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Preface

The evolution of viruses has been a topic of intense investigation and theoretical 
development over the past several decades. Numerous workshops, review articles, 
and books have been devoted to the subject. Medical practitioners have recognized 
the importance of viral evolution when treating patients with viral diseases. Farmers 
have recognized the importance of understanding virus evolution in combating 
emerging viral diseases in their crop plants. As with any field where knowledge is 
rapidly expanding, many controversies have also arisen about the nature of virus 
evolution, how to describe virus populations, how to analyze sequence data and 
estimate phylogenies, etc. Differing points of view will also be found in the various 
chapters of this book, and I leave it to the readers to decide for themselves which 
side they find most helpful. In some cases it seems to me that all sides are correct. 
In other cases, future historians will decide.

This book focuses on the evolution of plant viruses, although some chapters also 
draw on the more extensive knowledge of animal viruses. It covers topics on evolu-
tionary mechanisms, viral ecology and emergence, appropriate methods for analysis, 
and the role of evolution in taxonomy. It includes RNA viruses, DNA viruses, 
integrated viruses and viroids. I hope that this book will provide a much needed 
reference for all virologists, teachers, plant pathologists, and evolutionists, and that 
it will inspire young investigators to explore the topic of plant virus evolution in 
their research. In many cases plant viruses make excellent models for understanding 
basic principles of evolution, ecology, and animal/human viral evolution. Plant 
viruses provide experimental systems that cannot be established for animal viruses, 
such as the generation of unlimited numbers of genetically identical hosts and the 
inexpensive cultivation and infection of these hosts. Plant viruses were the first 
viruses discovered, and they have been studied for more than 100 years. With this 
book plant virology has finally come of age.

October 2007 Marilyn J. Roossinck
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Chapter 1
Questions and Concepts in Plant Virus 
Evolution: a Historical Perspective

Fernando García-Arenal(*ü ) and Aurora Fraile

Abstract The interest in plant virus evolution can be dated to the late 1920s, when 
it was shown that plant virus populations were genetically heterogeneous, and that 
their composition changed according to the experimental conditions. Many  important 
ideas were generated prior to the era of molecular virology, such as the role of  host- 
and vector-associated selection in virus evolution, and also that small populations, 
gene coadaptation and evolutionary trade-offs could limit the efficiency of selection. 
The analysis of viral genomes in the 1980s and 1990s established the quasispecies-
like structure of their populations and allowed  extensive analyses of the relationships 
among virus strains and species. The concept that virus populations had huge sizes 
and high rates of adaptive mutations became  prevalent in this period, with selection 
mostly invoked as explaining observed patterns of population structure and evolution. 
In recent times virus evolution has been  coming into line with evolutionary biol-
ogy, and a more complex scenario has emerged. Population bottlenecks during host 
 colonization, during host-to-host transmission or during host population fluctuations 
may result in smaller population sizes, and genetic drift has been recognized as an 
important evolutionary factor. Also, particularities of viral genomes such as low levels 
of neutrality, multifunctionality of coding and encoded sequences or strong epistasis 
could constrain the plasticity of viral genomes and hinder their response to selection. 
Exploring the complexities of plant virus evolution will continue to be a challenge for 
the future, particularly as it affects host, vector and ecosystem dynamics.

Fernando García-Arenal
Centro de Biotecnología y Genómica de Plantas and Departamento de Biotecnología, 
E.T.S.I. Agronomos, Ciudad Universitaria, Madrid 28040, Spain
fernando.garciaarenal@upm.es
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1.1 Introduction

As is the case with all living entities, reproduction of plant viruses may result in the 
generation of individuals that differ genetically from their parents, which are called 
mutants or, more vaguely, variants. Hence, populations of plant viruses are 
 genetically heterogeneous, and the frequency distribution of genetic variants in the 
population (i.e., the genetic structure of the population) may change with time. This 
process is called evolution. A major area in the study of evolution aims at 
 understanding the mechanisms of evolution and how they shape the genetic 
 structure of populations. Another area aims at understanding the evolutionary 
 history of organisms and the resulting taxonomic relationships among them. Both 
aspects of evolutionary studies have a long history in plant virology and have 
attracted much interest in the last few decades, particularly since the availability of 
molecular analytical techniques, such as those allowing the rapid determination of 
nucleotide sequences.

In this chapter we will review how the analysis of plant virus evolution has itself 
evolved. We do not pretend to make an exhaustive review, but we hope rather to 
put emphasis on the concepts that have driven the development of the field, 
 illustrated with references to the publications that introduced those concepts or that, 
in our opinion, best developed them.

1.2 The Early Period

By this, we refer to the period from the origins of plant virology until the wide-
spread use of molecular techniques for nucleic acid analyses. The heterogeneous 
nature of plant virus populations was evident as early as 1926, by the isolation of 
symptom variants from areas with atypical symptoms in systemically infected 
plants (Kunkel 1947) or after biological cloning through single-lesion passage, 
once necrotic local lesion hosts (i.e., hypersensitive hosts) had been discovered 
(Holmes 1929). It was also soon perceived that the major components of virus 
preparations could vary according to the conditions in which the virus was 
 multiplied and passaged. Numerous reports of serial passage experiments including 
host shifts showed host-associated changes in viral properties, what led to the 
 concept of host adaptation (Yarwood 1979). These observations were interpreted as 
due to selection in the new conditions. A major concern was whether selection 
acted on variants present in the original population, or on variants generated under 
the new conditions. This conceptual dispute was related to a second one about the 
possibility of obtaining genetically homogeneous virus preparations by  single-
lesion cloning. Some virologists, particularly Milton Zaitlin, claimed that the 
 frequent appearance of mutants in virus stocks, known from earlier research with 
Tobacco mosaic virus (TMV; Gierer and Mundry 1958), prevented population 
homogeneity. The reversibility of host adaptation and the first molecular 
 characterization of the phenomenon (Donnis-Keller et al. 1981) supported the 
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hypothesis of host-associated selection of pre-existing variants. Early molecular 
analyses also showed that continuous generation of mutants prevented genetic 
homogeneity in single-lesion-derived stocks (García-Arenal et al. 1984). Hence, 
the confrontation of the two hypotheses was irrelevant, but it promoted research 
that showed the relevance of selection as an evolutionary process in plant viruses 
and the intrinsic heterogeneity of plant virus populations.

Evidence that selection could operate rapidly in viral populations also came 
from natural populations, particularly in relation to the overcoming of resistance 
factors in crops. The analysis of the selection of pathotype P1 of Tomato mosaic 
virus, which overcomes Tm-1 gene resistance in tomato, continues to be a classic 
(Pelham et al. 1970). However, it was also noticed that selection would not always 
be so effective, as evidenced by the durability of some resistance factors to viruses 
in crops. Bryan D. Harrison was responsible for three seminal concepts in this 
respect. He proposed that the evolutionary relevant size of virus populations could 
approach the number of infected plants or of viruliferous vectors, being thus much 
smaller than suggested by the high number of virus particles accumulating in the 
infected plant. Relatively small population sizes could hinder the efficiency of 
selection in virus populations (Harrison 1981). In addition, his work on Raspberry 
ringspot virus showed two phenomena also limiting the efficiency of selection: 
selection for mutual compatibility between RNAs 1 and 2 of the virus, and the 
existence of evolutionary trade-offs, two concepts that became very important in 
pathogen evolution theory (Hanada and Harrison 1977).

Interest in the evolution of viruses as taxonomic entities (the concept of virus 
species was slow to be accepted by plant virologists) also originated in this period. 
Analyses of relatedness among viruses or strains were initially based on biological 
assays, such as the extent of cross-protection. Later, serological differentiation 
indices or the amino acid composition of the coat proteins allowed development of 
quantitative analyses (Van Regenmortel 1975). The work of Adrian Gibbs 
 pioneered the establishment of phylogenetic relationships among plant viruses, and 
he was also a pioneer in the development of analytical tools, as exemplified by his 
work on the relationships among the species of tobamoviruses (Gibbs 1986).

Thus, many of the ideas and conceptual approaches relevant to understanding 
virus evolution, to be developed later on, were generated in this early period on the 
bases of sound biological experiments or observations, in spite of limited experi-
mental tools.

1.3  The Analysis of Viral Genomes and Its Impact on Virus 
Evolution Research: Quasispecies and Phylogenetics

The development in the 1970s of methods for the analyses of nucleic acids had a 
deep impact on the study of virus evolution. These methods allowed the compari-
son of virus isolates on the basis of genomic regions or viral proteins other than the 
structural ones, and eventually allowed the comparison of complete genomes. 
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Comparison of viral variants made much use of ribonuclease T1 fingerprinting, 
restriction fragment length polymorphisms (RFLPs), ribonuclease protection assay 
(RPA) of a labeled complementary RNA probe or single-stranded conformation 
polymorphisms (SSCPs), in addition to nucleotide sequence determination of 
genomes or parts of genomes. Data from fingerprints, RFLPs and, of course, 
 nucleotide sequences can be used to directly estimate genetic distances between 
genotypes, while data from RPA and SSCPs cannot, as they depend on sequence 
context. These methodological limitations often were overlooked because initial 
analyses of virus variability focused just on the detection of variants, but later 
handicapped the development of quantitative analyses of population structure.

The availability of methods allowing the differentiation of closely related 
 genotypes, and the availability of biologically active complementary DNA (cDNA) 
clones of RNA genomes, definitively determined that virus populations are intrinsi-
cally heterogeneous owing to errors during replication. Following the trend with 
animal- and bacteria-infecting viruses, research focused on RNA viruses, and 
 heterogeneity of cDNA-derived populations was initially shown for Cucumber 
mosaic virus (CMV) satellite RNA and for TMV (Aldahoud et al. 1989; Kurath and 
Palukaitis 1989). It was shown also, initially for Tobacco mild green mosaic virus 
(TMGMV; Rodríguez-Cerezo and García-Arenal 1989), that the frequency 
 distribution of genotypes in virus populations was gamma, with a major genotype 
plus a set of minor variants newly generated by mutation or kept at a low level by 
selection. It was shown later on that the shape of this distribution depended on both 
the virus and the host plant (Schneider and Roossinck 2000, 2001). This genetic 
structure had been previously reported for RNA viruses infecting bacteria or 
 animals and had been named a quasispecies (Domingo and Holland 1997), as it 
corresponded to that predicted by Eigen’s quasispecies theory, proposed to describe 
the evolution of an infinite population of asexual replicators at high mutation rate 
(Eigen and Schuster 1977). The quasispecies concept has been used often in 
 virology as a mere description for genetically heterogeneous virus populations 
(“swarms” of mutants), with no concern or awareness for further implications, or 
for the specific conditions required for the quasispecies concept to materialize, as 
pointed out by Eigen (1996) himself and developed in the next section. Regardless 
of the limited appreciation of its implications, the quasispecies concept was crucial 
in making virologists in the 1980s aware of the intrinsic heterogeneity of virus 
populations, an early discovery that had been overlooked in an era focused on the 
molecular analyses of viral genomes.

The quasispecies concept assumed high mutation rates for RNA viruses. It was 
indeed shown with bacteriophages and with lytic viruses infecting mammalian cells 
that RNA-dependent RNA polymerases lacked a proofreading activity, and had 
error rates several orders of magnitude higher than DNA-dependent DNA 
 polymerases of large DNA phages or of cellular organisms (on the order of 10−4–10−6 
per position and replication round; Drake et al. 1998). Because of high mutation 
rates of RNA viruses and high accumulation levels in host cells, it was concluded 
that RNA viruses had large and highly diverse populations. As a consequence, viral 
populations would easily respond to changing selection pressure, and the evolution 
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of high mutation rates would have an adaptive value, allowing the virus to survive 
in changing environments. This concept became the “dogma” that has presided 
over analyses of RNA virus evolution for more than two decades since the early 
1980s. Challenges to this dogma, coming initially from the plant virus field, will be 
described in the next section.

Nucleotide sequence determination, and the development of methods for the 
comparison of distantly related sequences, led to phylogenetic analyses of proteins 
with a similar function in viruses belonging to different genera. These analyses, 
first done with RNA-dependent RNA polymerases (Kamer and Argos 1984), 
allowed the classification of viruses in large groups or “superfamilies” (Koonin and 
Dolja 1993; Goldbach and de Haan 1994) although the validity of the higher-order 
comparisons was later seriously questioned (Zanotto et al. 1996). Availability of 
nucleotide sequences of complete viral genomes showed that phylogenies of 
 different gene families were not congruent and that gene organization within the 
genomes could vary between viral taxonomic groups that were otherwise related. 
This could be explained by “reassortment of functional modules of coding and 
 regulatory sequences” (Haseloff et al. 1984) according to the concept of “modular 
evolution,” first proposed for bacteriophages (Botstein 1980). Also, availability of 
whole genome sequences showed that virus genes were often contained totally or 
partially within another gene, in a different reading frame. This observation led 
Adrian Gibbs to propose the very novel concept of de novo generation of genes by 
“overprinting,” and methods to analyze which of the two overlapping genes was the 
novel one (Keese and Gibbs 1992).

The ease of comparing viral genomes also prompted analyses of the genetic 
structure of natural populations of plant viruses. Phylogenetic approaches were 
generally preferred to population genetics ones. Both approaches showed from the 
early 1990s that virus populations could be structured according to different factors, 
such as geographic or host origin, and different selection pressures were invoked to 
explain the observed population structures. Again, Gibbs’s work on tymoviruses 
infecting wild plants (Skotnicki et al. 1993, 1996) was pioneering in this field. 
Major selection pressures acting on virus genomes were identified in this period. 
Selection was associated with the need to maintain a functional structure, for instance, 
in the capsid protein of tobamoviruses (Altschuh et al. 1987) or in  noncoding subviral 
pathogenic nucleic acids such as satellites or viroids (Fraile and García-Arenal 
1991; Elena et al. 1991). Host-associated selection, already known from passage 
experiments, was also invoked to explain population structure, for instance, in 
Kennedya yellow mosaic virus (KYMV; Skotnicki et al. 1996), Hop stunt viroid 
(Kofalvi et al. 1997) or Barley yellow dwarf virus (BYDV; Mastari et al. 1998). 
Evidence of vector-associated selection initially derived from loss of transmissibil-
ity upon mechanical passage or vegetative propagation of the virus host (Reddy and 
Black 1977). Population structure in relation to vector transmission has been 
 analyzed in few instances, mostly with begomoviruses (Harrison and Robinson 
1999; Simón et al. 2003) supporting vector-associated selection.

Because most analyses of virus population structure followed a phylogenetic 
approach and because analytical methods were able to differentiate between closely 
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related variants, the resulting data were interpreted mostly as conforming to the 
dogma of high genetic diversity of RNA virus populations. However, the genetic 
diversity of a population does not depend only on the number of genotypes present 
in the population, but also on the frequency of each genotype and on the genetic 
distances among them. The few reports that considered these three factors for the 
analysis of population structure, such as those for solanaceae-infecting tobamovi-
ruses (Rodríguez-Cerezo et al. 1991) showed low population diversities. Later on, 
analyses of populations of other viruses also provided evidence of low population 
diversity and, importantly, showed that population diversity did not depend on the 
nature, RNA or DNA, of the virus genome (García-Arenal et al. 2001). Also, nucle-
otide diversity in virus genes was not higher for RNA than for DNA plant viruses 
and, interestingly, diversity values were in the range of those of the genes of their 
eukaryotic hosts and vectors. Data showed that negative selection was important in 
keeping low nucleotide diversities and, more important, that the degree of negative 
selection was not related to the function of the virus protein, at odds with  observations 
on cellular organisms, in which certain classes of proteins are more conserved than 
other. Multifunctionality of viral proteins could explain these  observations (García-
Arenal et al. 2001). Hence, evidence showed high genetic conservation, rather than 
high diversity, for most plant virus populations analyzed.

1.4  The Challenge to the Dogma: Viruses Might Be Not So 
Variable nor Might Their Populations Be So Big

The fact that plant viral populations did not show the big diversity assumed by the 
dogma led to the questioning of the two premises on which that dogma rested: high 
population sizes and high rates of adaptive mutations. As stated, it was proposed as 
early as 1981 that in spite of high levels of virus accumulation in the infected hosts, 
population size perhaps would not be so high (Harrison 1981). In fact, the relevant 
evolutionary parameter is not the census size of the population, but the effective 
population size, which could be grossly defined as the fraction of the population 
that passes its genes to the new generation. Expansions and contractions of popula-
tion size during the virus life cycle, i.e., the occurrence of population bottlenecks, 
would affect the effective population size. It was first shown for TMV that virus 
population indeed passed through severe bottlenecks during plant colonization, and 
that effective sizes of the population that initiates colonization of a new leaf could 
be as low as units or tens of individuals (Sacristán et al. 2003). Detailed analyses 
of within-host population structure of Wheat soil borne mosaic virus led to similar 
numbers, derived from a different approach (French and Stenger 2003). It was also 
shown that severe population bottlenecks occurred both during CMV colonization 
of new leaves within a plant and during horizontal transmission by aphids to new 
plants (Li and Roossinck 2004; Ali et al. 2006). Genetic drift can result in the 
elimination from the population of the fittest genotypes and the accumulation of 
deleterious mutations, eventually leading to population extinction (i.e., mutational 
meltdown), as shown experimentally for various RNA viruses, including Tobacco 
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etch virus (de la Iglesia and Elena 2007). Mutation accumulation and population 
extinction was also shown to occur in nature in the TMV population infecting 
Nicotiana glauca, owing to a reduction in the TMV population size caused by 
coinfection with TMGMV, to our knowledge the only report of mutational melt-
down occurring in viral populations in nature (Fraile et al. 1997). Hence, random 
genetic drift, as opposed to selection, can be an important evolutionary factor for 
plant viruses, a possibility not contemplated by the quasispecies theory, which is a 
deterministic model of evolution.

The first years of this century also brought evidence that the high potential to 
vary of RNA viruses need not result in high adaptability. The spontaneous mutation 
rate of TMV was determined using a large (804-nt) mutational target in conditions 
of minimal selection against deleterious mutants (Malpica et al. 2002). Mutation 
rates were high but slightly less than those previously reported for lytic RNA 
viruses (0.05–0.1 compared with approximately one mutation per genome and 
 replication round, but see a new estimation of Vesicular stomatitis virus (VSV) 
mutation rate in line with that of TMV in Furió et al. 2005). More importantly, the 
mutational spectrum for an RNA genome was reported for the first time in this 
work. A large percentage of mutants were multiple mutants, and about one third of 
mutations were insertions and deletions, so a large fraction of mutations will be 
highly  deleterious if not immediately lethal. An analysis of the mutational spectrum 
of VSV also showed that most point mutations were deleterious (Sanjuán et al. 
2004a). Thus, the high mutation rate of RNA viruses seems not to have evolved as 
an adaptive trait facilitating adaptation to new environments (Elena and Sanjuán 
2005). Also, epistatic interactions between different site mutations were shown to 
be strong for VSV (Sanjuán et al. 2004b). Genetic exchange by recombination or 
reassortment of genomic segments (i.e., sexuality) is another important source of 
genetic variation in viruses, often with large phenotypic effects such as host 
switches, host range expansion and is often at the root of the emergency of new 
viral diseases. A typical example is the role of genetic exchange in the origin of the 
pandemic of cassava mosaic disease in East Africa (Fargette et al 2006). Genetic 
exchange also has been shown to be important in the evolution of taxonomic 
 entities (White et al. 1995). Genotypes generated by recombination can be frequent 
in virus populations, as shown particularly for begomoviruses (Sanz et al. 2000), 
but also for RNA virus such as Turnip mosaic virus (TuMV) (Tan et al. 2004). Last, 
a recent report has shown the importance of recombination in Cauliflower mosaic 
virus that can make up to 50% of experimental populations. This report also pro-
vides the only estimate of recombination rates, 2×10−5–5×10−5 per base and replica-
tion cycle, i.e., on the order of mutation rates in RNA viruses (Froissart et al. 2005). 
However, genetic structure of field RNA virus populations often indicates con-
straints to genetic exchange (Bonnet et al. 2005), and experiments with both DNA 
and RNA viruses (Maize streak virus and CMV, respectively) have shown that het-
erologous gene combinations are selected against, supporting the coadaptation of 
gene complexes in viral genomes (Martin et al. 2005; Escriu et al. 2007). Thus, this 
is also evidence that epistatic interactions would constrain the plasticity of the small 
genomes of RNA viruses, further limiting their possibility to respond to selection 
pressures. The high durability of most resistance factors to viruses in crops, despite 
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the common occurrence of resistance-breaking isolates (Harrison 2002;  García-
Arenal and McDonald 2003), is in agreement with these observations.

Thus, the general view on the evolution of RNA viruses that dominated the 
scene in the 1980s and 1990s and that we have called the dogma is unsupported by 
a large body of evidence. Theoretical and experimental challenges of the quasispe-
cies theory have also multiplied (see the exchange in Holmes and Moya 2002 and 
Domingo 2002). Conditions for application of the quasispecies theory, such as 
equilibrium conditions, single-peak (or master sequence) fitness landscapes, large 
values for the product of effective population size and mutation rate, lack of lethal 
mutants, or asexuality may often not apply to viral populations (Eigen 1996; Wilke 
2005), as shown in this section. In addition, the quasispecies theory may be in fact 
in perfect agreement with standard population genetics (Wilke 2005). Hence, the 
view is prevailing that virus evolution is not intrinsically different in its processes 
from that of other living entities, in spite of particularities. One such particularity 
would be a not well-defined ploidy, derived from the possibility of coinfection of 
the same cell by different virus particles. A direct consequence of coinfection is 
that deleterious or lethal mutants may be efficiently complemented by functional 
genotypes sharing the same cell, which will provide the affected function in trans. 
Complementation may counter the effect of selection (Moreno et al. 1997) and, 
thus, may have important consequences on virus evolution, for instance, the main-
tenance in viral populations of more virulent but less fit variants.

1.5 Recent Times: New Concepts and New Challenges

If virus evolution is not intrinsically different in its processes from that of other living 
entities, viruses may be good experimental systems to test general evolutionary 
hypotheses (Elena and Lenski 2003). The use of plant viruses to this aim has only started 
recently, but probably will be a major component of research on plant virus evolution in 
the near future. Another important recent trend likely to explode in the near future is the 
consideration of plant virus evolution on a broader context than the virus population 
itself, incorporating the interaction of viral and host and/or vector populations.

Analyses of the genetic structure of viral populations and viral phylogenies have 
benefited in recent times from the availability of new computational tools that allow 
detailed and more informative analyses of sequence data. Examples are tools that 
implement different methods for the detection of recombination (Posada and 
Crandall 2001) or of positive selection acting on particular codons of protein-
encoding genes (Yang et al. 2000). These tools have recently been applied to 
 different plant virus systems (Moury 2004; Codoñer and Elena 2006). Progress in 
methods to obtain and analyze phylogenetic or population structure data have 
resulted also in an increased awareness that their interpretation is often hindered by 
limited information on the factors that act on virus populations and determine their 
evolution. Particularly, host- and vector-associated factors act on virus populations 
in ways probably dependent on properties of the virus itself, such as host and vector 
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range. Thus, there is a need to analyze virus evolution within broader epidemiologi-
cal and ecological frames. Good examples of integration of ecological and epide-
miological data in virus evolution studies are in a series of reports on the 
evolutionary biology of Rice yellow mottle virus (Fargette et al. 2006) and TuMV 
(Tomitaka and Ohshima 2006). An important motor of research on virus evolution 
from an ecological perspective is related to the  development of transgenic plants 
with pathogen-derived resistance, and the need to evaluate the risks that their wide-
spread use could have for agricultural and wild ecosystems (Tepfer 2002).

Another important field just starting to be developed is the role in virus evolution 
of the effects that viruses have on their host and vector populations. Viruses often can 
be virulent pathogens that harm their hosts. In the context of evolutionary biology, 
virulence is often defined as the deleterious effects of parasite infection on the host’s 
fitness. As such, virulence affects the population genetics and dynamics of hosts and 
is, thus, the major factor determining host–pathogen coevolution (Frank 1996). 
Because virulence is the key property of pathogens, much theoretical work has been 
done in the last two decades aimed at modeling virulence evolution. Plant viruses are 
most adequate systems to test the assumptions and predictions of these models, but 
the study of virulence evolution in plant viruses is largely an unexplored field. Recent 
interest in this subject is shown by reports that have addressed questions such as the 
relationship between virulence and virus multiplication, mode of transmission, host 
adaptation or within-host competition in mixed infections (Escriu et al. 2003; 
Sacristán et al. 2005; Stewart et al. 2005). Also, viruses may affect the population 
dynamics of their insect vector. For instance, it has been shown that virus infection 
has an influence on both the attraction of insect vectors by host plants and on their 
reproductive potential (Fereres et al. 1999; Jiu et al. 2007). Interestingly, the effect of 
virus infection on aphid biology may depend on the transmission manner, nonpersist-
ent or persistent (Eigenbrode et al. 2002). Research on virus–vector interactions pres-
ently lags behind that on virus–host interactions.

In the past, most analyses of virus evolution focused on agricultural systems, and 
little work has been done in natural ecosystems. An analysis of the prevalence of 
five generalist viruses on 21 species of wild plants has shown a selective  interaction 
between viruses and hosts and, more important, that host selectivity is a successful 
strategy for generalist viruses (Malpica et al. 2006). This result is relevant, as mod-
els of virulence evolution predict that pathogens will evolve to specialism, against 
the evidence that most plant and animal pathogens are generalists (Woolhouse et al. 
2001). The observed tendency to specialize could reconcile both views. This report 
also showed that viruses tended to associate positively in mixed infected hosts 
(Malpica et al. 2006), which again is relevant, as coinfection of  different pathogens 
may have important consequences for the pathogen, the infected host and for host–
pathogen coevolution.

The role of plant viruses in ecosystem dynamics, as it relates to virus evolution, is 
also an emergent area of research. Virus infection of wild plants often goes unnoticed 
because it is asymptomatic, and it generally has been considered not to harm the host. 
However, several reports have shown that virus infection can decrease the fitness of 
wild plants (Kelly 1994; Friess and Maillet 1996; Maskell et al. 1999). Perhaps the best 
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studied case is the effect of BYDV and Cereal yellow dwarf virus infection in wild 
grasses in California. Prevalence, accumulation and virulence vary according to the 
host plant species, and have a complex influence on grassland dynamics,  mediated by 
phenomena such as pathogen spillover (an epidemic in one host is affected by trans-
mission from another host population) and pathogen-mediated apparent  competition 
(Power and Mitchell 2004). Virus infection also influences the effects of herbivory, 
showing the importance of multitrophic interactions in virus ecology (Malmstrom et 
al. 2006). The relevance of multitrophic interactions had been shown long ago in wild 
legumes in Australia infected by KYMV, which were less affected by herbivory than 
noninfected plants (Gibbs 1980). Another outstanding example of complex interac-
tions is shown by an analysis demonstrating that the increased stress tolerance of 
grasses associated with colonization by endophytic fungi is due to virus infection of 
the fungus (Márquez et al. 2007). The analysis of virus populations in ecosystems is, 
thus, uncovering highly complex networks of interactions. How these interactions 
affect virus evolution should be an important area of research in the upcoming years.

1.6 Final Comments

In the earlier period of plant virology, prior to the advent of molecular  techniques for 
the analysis of viral genomes, research often had a population-oriented perspective, 
and reflected the very broad biological understanding that characterized the earlier 
generations of plant virologists. Many important ideas, often to be fully developed in 
later years, were generated at this time. The impact of molecular virology in the 
1980s somewhat detracted from the interest in plant virus population research, and 
when this interest was renewed later on most plant virologists, even those interested 
in evolution, had a molecular rather than a  populational formation, which conditioned 
the perception of evolutionary  processes. In recent times, plant virus evolution has 
again attracted population biologists and the study of plant virus evolution is, thus, 
losing its peculiarities and is coming in line with evolutionary biology at large. As a 
consequence, new questions are being asked from new  perspectives and broader con-
texts, including the reciprocal complex interactions of virus populations with those of 
their hosts and vectors. Exploring the complexities of plant virus evolution will cer-
tainly keep scientists busy for a long time.
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Chapter 2
Community Ecology of Plant Viruses

Alison G. Power

Abstract The ecology of plant viruses has been little studied, particularly in natu-
ral ecosystems where symptoms often go unnoticed. Interactions between a plant 
virus and its host plant are embedded in a broader community of species, many 
of which can influence the dynamics of both virus and plant. Plant viruses tend 
to have a limited number of effective vectors, and vector population dynamics, 
host preference, and movement have a strong influence on virus ecology. Vector 
dynamics and behavior are strongly influenced by the diversity and structure of 
the plant community. Ecological interactions between viruses within a host, such 
as cross-protection, mutual suppression, or competitive exclusion, also impact 
virus populations. The potential for linked disease and community dynamics is 
illustrated by experiments that reveal community-shaping apparent competition 
between plants, resulting from the spillover of plant viruses from reservoir hosts 
to less susceptible hosts. Moreover, virus suppression of otherwise dominant plant 
species can have significant consequences in plant communities. Recent studies 
on the role of viruses in plant invasions suggest that landscape-level changes have 
resulted from the interactions of viruses and hosts within a community context 
that includes competing plant species, reservoir hosts, herbivores, and microbial 
symbionts of plants. As ecological research on plant viruses in natural ecosystems 
increases, we are likely to see more examples of strong impacts of viruses on the 
structure of plant communities.
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