-
thesis, while remaining bound to the nascent nucleic acid chain, generating an 
RNA molecule with mixed ancestry. Reassortment is restricted to viruses that 
possess segmented genomes, and involves packaging of segments with different 
ancestry into a single virion. An important example of reassortment occurs in the 
in fl uenza A virus; reassortment of different gene segments encoding in fl uenza 
envelope or surface proteins, hemagglutinin (HA) and neuraminidase (NA), is 
associated with evasion of host immunity and sometimes with the occurrence of 
epidemics (Lindstrom et al.  2004  ) . 

 RNA recombination and reassortment occur at highly variable frequencies in 
RNA viruses. The frequency of recombination varies in positive single-stranded 
RNA viruses, occurring at high levels in some groups, but far less frequently in 
other families such as the Flaviviridae, most notably HCV (Morel et al.  2011  ) , in 
which only occasional instances have been reported. Recombination seems to 

horizontal lines represent single viral genomes

symbols on lines represent mutations 

extinction survivalfitness

viral replication in a constant
environment

viral replication in the presence
of a mutagenic agent or repeated

bottleneck transfers

Initial viral
population

consensus
genome

  Fig. 2    Effect of elevated mutation rates on viral  fi tness and survival .  A simpli fi ed view of qua-
sispecies dynamics and  fi tness change is shown. Unrestricted replication ( blue arrowhead on the 
right, with multiple passages indicated by several arrowheads ) results in  fi tness gain, as depicted 
by the triangle at the bottom. Fitness gain can occur with or without variation of the consensus 
sequence. In contrast, replication in the presence of mutagen or repeated bottleneck transfers ( red 
arrowhead on the left ) results in accumulation of mutations that modify the consensus sequences, 
and decreased  fi tness. This  fi gure is based on previously published data (Domingo et al.  2006  )        
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consistently occur less frequently in negative single-stranded RNA viruses, 
although some of them can still undergo reassortment (e.g., in fl uenza A virus). 
Recombination occurs frequently in some retroviruses, most notably HIV. 

 HIV recombines at exceedingly high rates (Jung et al.  2002  ) , approximately one 
order of magnitude more frequently than in simple gamma retroviruses, such as 
murine leukemia virus and spleen necrosis virus. The HIV-1 recombination rate 
has been precisely calculated to be 1.38 × 10 −4  per site and generation (Shriner 
et al.  2004  ) ; therefore, the recombination rate for HIV-1 is approximately  fi ve-fold 
greater than the point substitution rate of 3.4 × 10 −5  mutations per bp per cycle 
(Mansky and Temin  1995  ) . Given the dynamics of HIV-1 turnover in vivo and a 
recombination rate of approximately three crossovers per cycle, some genome 
lineages from a 15-year-old infection may have experienced as many crossovers as 
base mutations in the genome. It has been proposed that recombination coupled 
with mutation profoundly in fl uences HIV evolution, giving it a non-clonal and 
transient nature in vivo (Meyerhans et al.  2003  ) . One example of the adaptive 
potential of HIV-1 recombination is the fact that multidrug-resistant HIV-1 variants 
can exist in cells as defective quasispecies, and can be rescued by superinfection 
with other defective HIV-1 variants (Quan et al.  2009  ) . This phenomenon is most 
likely attributable to recombination during second rounds of infection, and suggests 
that defective HIV-1 variants may constitute part of the HIV-1 reservoir (Li et al. 
 1991  ) . Lower recombination rates have been estimated for HCV, with a recombinant 
frequency normalized to a crossover range of one nucleotide of around 4 × 10 −8  per 
site per generation (Reiter et al.  2011  ) . However, due to the rapid virus turnover 
and the large number of HCV-infected liver cells in vivo, it is expected that recom-
bination will be of biological importance when strong selection pressures are 
operative (Morel et al.  2011  ) . 

 Host cell ssDNA cytidine deaminases (APOBEC3) are another source of HIV 
diversity. These cytidine deaminases can extinguish HIV-1 infectivity by incorpo-
rating into the virus particles; the subsequent cytosine deaminase activity attacks the 
nascent viral cDNA during reverse transcription, causing lethal mutagenesis. It has 
been recently demonstrated that APOBEC3G can also induce sublethal mutagenesis, 
which maintains virus infectivity and contributes to HIV-1 variation (Sadler et al. 
 2010  ) . Mutation by host cell APOBEC3 deaminases is not restricted to retroviruses. 
Hepadnaviruses, such as hepatitis B virus (HBV), are also vulnerable to mutation by 
APOBEC3 (Suspene et al.  2005  ) . Although the mutant spectrum resulting from 
APOBEC3 editing is highly deleterious, a small fraction of lightly APOBEC3G-
edited genomes can impact HBV replication in vivo, and possibly contribute to 
immune escape (Vartanian et al.  2010  ) . APOBEC3 can also reduce viral infectivity 
and increase the mutation frequency of negative-strand RNA viruses, such as measles 
(MV), mumps, and respiratory syncytial virus (Fehrholz et al.  2011  ) . 

 The restriction factor cellular adenosine deaminase acting on RNA (ADAR1) 
catalyzes the conversion of adenosine (A) to inosine (I) on double-stranded RNA 
substrates (Samuel  2001  ) , thereby introducing A-to-G mutations; this action inhibits 
replication of MV, as well as Newcastle disease virus, Sendai virus, and in fl uenza 
virus (Ward et al.  2011  ) . It is tempting to speculate that ADAR1 functions as a host 
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restriction factor of RNA viruses, analogous to the role of APOBEC3. It is possible 
that the extensive hypermutations of the matrix (M) gene of MV seen in vivo are the 
result of the known dispensability of the M protein for viral replication (Young and 
Rall  2009  ) , with the M gene sequences representing viral decoy targets for hyper-
mutation. However, hypermutations are also observed to a lesser extent in the fusion 
(F) and hemagglutinin (H) genes. One serious complication of MV infection is 
persistent central nervous system infection, known as subacute sclerosing panen-
cephalitis (SSPE), that occurs at a frequency of 4–11 per 100,000 cases of MV 
infection. SSPE is a progressive, fatal neurodegenerative disease with the character-
istic feature of MV replication in neurons (Grif fi n  2007  ) . Interestingly, biased 
hypermutations play a direct role in the pathogenesis of SSPE by facilitating 
signi fi cantly prolonged MV persistence within the CNS, as opposed to mere accu-
mulation. Signi fi cant A-to-G substitutions have also been seen in the viral M gene 
sequences of in fl uenza A virus recovered from wild-type animals (Tenoever et al. 
 2007  ) . This alternative source for generating mutant clouds has the potential to play 
a role in viral evolution, pathogenesis, immune escape, and drug resistance.  

    3   Quasispecies, Viral Disease, and Pathogenesis 

 Whether RNA virus genomic diversity affects viral pathogenesis is one of the most 
intriguing topics within the  fi eld of RNA virus evolution. Characterization of virulence 
determinants of pathogenic agents is of utmost relevance for designing disease-
control strategies. Typically, virulence determination has been attributed to nucleotide 
changes in speci fi c genomic regions. For instance, in the type 3 vaccine strain, P3/
Sabin, a uridine residue at nucleotide 472 in the 5 ¢  noncoding region, and a pheny-
lalanine at amino acid 91 of capsid protein VP3 have been identi fi ed as contributing 
to reduced poliovirus neurovirulence (Minor et al.  1989  ) . All three Sabin vaccine 
strains contain strong attenuation determinants. However, more recent work has 
shown that other factors, such as quasispecies diversity, can determine the pathogenic 
potential of a viral population; in these cases, pathogenicity will be determined 
by the “quasispecies” and not by the “individual”. Poliovirus carrying a high- fi delity 
polymerase replicates at wild-type levels but generates less genomic diversity 
(Pfeiffer and Kirkegaard  2003,   2005 ; Vignuzzi et al.  2006  ) , which leads to a loss of 
neurotropism and an attenuated pathogenic phenotype. Importantly, expanding the 
quasispecies diversity of the high- fi delity virus population by chemical mutagenesis 
prior to infection restored neurotropism and pathogenesis (Vignuzzi et al.  2006  ) . 
These results indicate that complementation between quasispecies members provides 
viral populations with a greater capacity to evolve and adapt to new environments 
and challenges during infection—indicating selection at the population (quasispe-
cies) level rather than on individual mutants. Consequently, viral pathogenesis 
would be modulated by the proportion of attenuated and virulent genomes, and their 
interactions. This conclusion challenges the evolutionary biology dogma in which 
individuals are the ultimate target of selection. 
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 Similar results have been obtained with chikungunya virus (CHIKV), a mosquito-
borne virus that has caused outbreaks in humans since the eighteenth century and 
that, since 2004, has appeared in Africa, Indian Ocean islands, Southeast Asia, Italy, 
and France (Powers and Logue  2007  ) . Serial passage of CHIKV in ribavirin or 
 fl uorouracil resulted in the selection of a mutagen-resistant variant with a single 
amino acid change (C483Y) in the RNA polymerase gene that increases replication 
 fi delity. This unique arbovirus  fi delity variant increases replication  fi delity and gen-
erates populations with reduced genetic diversity. In mosquitoes, high- fi delity 
CHIKV produces lower infection and dissemination titers than wild-type. In new-
born mice, high- fi delity CHIKV produces truncated viremias and lower organ titers. 
These results indicate again that increased replication  fi delity and reduced genetic 
diversity negatively impact arbovirus  fi tness in invertebrate and vertebrate hosts 
(Coffey et al.  2011  ) . Mutant high- fi delity RNA viruses, coupled with other attenuating 
mutations, could be useful for developing genetically stable live virus vaccines 
(Vignuzzi et al.  2008  ) . 

 Viral genetic diversity is important for the survival of the viral population as a 
whole in the presence of selective pressures favoring mutations that yield bene fi cial 
phenotypes. These mutants are expected to survive and act as founders for the next 
generation. However, high mutation rates are also observed in RNA viruses that 
infect bacteria and thus do not face an adaptive immune response, suggesting that 
the high mutation rate of RNA viruses cannot completely be ascribed to a speci fi c 
life history (Belshaw et al.  2008  ) . Similarly, it has been provocatively proposed that 
HIV-1 variation (a paradigm of viral diversity) is essentially the result of “its life-
style rather than a perverse predilection for error” (Wain-Hobson  1996  ) . Although 
the HIV-1 mutation rate is an order of magnitude lower than that of in fl uenza 
A virus, the extent of variation encountered during the 5- to 10-year course of a 
single individual HIV-1 infection is greater than the 1-year global genetic drift of 
in fl uenza A (Korber et al.  2001  ) . This enormous genetic diversi fi cation of HIV-1 has 
inevitably led to a search for links between HIV-1 variation and pathogenesis. It has 
been suggested that following infection, de novo generation of variants is necessary 
for the onset of AIDS (Nowak et al.  1991 ; Nowak and McMichael  1995  ) . Genetic 
diversity in the HIV-1 envelope from typical patients and infected children has been 
correlated with disease stages (Ganeshan et al.  1997 ; Shankarappa et al.  1999  ) . 
HIV-1 can use two chemokine receptors, CCR5 and CXCR4, as coreceptors for 
viral entry, and uses the CCR5 coreceptor in approximately 90% of primary infec-
tions. However, a substantial proportion of individuals develop viruses that use the 
CXCR4 co-receptor, which is associated with an accelerated T CD4+ cell decline 
and a more rapid progression to AIDS (Koot et al.  1993  ) . Cytotoxic T lymphocytes 
(CTLs) that kill infected target cells play an important role in the control of HIV-1 
during the acute and chronic phases of an HIV-1 infection (Ogg et al.  1998  ) . The 
most documented CTL-escape mechanism is acquisition of amino acid substitu-
tions within the CTL epitope and/or its  fl anking regions. These changes reduce the 
ability of viral peptide to bind to HLA class I molecules, and lead to impaired T-cell 
receptor recognition, and defective epitope generation (Ogg et al.  1998  ) . A small 
number of people demonstrate sustained ability to control HIV-1 replication without 
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therapy. Such individuals, referred to as HIV controllers, typically maintain stable 
CD4+ cell counts, do not develop clinical disease, and are less likely to transmit 
HIV to others (Deeks and Walker  2007  ) . Genome-wide association analysis in a 
multiethnic cohort of HIV-1 controllers and progressors has demonstrated that the 
nature of the HLA-viral peptide interaction is the major factor modulating durable 
control of HIV infection (Pereyra et al.  2010  ) . Viral  fi tness cost precludes the emer-
gence of variants within the CTL epitopes recognized by controllers’ HLAs, indi-
cating that variation allows evasion of immune surveillance and therefore contributes 
to pathogenesis (Phillips et al.  1991  ) .  

    4   Quasispecies and Virus Treatment 

 One of the most important practical consequences of the viral quasispecies concept 
is its impact on antiviral therapies. Diversi fi cation of RNA virus populations clearly 
drives antiviral therapy response. An important example of the high adaptability of 
RNA viruses is the high frequency of mutant viruses with one or a few amino acid 
substitutions that confer reduced sensitivity to antiviral inhibitors. This general 
phenomenon has been documented for many viruses over the past several decades, 
and has made it very dif fi cult to treat several viral diseases (Briones et al.  2006  ) . 
The best example of adaptive selection is the HIV-1 virus mutants that are resistant 
to antiretroviral inhibitors. All currently available classes of antiretroviral therapy 
(reverse transcriptase, fusion, co-receptor antagonists, and integrase inhibitors) 
exert selective pressure for target gene mutations that confer high-level drug resis-
tance (Johnson et al.  2011  ) . The capacity of novel compounds to exert selective 
pressure for a mutation is now used as evidence of anti-HIV-1 activity. Experimental 
studies of HIV-1 populations have demonstrated the existence of many resistant 
mutants in HIV-1 populations before they have been exposed to the inhibitors 
(Najera et al.  1995  ) . These resistant mutants may exist at very low frequencies in 
the naive viral population, but then selectively multiply in the presence of the 
inhibitor. The relative  fi tness values of wild-type and resistant mutants in the 
absence and presence of the inhibitor determine the kinetics and degree of domi-
nance of resistant mutants (Cof fi n  1995  ) . 

 Like HIV, other RNA viruses can also evade antiviral treatments, including 
in fl uenza virus, HCV, and HBV. HBV is a DNA virus, but its DNA replicates through 
a genomic RNA intermediate and utilizes a virally encoded reverse transcriptase. 
Consequently, a signi fi cant amount of diversity, similar to that seen in RNA viruses, 
occurs in the sequences of HBV isolates. Until recently, monotherapies or sequential 
treatments with nucleoside analogues were widely used to treat chronic HBV infec-
tion. Not surprisingly, this approach has resulted in the generation of multidrug-
resistant viruses (Locarnini and Warner  2007  ) . Current treatment of chronic HCV 
infection is based on the combination of pegylated interferon- a  and ribavirin; this 
regimen eradicates the virus in up to 80% of patients infected with genotypes 2 or 3, 
but in only 40–50% of patients infected with HCV genotype 1 (Pawlotsky  2011  ) . 
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Studies of recently developed direct-acting antiviral molecules against HCV have 
shown that administration of these drugs alone may lead to the selection of resistant 
viruses, raising concerns that resistance may undermine therapy based on direct-
acting antivirals (Pawlotsky  2011  ) . Two HCV NS3 protease inhibitors, telaprevir and 
boceprevir, have already been approved for HCV infection treatment, and several 
other drugs that are directed against different HCV proteins are in phase II and III of 
clinical development. As expected, resistant mutants to telaprevir and boceprevir 
preexist in HCV populations before they have been exposed to the inhibitors (Bartels 
et al.  2008 ; Cubero et al.  2008 ; Franco et al.  2011  ) . Mathematical modeling suggests 
that at least three direct-acting antiviral molecules should be used (Rong et al.  2010  ) , 
but the  fi nal number will depend on their modes of action and the likelihood that 
HCV variants bearing substitutions in different regions of the genome conferring 
resistance to the different classes of drugs are present in the same strain (Pawlotsky 
 2011  ) . HCV shares many properties with HIV; both are highly variable viruses with 
quasispecies distribution, large viral populations, and very rapid turnover in the indi-
vidual patient. Fortunately, unlike HIV, the HCV replicative cycle is exclusively 
cytoplasmic, with no host genome integration or episomal persistence in infected 
cells; therefore, HCV infection is intrinsically curable, but the development of antiviral 
resistance in chronic viral infections like HIV, HCV, or HBV can thwart the success 
of future treatments. For instance, the development of resistances to  fi rst generation 
HCV NS3 protease inhibitors, boceprevir and telaprevir, may compromise the treat-
ment success of the next generation of NS3 inhibitors, now in clinical development. 
Moreover, resistant viruses can be transmitted, compromising the ef fi cacy of new 
antivirals at the population level. Viral quasispecies are endowed with memory of 
their past intra-host evolutionary history, maintained in the form of minority variants 
(Briones et al.  2006 ; Briones and Domingo  2008  ) . These variants can reemerge and 
become a major quasispecies variant if the quasispecies is subjected to selective pres-
sures. This is particularly relevant in antiviral treatment because minority memory 
drug-resistant variants can quickly expand under drug selection pressure. One exam-
ple of the key role of minority HIV-1 variants is the fact that women who receive 
intrapartum nevirapine monotherapy are less likely to exhibit virologic suppression 
after 6 months of postpartum treatment with a nevirapine-containing regimen 
(Jourdain et al.  2004  ) . RNA viruses can escape from antiviral activity through muta-
tions in the target viral gene itself, causing decreased af fi nity to the inhibitor and 
leading to resistance. These changes also affect the phenotype of the targeted protein, 
and consequently decrease the replication capacity of the virus. Continuous replica-
tion of these viruses may result in the acquisition of compensatory changes, which 
can  fi xate the drug-resistant variant in the viral population and increase viral  fi tness 
(Martinez-Picado et al.  1999 ; Nijhuis et al.  1999  ) . Therefore, since the frequency of 
a variant in a quasispecies depends on the relative  fi tness of that particular variant, 
memory genomes that are maintained after drug discontinuation will be present at a 
higher frequency than in the original population. 

 There are two licensed classes of anti-in fl uenza drugs: M2 ion channel blockers 
(amino-adamantines: amantadine and rimantadine) and NA inhibitors (oseltamivir 
and zanamivir); however, the 2009 H1N1 pandemic viruses, including the earliest 
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isolate, are already amino-adamantine-resistant (Dawood et al.  2009  ) . In contrast, 
most of the currently circulating pandemic viruses are susceptible to NA inhibitors 
(Itoh et al.  2009  ) ; therefore, pandemic in fl uenza patients are treated with NA inhibi-
tors in many countries. Studies with seasonal H1N1, H3N2, and highly pathogenic 
avian H5N1 viruses revealed that single amino acid substitutions at several posi-
tions in or around the NA active site confer resistance to viruses against NA 
inhibitors. One study detected the NA H274Y substitution in sporadic cases of osel-
tamivir-treated and – untreated patients infected with 2009 H1N1 pandemic viruses 
(Leung et al.  2009  ) . Importantly, viruses with the NA H274Y substitution were 
comparable to their oseltamivir-sensitive counterparts in their pathogenicity and 
transmissibility in animal models (Kiso et al.  2010  ) . Again, it seems unrealistic that 
antiviral monotherapy could stop an RNA virus. 

 Mounting evidence shows that single-stranded DNA viruses (all with genomes 
smaller than ~13 kb) evolve at rates approaching those observed in their RNA 
counterparts (Duffy et al.  2008  ) , suggesting that combination therapy may also be 
considered for the treatment of some DNA viruses. Single-stranded viral DNA 
replication mechanisms are generally less prone to proofreading, and isolated 
single-stranded DNA seems to be resistant to mismatch repair. The  fi rst precise 
estimates for the rate of single-stranded DNA virus evolution came from a study 
on canine parvovirus (CPV-2), in which a substitution rate of approximately 10 −4  
substitution/site per year was estimated (Lopez-Bueno et al.  2006 ; Shackelton 
et al.  2005  ) . This value is within the range observed in RNA viruses (Domingo 
et al.  2006  ) . 

 In recent years, several cellular factors have been identi fi ed in some viruses (e.g., 
HIV, HCV, and HBV) that are closely involved with the virus replication cycle, and 
that can be targeted to prevent virus spread. The genetic barrier for viral escape may 
be much higher when cellular factors are targeted; virus adaptation to alternative 
cellular co-factors is expected to be more complicated or even impossible when no 
alternative cellular functions are available. Targeting cellular functions is obviously 
not without danger. The use of host gene targets requires careful selection; knock-
down of cellular factors essential for virus replication may also be detrimental to the 
cell and the host. The recent availability of CCR5 antagonists has raised concern 
that genetic, biological, or chemical CCR5 knockout—although bene fi cial against 
some pathogens (e.g., HIV-1)—could be deleterious for host processes involved in 
pathogen response (Telenti  2009  ) . Targeting cellular factors requires extensive tox-
icity studies, but in the case of CCR5, we know that the protein does not ful fi ll an 
essential function in human physiology (Liu et al.  1996  ) . Unfortunately, targeting 
cellular viral cofactors does not preclude the emergence of drug-resistant viruses. 
Viral resistance to CCR5 antagonists (maraviroc) has been extensively observed 
(Llibre et al.  2010  ) . HIV-1 can selectively express variants of the envelope protein 
that either exhibit higher CD4 receptor af fi nity (Agrawal-Gamse et al.  2009  )  or rec-
ognize the inhibitor-bound CCR5 complex (Westby et al.  2007  ) . Such drug pressure 
can also raise the possibility of viral escape by triggering a switch to CXCR4 as an 
alternative receptor; such CXCR4-using HIV-1 variants may be more pathogenic 
(Nedellec et al.  2011  ) . Likewise, cyclophylin inhibitors—promising potent HCV 
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inhibitors that are now in late clinical trials, and that target a host protein (cyclophylin 
peptidyl-prolyl cis-trans isomerase activity)—can drive the selection of HCV resis-
tant viruses with amino acid substitutions in the viral proteins NS2 and NS5 
(Pawlotsky  2011  ) . 

 The emergence of resistant virus variants poses a serious medical problem. 
Consequently, different strategies have been developed to counteract viral escape. 
Over a decade of experience with HIV antiretroviral therapy has taught us that it is 
unrealistic to try to target RNA viruses with only one antiviral agent because the 
virus will rapidly develop resistance. Large population sizes, high replication rates, 
and high error rates of RNA viruses provide the basis for mutation, and rapid growth 
of escape variants that are likely present before therapy begins. To counteract this 
situation, antiviral therapies now involve co-administration of multiple antivirals 
targeting different viral proteins or targeting only one viral protein but through 
different mechanisms of action. This strategy can reduce the emergence of single-
resistant viruses, as exempli fi ed with the multiple anti-HIV drug combination 
approach, known as highly active antiretroviral therapy (HAART) (Ho  1995  ) . The 
clinical success of HAART warrants the use of a similar strategy to counteract viral 
escape during treatment of other RNA virus infections.  

    5   Quasispecies Theory and Non-viral Biological Systems 

 Cancer cells display uncontrolled growth, invasion of adjacent tissues, and some-
times metastasis. To achieve these properties, cells alter their genetic information 
through DNA point mutations, chromosomal rearrangements, and/or epigenetic 
changes. Mutations in cellular DNA are more frequent in tumor cells, and micro-
satellite and chromosomal instability have also been associated with cancer. 
Furthermore, cancer cells may show a mutator phenotype that increases the prob-
ability of achieving the most advantageous mutation combination for tumor growth 
(Bielas et al.  2006 ; Loeb  2001  ) . Deamination cell machinery, like APOBEC, has 
been recently associated with this mutator phenotype (Vartanian et al.  2008  ) ; it has 
been hypothesized that recurrent low-level mutation by APOBEC3A could catalyze 
the transition from a healthy genome to a cancer genome (Suspene et al.  2011  ) . 
Mutations in about 300 genes have been related to cancer (Futreal et al.  2004  ) , which 
are located predominantly in protein kinase domains and in domains of proteins 
involved in DNA binding and transcriptional regulation (Futreal et al.  2004  ) . Other 
mutations have been described in cancer cells (Futreal et al.  2004 ; Greenman et al. 
 2007  ) , although a majority could be acting as accompanying mutations. Through 
the use of high-throughput sequencing technologies (ultra-deep sequencing), it has 
been discovered that every tumor harbors high-frequency mutations—usually muta-
tions resulting in the gain of function of an oncogene or the loss of a tumor sup-
pressor—accompanied by a complex combination of low-frequency mutations 
(Chin et al.  2011  ) . Mutations are thought to drive the global cancer phenotype, and 
their characteristics resemble those of viral quasispecies, with the presence of a 
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dominant clone accompanied by a “cloud” of minor forms. There is tremendous 
complexity and heterogeneity in the pattern of mutations in tumors of different 
origins. 

 In 1976, it was proposed that cancer was a complex evolutionary system that 
showed high heterogeneity and clonal evolution (Nowell  1976  ) . This seminal 
description of cancer as an evolutionary process predicted clonal expansions, indi-
vidual variations in response to interventions, and therapeutic resistance. Cancer is 
in fact a complex biological system that evolves through mutations and epigenetic 
changes, following Darwinian principles of competition and selection. This selection 
operates in the entire body, at the level of cellular clones that can survive and evade 
control signals. Some cancer studies have been based in an evolutionary and eco-
logical context (Maley and Forrest  2000 ; Merlo et al.  2006  ) . Clonal diversity in 
cancer cells is a factor for predicting progression in an esophageal adenocarcinoma 
cancer model (Maley et al.  2006  ) . Theoretical studies have correlated cancer with 
genetic instability (Gonzalez-Garcia et al.  2002 ; Maley and Forrest  2000  ) , with qua-
sispecies models of minimal replicators (Brumer et al.  2006 ; Sole et al.  2003 ; 
Tannenbaum et al.  2006  ) , and even with incursions into error catastrophe (Sole and 
Deisboeck  2004  ) . These studies reveal the high genetic heterogeneity of tumor cells 
as the source of adaptation used by cancer to  fi ght against the immune system, 
become resistant to different treatments, invade adjacent tissues, and sometimes 
metastasize and invade other organs. Using mathematical models, it has been 
proposed that tumors, in contrast to viral quasispecies, bene fi t from a highly stable 
component: cancer stem cells (Sole et al.  2008  ) . Sole et al.  (  2008  )  argued that tumors 
manifest two components; the more variable component exploits phenotypes that 
allow the tumor to grow and survive, while cancer stem cells exist as a lesser but 
more robust component and act as a reservoir of stability. This strategy would work 
as life insurance for a tumor, allowing cancer cell progeny to mutate beyond the 
limits established for normal cell types. 

 The highly variable replication rate of cancer cells carries straightforward clinical 
implications. The mutant “cloud” generated during cancer cell replication allows 
the tumor to face diverse challenges, including the immune system and treatment. 

 Cancer must be treated with therapies that can overcome mutator or suppressor 
genotypes, but even the most potent anticancer drugs may fail when administered 
individually (Luo et al.  2009  ) . Highly active anticancer treatments or orthogonal 
therapy (the equivalent of HAART used in HIV-1 therapy) may be more adequate 
cancer therapy. Also in a homology to the treatment of HIV-1, sequential adminis-
tration of anticancer compounds can lead to treatment failure. Concurrent adminis-
tration of these therapies can increase the threshold of emergence for mutations 
conferring treatment resistance, i.e., such treatment can increase the number of 
mutations required to reduce drug activity (Luo et al.  2009  ) . Orthogonal cancer 
therapies act synergistically when they attack a cancer in at least two different ways, 
such that a suppressor mutation against the  fi rst therapy cannot suppress the second 
therapy and vice versa. Because cancer is a compilation of very different diseases, 
orthogonal therapy will vary depending on tumor genotype and possibly patient 
genotype; it is also necessary to pay close attention to the treatment effects because 
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cancer therapies, with their DNA-damaging nature, could increase the mutation 
rate. As an additional parallelism with RNA viruses, lethal mutagenesis has been 
proposed as a novel therapeutic approach for the treatment of solid tumors (Fox and 
Loeb  2010  )  (Fig.  2 ). 

 It is now recognized that bacteria very frequently do not exist as solitary cells, 
but instead as colonial organisms that exploit elaborate systems of intercellular 
communication to facilitate their adaptation to changing environmental conditions. 
The social behavior of bacteria resembles the heterogeneity described for RNA 
virus populations. Social behaviors related to antibiotic production, virulence, 
motility, or bio fi lm formation have been extensively described (Rumbaugh et al. 
 2009  ) . A good example of bacteria social behavior is the bio fi lm, which can be 
simply de fi ned as communities of microorganisms living on surfaces and encased 
within an extracellular polymeric slime matrix (Costerton et al.  1978  ) . A more 
complex de fi nition would incorporate terms such as structural heterogeneity, genetic 
diversity, and complex community interactions (Stoodley et al.  2002  ) . These organic 
super-structures have important clinical implications as infectious agents (Costerton 
et al.  1987,   1999  ) , as well as in terms of antibiotic resistance. The form of antibiotic 
resistance exhibited by bio fi lms seems to differ from the innate resistance conferred 
to individual bacterial cells by plasmids, transposons, and mutations (Costerton 
et al.  1999  ) . It has been proposed that bio fi lm communities, rather than individuals, 
are the target of evolutionary selection (Caldwell and Costerton  1996  ) , and that 
bio fi lm antibiotic resistance is due to an altered chemical microenvironment or a 
subpopulation of microorganisms within the bio fi lm that forms a unique and highly 
protected, phenotypic state, with cell differentiation similar to that seen in spore 
formation (Stewart and Costerton  2001  ) . Multiple resistance mechanisms can act 
together; thus, to be clinically effective, anti-bio fi lm therapies may have to simulta-
neously target more than one mechanism, similar to orthogonal cancer therapies or 
multiple antiretroviral drug approaches. 

 Prions are non-genetic macromolecular systems that can also display heteroge-
neity regarding features that are important to their biological function. Prions are 
the infectious agents responsible for a variety of neurodegenerative disorders, 
including scrapie in sheep, bovine spongiform encephalopathy in cattle, and new 
variant Creutzfeldt-Jacob disease and kuru in humans. The principal, if not only, 
component of the prion is PrP Sc , a  b -sheet–rich conformer of the prion protein PrP. 
PrP Sc  propagates by eliciting conversion of PrP C  (the physiological form of PrP) 
into a likeness of itself. The seeding hypothesis posits that PrP C  is in equilibrium 
with PrP Sc  or a PrP Sc  precursor, with the equilibrium largely in favor of PrP C ; PrP Sc  
is only stabilized when it forms an aggregate (or seed) containing a critical num-
ber of monomers, after which, monomer addition ensues rapidly (Jarrett and 
Lansbury  1993  ) . Prions exist as distinct strains that can be characterized by their 
incubation time and the neuropathology they elicit in a particular host (Bruce 
et al.  1992  ) . Many different strains can be propagated inde fi nitely in hosts that are 
homozygous for the PrP gene; the protein-only hypothesis assumes that each 
strain is associated with a different conformer of PrP Sc  (Bessen and Marsh  1992 ; 
Peretz et al.  2001 ; Telling et al.  1996  ) . The recent discovery of fungal prions that 
are not associated with disease suggests that prions may constitute a new and 



35Quasispecies Dynamics of RNA Viruses

widespread regulatory mechanism maintained through evolution (Jarosz et al. 
 2010 ; Tuite and Serio  2010 ; Tyedmers et al.  2008  ) . Similar to viral quasispecies, 
prions cloned by end-point dilution in cell culture can gradually become hetero-
geneous by accumulating protein-folding mutants (Li et al.  2010  ) . Importantly, 
selective pressures have been shown to result in the emergence of variants, includ-
ing drug-resistant mutants (Ghaemmaghami et al.  2009 ; Li et al.  2010 ; Mahal 
et al.  2010  ) , indicating that not only nucleic acid-based systems can show high 
population heterogeneity and experience selective events. A protein is de fi ned by 
a primary structure, but can be folded in different ways, each one associated with 
a different phenotype that can be selected and further propagated. Prion popula-
tions show high population size and conformation heterogeneity; recent results sug-
gest that such heterogeneity may underlie selection and propagation capacity, 
which is typical Darwinian behavior. It is still largely unknown whether a popula-
tion of this type evolves as a sum of its components or only as molecular individu-
alities (Straub and Thirumalai  2011  ) . Protein conformation is the  fi nal result of 
multiple amino acid-amino acid interactions, which are themselves subjected to 
molecular  fl uctuations such as ionization and ionic interaction, or hydrophobic 
contacts dependent on torsion angles of bonds that are also subjected to thermal 
 fl uctuations. Thus, it is not unexpected that a collection of related but non-identical 
conformations exist in populations of proteins, or that environmental factors may 
favor some conformations over others. The environment may also dictate the pres-
ence of minority conformations at different frequencies. Transitions among related 
conformation states in prions became apparent because they have the capacity to 
produce disease. These observations open new prospects for research on the 
molecular mechanisms of protein aggregation, and whether a speci fi c conforma-
tion variant can nucleate the conversion of additional representatives to form 
mutant aggregates (Bernacki and Murphy  2009  ) .  

    6   Concluding Remarks 

 The quasispecies concept has provided a framework to understand RNA virus 
populations and to develop therapeutic strategies that successfully combat deadly 
virus pandemics (e.g., HIV-AIDS, HCV). The theoretical and experimental 
development of the quasispecies concept has challenged our view of Darwinian 
evolution. Dynamic distributions of genomes appear to be subject to genetic 
variation, competition, and selection, and may be able to serve as therapeutic 
targets rather than targeting individuals. The challenge remains to determine how 
the study of quasispecies will improve the development of new antiviral, antibac-
terial, anticancer, or antiprion strategies.      
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