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Over the years, agriculture across the world has been com-
promised by a succession of devastating epidemics caused
by new viruses that spilled over from reservoir species or
by new variants of classic viruses that acquired new viru-
lence factors or changed their epidemiological patterns. Vi-
ral emergence is usually associated with ecological change
or with agronomical practices bringing together reservoirs
and crop species. The complete picture is, however, much
more complex, and results from an evolutionary process in
which the main players are ecological factors, viruses’ ge-
netic plasticity, and host factors required for virus replica-
tion, all mixed with a good measure of stochasticity. The
present review puts emergence of plant RNA viruses into
the framework of evolutionary genetics, stressing that viral
emergence begins with a stochastic process that involves
the transmission of a preexisting viral strain into a new
host species, followed by adaptation to the new host.

A rigorous definition of an emerging virus would be “the
causal agent of an infectious disease of viral aetiology whose
incidence is increasing following its first introduction into a
new host population or whose incidence is increasing in an
existing host population as a result of long-term changes in its
underlying epidemiology” (Woolhouse and Dye 2001), and we
will add “often accompanied by a significant increase in symp-
tom severity” (Cleaveland et al. 2007). Accordingly, the epi-
demic spread 20 years ago of necrogenic strains of Cucumber
mosaic virus (CMV) on tomato crops in eastern Spain (Escriu
et al. 2000) or the worldwide ongoing epidemic of Pepino mo-
saic virus in tomatoes should both be considered as paradigms
of emerging viral infection.

Emerging viruses come from host species in which they are
already established and which play the role of a reservoir host
during emergence. Species jumps, or spillovers, have given
rise to devastating epidemics, as exemplified above, but there
are numerous examples of species jumps that have had far less
dramatic consequences. There are even many viruses that have
a long history of routinely jumping between species without
triggering major epidemics (Thresh 2006).

The study of viral emergence can be divided into three
phases. The first phase (I) accounts for the mechanisms and
limitations involved in jumping the species barrier. The second
phase (II) includes the subsequent evolutionary dynamics that
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lead to a virus well adapted to its new host. The third phase
(IIT) comprises the epidemiological spread of this well-adapted
virus in the new host population. A detailed description of
these three phases is beyond the scope (and length) of this
review. Therefore, we will only elaborate on the evolutionary
genetic principles underlying phases I and II. Nevertheless,
this division in phases is somewhat arbitrary, since, as we will
see below, some of the mechanisms operate during more than
one phase.

We will focus this review entirely on RNA viruses (includ-
ing pararetroviruses) because of their great evolvability, a con-
sequence of combining highly error-prone replication, large
population sizes, and rapid replication rates (Elena and Sanjuin
2008). Some of our conclusions may also be valid for fast-
evolving DNA viruses, such as geminiviruses.

Genetic determinants of phase 1.

The first step in viral emergence is the exposure of the new
host species to the virus (Fig. 1). The rate of exposure will be a
function of the ecology of the two hosts and of the transmis-
sion biology of the virus, including any relevant vectors. The
initial infection of individuals of the new host species is a piv-
otal step in emergence. However, most viruses transferred to
new hosts replicate poorly and are inefficiently transmitted.
Therefore, the preexistence of host-range mutants within the
standing genetic variation in the reservoir host increases the
probabilities of a successful jump. The amount of standing
genetic variation would depend 1) on the rates of mutation and
recombination, ii) on the distribution of mutational effects on
viral fitness, and iii) on the strength of genetic drift and gene
flow among subpopulations.

Rates of mutation in plant RNA viruses.

Figure 2 shows estimates of mutation rates for CMV, Cow-
pea chlorotic mottle virus, Chrysanthemum chlorotic mottle vi-
roid (CChMVd), Tobacco etch virus (TEV), Tobacco mosaic
virus (TMV), and Wheat streak mosaic virus (WSMV) on dif-
ferent hosts. All values shown in Figure 2 for RNA viruses
were estimated by evaluating the genetic variability found in
plants infected with inocula containing no genetic variability
and, thus, correspond to upper-limit estimates (Sanjudn et al.
2009). In the case of CChMVd, the estimate corresponds to
the actual mutation rate, as estimated from the frequency of le-
thal alleles in the population (Gago et al. 2009). The main ob-
servation that can be drawn is the existence of homogeneity in
mutation rates among plant RNA viruses, with values ranging
over less than one order of magnitude. The viroid CChMVd,
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however, shows a mutation rate that is clearly larger than the
values observed for RNA viruses, as expected for an organism
with a much smaller genome (Gago et al. 2009). All other
(ecological and genetic) parameters being equal, viruses with
high mutation rates are more likely to generate host-range
mutants and emergent epidemics, although this hypothetical
relationship has not yet been investigated experimentally. In
addition, it is important to note that host interference with rep-
lication fidelity can influence mutation rates (Pita et al. 2007).

Recombination in plant RNA viruses.

Recombination potentially increases fitness by creating ad-
vantageous genotypes and removing deleterious mutations,
suggesting that will bolster the process of emergence. How-
ever, this possibility is still controversial. While some studies
have proclaimed that recombination may assist the process of
cross-species transmission (Chare and Holmes 2006; Codoiier
and Elena 2008), others have pointed out that the association
between recombination and emergence is circumstantial
(Holmes 2008). The vast majority of references illustrating ex-
amples of recombinant genotypes among plant viruses are based
on the analyses of epidemiological sequence data (Awadalla

2003). Phylogenetic data have at least one major drawback;
they do not represent an unbiased sample of all recombination
events but only epitomize successful recombinant genotypes
sorted out by natural selection or those genotypes that generally
induce new pathologies.

The estimates reported for in vivo recombination rates were
obtained for Brome mosaic virus (BMV) (Bruyere et al. 2000)
and for the double-stranded DNA pararetrovirus Cauliflower
mosaic virus (CaMV) (Froissart et al. 2005). Bruyere and asso-
ciates (2000) engineered four BMV RNA3 containing artificial
markers scattered along it. Pairs of these markers were coin-
oculated on Chenopodium quinoa leaves and the progeny were
analyzed. The majority of doubly infected lesions contained
recombinant RNA3. Garcia-Arenal and associates (2001) ana-
lyzed the data corresponding to two of these pairs and esti-
mated that the recombination rate was in the range of 1.07 x
10~ to 1.76 x 107* per base. Later, Urbanowicz and associates
(2005) extended the study to BMV RNA1 and RNA2 and found
that, although the rate of recombination varied across different
RNA regions, on average, the number of crossover events per
segment and replication cycle was about one. Froissart and
associates (2005) found that 21 days after stoichiometric inocu-

Introduction
from reservoir

Successful
transmission in
the new host

Fig. 1. Host-switching process. In a first phase, the virus jumps from its natural host to the new one. Each arrow departing from the forest and ending in the
pepper crop represents an independent spillover. Most of these transmissions will not produce a successful infection (black crosses). In a few cases, the virus
will replicate sufficiently enough to be transmitted for a second time or even a third time, but without triggering an epidemic. It is a very rare event when a
virus increases its fitness in the new host, allowing for its successful transmission and, therefore, becoming epidemic (here indicated by the change in color).
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lation with a wild-type CaMV and viruses carrying neutral
mutations, half of the sequenced CaMV genotypes were recom-
binant. The calculated recombination rate falls in the range 2 x
10 to 4 x 107° per base and replication cycle. All together,
these estimates are roughly in the same order of magnitude as
the estimates of mutation rates shown in Figure 2. This coinci-
dence suggests that recombination is a source of variation,
perhaps as important as mutation.

Recombination rates are controlled by two factors, the ability
of the viral replicases to undergo template switching and the
multiplicity of infection (MOI) during infection. The first fac-
tor clearly varies among viruses as a function of their biology
and, for example, negative-strand RNA viruses are expected to
be less recombinogenic because their RNA is never naked
(Chare et al. 2003). The second factor depends on the peculi-
arities of each virus-host pair and has started receiving attention
only very recently. Gonzélez-Jara and associates (2009) evalu-
ated the frequency of TMV multiple infections within a single
infected Nicotiana benthamiana. These authors tracked the
kinetics of infection of two different TMV genotypes (respec-
tively labeled with two fluorescent proteins) by counting the
number of singly and coinfected cells. Their results indicate
that MOI can be as high as 6 during initial stages of infection,
although the value decreased as infection progressed down to 1
or 2, both in inoculated and systemic leaves. Gutiérrez and asso-
ciates (2010) have also explored the evolution of MOI during
CaMV infection of turnips. These authors found that MOI is a
hump-shaped function of time; it was low (approximately 2)
early after infection but increased to a maximum of approxi-
mately 12 at intermediate times and then declined again.
Miyashita and Kishino (2010) have also performed coinocula-
tion experiments with Soil-borne wheat mosaic virus carrying
RNA2 pairs labeled with two different fluorescent proteins.
These authors focused their study on evaluating the MOI dur-
ing the initial stages of cell-to-cell movement from the initial
infectious foci. In these experiments, MOI was approximately
6 for the movement from the initially infected cells and signifi-
cantly reduced to 5 after the second movement. Additionally,
Miyashita and Kishino (2010) observed that, within coinfected
foci, most cells were coinfected, but some only showed one
type of fluorescence. As time went on and the foci expanded,
this initial aggregation turned into spatial separation of the two
colors. This result is consistent with the observation that, dur-
ing mixed infections, different genotypes of the same potyvi-
rus exclude each other (Dietrich and Maiss 2003). This spatial
structuring of genotypes during the course of infection, together
with the relatively low MOI values (in the order of units), could
effectively diminish the possibilities for different genotypes to
coinfect cells and recombine.

Fitness tradeoffs across hosts.

A fundamental challenge for host-switching viruses is that
different hosts impose different selective requirements for vi-
ruses; so acquiring the ability to replicate in a new one may
impose a fitness burden in the original. These fitness tradeoffs
can be generated by different mechanisms, antagonistic plei-
otropy (AP) being the simplest and most intuitive one. AP
means that mutations that are beneficial in one host may be
deleterious in an alternative one. A second mechanism that
promotes tradeoffs results from mutation accumulation by
genetic drift. Accumulated mutations may be neutral in the
current host but may be essential in a future one (Kawecki
1994). Although both mechanisms involve differences in muta-
tional effects across hosts, it is necessary to stress that they are
by no means equivalent phenomena. While natural selection is
the only reason for the tradeoff in the former, genetic drift is
important in the latter. Most of the accumulated evidence sug-

gests that AP is the principal but not the only reason for fitness
tradeoffs (Elena et al. 2009). AP may be an unavoidable conse-
quence of the small size of viral genomes, which in many in-
stances contain overlapping genes and encode multifunctional
proteins, making it extremely difficult to optimize one function
without jeopardizing another. Fitness tradeoffs across alterna-
tive hosts have been reported for several plant viruses. For in-
stance, Jenner and associates (2002) found that Turnip mosaic
virus (TuMV) capable of infecting two different genotypes of
turnips paid a fitness penalty compared with the ancestral vi-
rus, which was only capable of infecting a given genotype.
Similarly, Wallis and associates (2007) have shown that, fol-
lowing serial passages in peas, Plum pox virus increased infec-
tivity, viral load, and virulence in the new host with a conco-
mitant reduction in transmission efficiency in the original host
peach trees. As a last example, Agudelo-Romero and associates
(2008c) found that TEV lineages adapted to pepper showed
reduced virulence in tobacco, while serial passages in tobacco
did not affected the virulence in pepper.

Some pieces of evidence also suggest that the fitness of a
virus simultaneously facing multiple hosts is either constrained
by the most restrictive one or is not subject to a tradeoff at all.
In this respect, theory predicts that the extent to which multi-
host viruses evolve depends on the frequency at which viruses
transmit among heterologous hosts (Wilke et al. 2006). When
transmission among heterologous hosts represents an infre-
quent event, the viral population essentially adapts to the cur-
rent one. However, if heterologous transmissions are frequent,
the viral population behaves as if the fitness landscape did not
change at all but was the average of the changing landscapes
(Wilke et al. 2006).

Genetic relatedness between reservoir and naive hosts.

A compelling suggestion is that the more closely related the
reservoir and the new host are, the greater the chances for a
successful spillover (DeFilippis and Villareal 2000). There is a
good mechanistic reason to believe that a relationship exists
between hosts’ phylogenetic distance and the likelihood of
viral emergence. If the ability to recognize and infect a host
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Fig. 2. Available mutation rate estimates for different plant RNA viruses and
a viroid (per base and per generation). In the case of the five RNA viruses,
the mutant spectrum that was generated after inoculation of single plants
with an infectious cDNA (i.e, zero initial genetic variability) was charac-
terized and was used to estimate the upper limit of the mutation rate. In the
case of the viroid, the actual mutation rate was estimated from the frequency
of lethal alleles in the population. The original data can be found in: CMV
(Pita et al. 2007; Schneider and Roossinck 2000, 2001), CCMV (Schneider
and Roossinck 2000), CChMVd (Gago et al. 2009), TEV (Sanjuén et al.
2009; Tromas and Elena 2010), TMV (Kearney et al. 1999; Malpica et al.
2002; Schneider and Roossinck 2000, 2001), and WSMYV (Hall et al. 2001b).
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cell is important for cross-species transmission, then related
species are more likely to share related vectors, cell receptors,
and defense pathways. However, others state that there are no
rules to predict the susceptibility of a new host; spillovers have
occurred between hosts independently of their relatedness
(Holmes and Drummond 2007). Moreover, viral host switches
between closely related species (e.g., species within the same
genera) may be limited by cross-immunity to related pathogens
(Parrish et al. 2008).

In a very recent study, Cronin and associates (2010) evalu-
ated the relative importance that the following four variables
had in key epidemiological parameters that determine potential
of different species to serve as reservoirs for Barley yellow
dwarf virus species PAV (BYDV-PAV) and promote spillovers:
i) phylogenetic relatedness between host species, ii) differences
in physiological phenotype (rapidly growing short-lived leaves
and high metabolic rates vs. slow-growing long-lived leaves
and low metabolic rates), iii) provenance (exotic vs. naive),
and iv) host lifespan. Host physiological phenotype and not the
degree of phylogenetic relatedness was the variable better ex-
plaining variation among species in their potential as BYDV-
PAV reservoirs. Indeed, differences among host species in the
probability of transmission of BYDV-PAV from an infected
host to an uninfected feeding vector were only explained by
this variable.

Phase II: the genetics of adaptation to the new host.

Although we have described the role of mutation and re-
combination in the context of phase I, we would like to stress
here that these factors will also be essential for the success of
phase II. Additional beneficial mutations or new genetic com-
binations would be needed to further ensure adaptation to the
new host.

The evolutionary fate of a population in a constant environ-
ment depends on the distribution of mutational effects on fit-
ness. This distribution encompasses all possible mutations and
can be divided into fractions, beneficial, neutral, deleterious,
or lethal. Given the compactness of viral genomes for a well-
adapted virus, most mutations are expected to fall into the last
two categories. Recently, Carrasco and associates (2007) ex-
plored the distribution of single-nucleotide substitution muta-
tional effects for TEV on its natural host, tobacco. Most muta-
tions were strongly deleterious for the virus, with up to 41%
being lethal, 36% being significantly deleterious (on average,
reducing fitness 41%), 23% having no measurable effect on
fitness (i.e., they were neutral), and none being beneficial.
However, the distribution of fitness effects on a given genotype
is rarely constant across hosts, and the contribution of each
category to the overall fitness will vary depending on the over-
lap between the alternative hosts (Martin and Lenormand
2006). This host-dependence of the distribution of mutational
effects may impact the likelihood of adaptation after host
switching. For instance, if the host provides new opportunities
for the virus, the fraction of beneficial mutations may be in-
creased either by moving the average of the distribution to-
wards more positive values while keeping the shape constant
or, alternatively, by increasing the variance without affecting
the mean. Characterizing the distribution of mutational effects
across a panel of possible alternative hosts varying in genetic
relatedness to the natural one is a pending task.

Given the high mutation rate of RNA viruses, mutations may
not appear as single events, but genomes may contain multiple
hits (Malpica et al. 2002; Tromas and Elena 2010). The way in
which mutations interact in determining viral fitness, a concept
known as epistasis, conditions whether certain evolutionary
pathways are more likely than others (Weinreich et al. 2005).
If mutational effects are multiplicative, the shape of the land-
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scape will be smooth, with a single peak emerging from a flat
surface. By contrast, the stronger the deviation from multipli-
cativity, the more fitness peaks of different heights may exist
in a landscape. Unfortunately, a direct evaluation of the extent
and intensity of epistasis in the genome of plant RNA viruses
is not yet available. Only an indirect statistical evaluation ex-
ists for TEV, suggesting that, on average, mutations interact in
a negative way; that is, the observed effect of two mutations
together is lower than expected by multiplying their individual
effects (De la Iglesia and Elena 2007). This result is in good
agreement with those observed for animal viruses and bacterio-
phages (Elena et al. 2010). The cause of negative epistasis may
be found in the existence of overlapping genes in RNA genomes
encoding for multifunctional proteins (Elena et al. 2006).

A plant is not a test tube: spatial structure
and metapopulation dynamics.

Plant architecture creates a spatially structured environment
for plant viruses. This means that the viral population replicat-
ing within an infected plant must be considered as a collection
of subpopulations, each replicating in different parts, from the
arrangement of different tissues within a leaf to individual
leaves and, finally, branches. Spatial structure imposes strong
conditions on the spread of beneficial mutations that may im-
prove the fitness of an emerging virus on its new host.

Using Plum pox virus (PPV) clones labeled with two differ-
ent colors of fluorescent protein, Dietrich and Maiss (2003)
were able to observe that the two populations excluded each
other during the colonization of N. benthamiana epidermal
cells. Only a minority of cells in the contact region between
growing foci were doubly infected. Spatial separation reduces
the opportunities for competition between genetic variants,
thus reducing the efficiency with which natural selection may
increase overall population fitness and reducing the opportu-
nity for recombination. Furthermore, this strong spatial struc-
ture imposes obstacles to the fixation of beneficial mutations
in the whole metapopulation, regardless of the magnitude of
their beneficial effect within a particular spatial level. If bene-
ficial mutations appear in cells that are already confined by
other infected cells, they will be unable to spread spatially and
will, therefore, be invisible to selection. Spatial structure and
mutual exclusion also reduces the opportunity for recombina-
tion and, thus, of generation of genetic variation.

Jridi and associates (2006) analyzed the population structure
of PPV within a single infected Prunus persica. They observed
that, following the systemic invasion of the host, the virus
population differentiated into several subpopulations that were
isolated in different branches. These subpopulations subse-
quently differentiated into other subpopulations, with little to
no genetic exchange between distal parts.

One may ask whether this segregation of viral populations
into different subpopulations is driven by fitness differences or
if the determination of the genotype colonizing distal tissue is
a purely stochastic process. In recent years, different groups
have evaluated the strength of population bottlenecks during
the colonization of distal tissues. Hall and associates (2001a)
estimated the effective population size (N,) during systemic
colonization of WSMV. In short, they mixed two different
strains of WSMYV and used the mixture to coinfect wheat seed-
lings. Then, they determined how many tillers were infected
with a single strain versus how many were coinfected. The fre-
quency data were then fitted to a binomial distribution, and it
was determined that N, for systemic colonization was three to
five genomes. Sacristdn and associates (2003) used a similar
coinoculation approach and estimated that, during systemic
colonization by TMV, N, was in the order of units. In a similar
experiment that involved 12 genetic markers, Li and Roossinck



(2004) showed that the genetic variance of CMV populations
replicating in a single leaf was significantly and reproducibly
reduced in systemic leaves, with the number of markers pre-
sent in the systemic leaves ranging between four and eight, al-
though proper statistical analyses of these data render N, in the
range of 12 to 220. Finally, Monsion and associates (2008)
estimated, again using a similar experimental design involving
six markers, that N, for CaMV infecting systemic leaves of
Brassica rapa was in the range of several hundred genomes. In
conclusion, reported N, estimates differ widely among viruses.
Although there will undoubtedly be variation in N, between vi-
ruses, the observed variation may also be attributable, in part,
to the experimental setup, in particular, exposure to the virus.
In the case of the two large N, estimates (CMV and CaMV),
plants were inoculated with sufficient initial numbers of virions
so all plants were infected. The resulting estimates may there-
fore not be indicative of the minimum AN,. Estimating N, over
different doses for a plant virus would be useful (Zwart et al.
2009) and is another pending task.

An additional factor about the spatial spread of genetic vari-
ants at high MOI needs to be considered. Complementation
between genotypes may slow the rate at which a beneficial
mutation spreads in the population (Frank 2001). When many
viral genotypes infect the same host cell, the effective ploidy
of the genetic system is high, diluting the contribution of each
locus to the phenotype and weakening the selective intensity
on each locus. Weaker selection allows maintenance of greater
genetic diversity in the population, allowing otherwise delete-
rious alleles to persist for long periods of time.

Evasion of host defenses.

Upon entering the new host, a virus needs to cope with plant
defenses. Plants have a wide variety of complex responses to
viral infection, including innate and acquired nonspecific resis-
tance mechanisms and specific responses (e.g., gene-for-gene,
systemic acquired resistance, and RNA silencing). All these
forms of resistance have been recently reviewed by others
(Loebenstein 2009; Moffett 2009; Ruiz-Ferrer and Voinnet
2009; Truniger and Aranda 2009) and, therefore, we will not
discuss the evolutionary solutions that viruses may find to es-
cape from each mechanism. In contrast, we will comment on
just one that has represented a revolution in our understanding
of the interaction between viral pathogens and plants and that
is also an active conserved mechanism in other eukaryotic
hosts, virus-induced RNA silencing. Furthermore, we find it
particularly interesting because of its properties of memory
and sequence-specificity (Ding 2010; Ding and Voinnet 2007;
Voinnet 2001). Not surprisingly, soon after the identification of
RNA silencing as a defense mechanism, the existence of viral
proteins with the capacity of interacting with different compo-
nents of the silencing pathway, blocking the antiviral response,
and enhancing virus accumulation and systemic movement
was reported (Anandalakshmi et al. 1998; Brigneti et al. 1998;
Kasschau and Carrington 1998; Lucy et al. 2000; Voinnet et al.
1999). The evolutionary implications of these suppressor pro-
teins have not been fully explored yet, but in a recent compen-
satory-evolution experiment, Torres-Barcel6 and associates
(2010) showed that the TEV suppressor protein HC-Pro may
be under strong stabilizing selection, suggesting that it is detri-
mental for the virus both to reduce and to increase the strength
of suppression.

The high mutation rate of plant RNA viruses may itself fa-
cilitate evasion of RNA silencing by generating escape mutants
at a high frequency. To evaluate the likelihood of generating
mutants capable of escaping from the selective pressure im-
posed by a single siRNA, Lin and associates (2009) inserted a
noncoding sequence into the genome of TuMYV. This noncod-

ing sequence was targeted by an artificial microRNA expressed
by the host plant N. benthamiana. As expected, transgenic plants
were resistant to TuMV. Each of the 21 nucleotides in the siRNA
target sequence was then mutated, and the pathogenicity of
each single-nucleotide substitution mutant was evaluated in the
transgenic plants. Mutations at six positions in the target se-
quence rendered viruses with high pathogenicity, mutations at
nine other positions only produced a minor increase in pathoge-
nicity. Nonetheless, mutations at any site in the target sequence
allowed the mutant virus to replicate to the extent that addi-
tional mutations that further increased pathogenicity were gen-
erated (Lin et al. 2009). This experiment serves as an example
of the ease with which a population of RNA viruses may escape
from the surveillance of siRNAs simply by mutation. How-
ever, it is worth noting that i) in a more realistic situation mul-
tiple siRNAs are produced against the viral genome, and ii) the
target sequence encodes a protein, implying that not all changes
would be equally tolerated due to functional constraints.

In a recent study, Agudelo-Romero and associates (2008b)
found evidence suggesting that adaptation of TEV to Arabi-
dopsis thaliana proceeded via downregulation of genes involved
in stress responses. These stress genes were all significantly
up-regulated in plants infected with the ancestral nonadapted
virus (Agudelo-Romero et al. 2008a), suggesting that one out-
come of natural selection to optimize viral fitness in a novel
host is by making it undetectable to plant defenses.

A possible mechanism by which viruses may directly ma-
nipulate the expression of host genes is via sequence homol-
ogy between virus-derived small RNAs (vsRNA) and host
genes. Moissiard and Voinnet (2006) found direct evidence
supporting this hypothesis for CaMV. A. thaliana and turnip
plants infected with CaMV accumulated vsRNA originated
from the fold-back structure of the leader sequence located at
the 5’ end of the 35S RNA. Using a bioinformatic approach, it
was found that the 35S leader sequence has high homology
with several A. thaliana transcripts, the three most prominent
ones being At1g76950, Atlg75330, and At3g52500 (encoding,
respectively, an uncharacterized member of the RCC1 family,
an ornithine carbamoyltransferase/transcarbamylase, and an
aspartyl protease). It was further experimentally demonstrated
that infected plants had reduced expression of these genes. As
pointed out by the authors, one question that has not been an-
swered is whether host gene-targeting by CaMV represents a
viral strategy to facilitate infection or is collateral damage.

Conclusions.

This review ignores one of the main characters in the pic-
ture, i.e., the vector. Vectors strongly influence the probability
of successful emergence. From an ecological perspective,
transmission occurs only between plants on which the vector
feeds, thus controlling the intensity of the flow between the
reservoir and the new host. From a genetic perspective, vectors
impose strong bottlenecks between host-to-host transmissions,
during which a large part of the standing variation is lost. Be-
sides, the vector itself can also be involved in tradeoffs in
which the adaptation to a new plant host reduces the affinity of
the virus for the actual vector and selection may favor the use
of new ones.

Most of the material we brought together for this review
explores the role of viral evolution in the early stages of emer-
gence. We would like to argue here that the viral genetic vari-
ability contained in the reservoir population is the most impor-
tant genetic determinant of viral emergence. The forest depicted
in Figure 1 represents a giant black box because we know little
about viruses of wild plant species that probably work as a
large reservoir generating spillovers on cultivated plants or be-
tween wild species, so there is a whole evolutionary space that
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we totally ignore, making it more difficult to predict and pre-
vent emerging plant viral diseases. Natural selection will oper-
ate upon this genetic variability to optimize viral fitness during
Phase II. After reading the presentation we made above, one
may consider that successful emergence, characterized by sus-
tained host-to-host transmission, may be a far more difficult
process than expected given the remarkable evolutionary plas-
ticity of RNA viruses. Fitness tradeoffs, pleiotropic fitness
effects, strong bottlenecks at different levels, an excess of dele-
terious mutations, spatial constraints, and fragmented host popu-
lations will limit the chances for new viruses to emerge. There-
fore, the emergent viruses that we are witnessing at this time
may represent just the few lucky cases that have been able to
surmount all these limitations.
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