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† Background and Aims Genotype by environment (G × E) interactions are important for the long-term persist-
ence of plant species in heterogeneous environments. It has often been suggested that disease is a key factor for
the maintenance of genotypic diversity in plant populations. However, empirical evidence for this contention is
scarce. Here virus infection is proposed as a possible candidate for maintaining genotypic diversity in their host
plants.
† Methods The effects of White clover mosaic virus (WClMV) on the performance and development of different
Trifolium repens genotypes were analysed and the G × E interactions were examined with respect to genotype-
specific plant responses to WClMV infection. Thus, the environment is defined as the presence or absence of the
virus.
† Key Results WClMV had a negative effect on plant performance as shown by a decrease in biomass and number
of ramets. These effects of virus infection differ greatly among host genotypes, representing a strong G × E inter-
action. Moreover, the relative fitness and associated ranking of genotypes changed significantly between control
and virus treatments. This shift in relative fitness among genotypes suggests the potential for WClMV to provoke
differential selection on T. repens genotypes, which may lead to negative frequency-dependent selection in host
populations.
† Conclusions The apparent G × E interaction and evident repercussions for relative fitness reported in this study
stress the importance of viruses for ecological and evolutionary processes and suggest an important role for
viruses in shaping population dynamics and micro-evolutionary processes.
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INTRODUCTION

Genotypic diversity is essential for the long-term maintenance
of species in natural environments (Hedrick et al., 1976;
Gillespie and Turelli, 1989; Vellend, 2006). It is the primary sub-
strate on which natural selection acts (Fisher, 1958; Endler,
1986), and genotypic diversity can profoundly impact ecologi-
cal processes at the population, community and ecosystem
level (Hughes et al., 2008). Genotypes often differ in their
responses to environmental conditions. Such genotype by
environment (G × E) interactions represent qualitative or quan-
titative variation in phenotypic plasticity of individual geno-
types (Conover and Schultz, 1995; Via et al., 1995;
Zhivotovsky et al., 1996; Pigliucci, 2005; Fordyce et al.,
2006) and are commonly visualized by non-parallel reaction
norms (Conover and Schultz, 1995; Sultan, 2007).
Genotype-specific responses to environmental variation are of
primary importance for the coexistence of genotypes
(Silander, 1985; Gillespie and Turelli, 1989), as they fuel micro-
evolutionary processes in natural environments with spatio-
temporally complex selection regimes (Sultan, 2000; Fordyce,
2006).

Disease has repeatedly been proposed as a key factor for
the maintenance of genotypic diversity in plant populations
(Haldane, 1949; Burdon, 1987; Kirchner and Roy, 2001;

Summers et al., 2003; Bradley et al., 2008). Pathogens are
believed to exert strong selection pressure on plants
(Jarosz and Davelos, 1995) and they can profoundly affect
the structure, diversity and functioning of plant populations
(Dobson and Crawley, 1994; Godfree et al., 2007; Bradley
et al., 2008). Viruses may play a crucial role (Malmstrom
et al., 2005) in shaping micro-evolutionary processes and
genotypic diversity in plants (Gilbert, 2002; Burdon et al.,
2006). Plant viruses are virtually ubiquitous in the field
and they can strongly decrease host performance and
fitness (Hull and Davies, 1992; Bosque-Pérez et al., 1998;
Strange and Scott, 2005) and affect the host’s competitive
ability (Pagan et al., 2009). However, viruses are not of
necessity exclusively pathogens; they may also confer
upon their hosts ecological benefits such as improved
drought tolerance (Xu et al., 2008) and protection from her-
bivores (Gibbs, 1980). As a consequence of spatial and tem-
poral variation in virus presence within plant populations,
some genotypes will be exposed to virus infections
whereas others will not. Here, we consider the presence or
absence of the virus as two environmental conditions in
which the host plant can grow. Variable selection, caused
by genotype-specific responses to viral infections (thus
G × E interactions) is likely to counteract selection forces
which tend to depress host plant diversity.
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Three conditions should be met if viruses are to preserve
genotypic diversity in their host plants via G × E interactions
(Mitchell-Olds, 1992). First, there should be genotypic vari-
ation in components determining plant fitness. Secondly, the
ranking of genotypes in terms of performance and fitness
should change between different patches of the environment,
preventing a single genotype from dominating multiple
environments. Thirdly, plant populations should experience
environmental heterogeneity in the sense of variation in
virus incidence. In this study we investigate whether plant
viruses have the potential to preserve host genotypic diversity
via G × E interactions and may hence be a common, yet
underappreciated, player influencing patterns and dynamics
of genotypic diversity in wild plants.

Most studies on plant–virus interactions have been performed
on annual crops plants, providing valuable knowledge about the
negative consequences of virus infections for plant fitness and
the mechanisms underlying these interactions. However, the
effect of virus infections on natural plant species are far less
understood (Gilbert, 2002; Cooper and Jones, 2006, and refer-
ences therein). Therefore, in this study, we used natural geno-
types of the stoloniferous herb Trifolium repens, which is a
common species of the temperate regions of the world, occurring
in many different habitats at a range of altitudes (Daday, 1958).
Clonally propagating, perennial plant species from wild popu-
lations may interact differently with their viral pathogens com-
pared with seed-producing annual plants (Stuefer et al., 2004;
van Mölken and Stuefer, 2008), and this study complements
current knowledge on plant–virus interactions in annual and
crop plants. Owing to the clonal mode of reproduction, geno-
types of T. repens can be replicated under various experimental
conditions, providing us with an excellent tool to test whether
the first and second conditions (Mitchell-Olds, 1992) described
above can be met.

This study on the potential of plant viruses to promote geno-
typic diversity in T. repens focuses mainly on the first and
second conditions, since other studies clearly demonstrated
that the third condition is valid for our system. Sherwood
(1997) has shown that the incidence of White clover mosaic
virus (WClMV) fluctuates considerably in populations of the
stoloniferous herb T. repens. The same study reports that 30 %
of all plants were infected by WClMV and infection levels
varied from 1 to 96 % between different sites. In another
study, 1 % of the plants were found to be infected with
WClMV at one site, while infection rates ranged from 9 to
46 % at another site (Coutts and Jones, 2002).

The first and second conditions proposed by Mitchell-Olds
(1992) were experimentally investigated by testing the follow-
ing specific hypotheses: (a) genotypes of T. repens vary sig-
nificantly with respect to fitness-related traits; (b) virus
infection has negative effects on fitness-related traits and
plant performance; and (c) the ranking of genotypes changes
in response to WClMV infection. In order to test these hypoth-
eses, we examined the growth and performance of genetically
distinct individuals of T. repens in control and virus treatments,
and we evaluated G × E interactions in terms of genotype-
specific plant responses to WClMV infection. We report sub-
stantial G × E interactions, which resulted in significant
shifts in the relative fitness of host genotypes grown in
control and virus-infected conditions, respectively.

MATERIALS AND METHODS

Study organisms

The stoloniferous herb Trifolium repens L. was used for this
study. Trifolium repens can propagate vegetatively through
the production of genetically identical offspring (ramets)
which develop at the nodes of horizontally growing stems
(stolons), or by sexual reproduction. Each individual ramet
consists of a single leaf, an internode, and meristems which
can develop into roots, branches and flowers. In 2001,
T. repens plants were randomly collected in riverine grasslands
along the river Waal near Ewijk (The Netherlands,
51852′54′′N, 5845′00′′E), and the genetic identity of the geno-
types was established by amplified fragment length poly-
morphism (AFLP; for details, see Weijschedé et al., 2006).
The plants were maintained under common garden and green-
house conditions for 2 years before this experiment was con-
ducted. Eleven genotypes were randomly selected from this
collection and used for this experiment. Whereas measuring
production of viable seed is a clear and easily accomplished
method to estimate plant fitness in annual plants, fitness of
clonally propagated plants is more difficult to study. The
most important reason for this is that many T. repens geno-
types do not produce seed, and vegetative reproduction
should be taken into account when assessing lifetime plant
fitness (Pan and Price, 2001). In general, fitness can be
defined as ‘the rate of change in number of units carrying a
certain allele or allele complex’ (Wikberg, 1995). In sexually
reproducing plants these ‘units’ are provided by seed, and
seed production increases the number of units that carry the
parental genetic material. In analogy, the number of units car-
rying the parental genetic material of clonal plants increases
with the production of new ramets. Just like seeds, each
ramet can produce roots and leaves and therefore has the
potential for autonomous growth. Therefore, clonal growth
represented by the total number of clonal offspring (ramets)
is the closest measure of fitness available for clonal plants
that show no (or only partial) sexual reproduction
(Sackville-Hamilton et al., 1987; Winkler and Fisher, 1999;
Pan and Price, 2001). Therefore, the number of ramets will
be used as an indicator of plant fitness throughout this paper.

White clover mosaic virus (necrosis strain, originally iso-
lated from T. repens in Denmark) was obtained from the
Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH (DSMZ; Braunschweig, Germany). This virus is a
member of the genus Potexvirus and is transmitted mechani-
cally between hosts. WClMV is not transmitted by insect
vectors such as aphids (Tapio, 1970).

Experimental design

In April 2005 the experiment was started with rooted, apical
cuttings consisting of six ramets each. Fourteen cuttings per
genotype were individually planted in plastic trays
(15 × 23 × 5 cm) filled with SERAMIS clay granules
(Masterfoods GMbH, Verden, Germany). These cuttings
(subsequently referred to as ‘plants’) were grown in a green-
house with a 16 h light and 8 h dark period at 19/18 8C.
High pressure sodium lamps (Hortilux-Schréder 600 W,
Monster, The Netherlands) were switched on automatically
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whenever the irradiance dropped below 250 mmol m22 s21.
Stolons that grew out of the trays were bent back to facilitate
root formation. At 19 and 32 d after transplanting the cuttings,
each tray received 50 mL of half-strength Hoagland nutrient
solution. All plants were nodulated with rhizobium bacteria.

Seven replicates of each genotype were randomly assigned
to the control treatment (no virus infection) and to the infec-
tion treatment (experimental virus infection), respectively.
Ten days after planting, all plants in the virus treatment were
inoculated with WClMV on the third and fourth youngest
ramets. Inoculation was performed mechanically with cell
sap prepared by grinding calcium chloride-dried
WClMV-infected plant material in inoculation buffer (50 mM

Na2HPO4 buffer, 1 mM EDTA, set to pH 7.0 with HCl).
Leaves on the third and fourth ramets were dusted with carbor-
undum (500 mesh), and 10 mL of virus suspension was rubbed
on each leaf by hand. Control plants were mock-inoculated
with inoculation buffer only. This standard inoculation pro-
cedure results in systemic WClMV transport throughout the
clonal plant network. All plants were re-inoculated on the
third and fourth youngest ramets (newly formed) after 17 d
with fresh WClMV-infected material (Phaseolus vulgaris
leaves infected with WClMV obtained from DSMZ), using
the same procedure as described above.

All plant material was harvested 50 d after the first inocu-
lation, and the fourth youngest leaf was sampled for enzyme-
linked immunosorbent assay (ELISA) testing. The length of
the primary stolon was measured and the number of ramets on
the primary stolon, number of ramets on the branches, number
of branches and the number of flowers were counted. All plant
material was dried at 70 8C for 72 h, and dry weights of
stolons, leaves, flowers and roots were measured separately.
The total number of ramets and the total biomass of plants
were used to calculate relative fitness values for genotypes
within the control and virus treatment. The relative fitness was
calculated as the mean genotypic trait value divided by the
overall mean (i.e. mean of all genotypes) for the same trait
within the control or the virus treatment, respectively.

ELISA testing

Qualitative analysis of the presence of WClMV was tested
by double antibody sandwich (DAS)-ELISA (based on Clark
and Adams, 1977) on the ninth oldest ramet on the primary
stolon. White clover mosaic virus proved to be present in all
tested leaf samples, showing that virus application was suc-
cessful (data not shown).

Data analysis

A two-way analysis of variance (ANOVA) was performed to
determine the effects of WClMV on development, growth and
flowering of T. repens and to analyse genotype × virus inter-
actions for relative fitness, using genotype and virus infection
as main factors. Genotype was regarded as a random factor.
The effect of WClMV on flowering was analysed only for
those four genotypes that produced flowers (i.e. A15, B51,
D129 and D134). To meet assumptions for normality and
homoscedasticity, log transformations were applied whenever

necessary. All tests were carried out with SAS, version 9.1
(SAS Institute Inc., Cary, NC, USA).

RESULTS

Genotypic variation

Genotypic variation was strong and significant with respect to
the components determining fitness in clonal plants, i.e. total
number of ramets and total biomass. All other traits showed
strong genotypic variation as well (Table 1A, B, genotype
effects).

Virus effects on plant performance

White clover mosaic virus infection had a clear negative
effect on plant growth and development (Table 1A, virus
effects). The total number of ramets was reduced by 25 %,
and WClMV caused a 17 % decrease in the branching prob-
ability of primary stolons. White clover mosaic virus infection
caused a reduction in the biomass of roots (28 %) and leaves
(32 %), as well as in the total plant biomass (30 %), but had
no significant effect on stolon biomass or proportional
biomass allocation to plant organs (Table 1B). WClMV infec-
tion did not change any of the recorded flowering traits
(Table 1C).

Genotype × environment interactions

Genotypes differed greatly in their response to WClMV
infection (Table 1A, genotype × virus interaction). In several
genotypes (i.e. A120, C79 and D39) WClMV caused a dra-
matic decrease in the length of branches, while other geno-
types (i.e. B35, B122 and D134) showed no response to the
virus treatment (Fig. 1A). Similar patterns were recorded for
the percentage of branches on the primary stolon (Fig. 1B)
and for the total number of vegetative offspring produced
during the experiment (Fig. 1C).

With the exception of biomass allocation to leaves, all
biomass production and allocation traits showed genotypic
variation in the effect of WClMV infection (Table 1B).
Total biomass values (Fig. 1D) decreased strongly for some
genotypes (i.e. A120, C79 and D39), while they remained
equal for others. Average biomass per ramet (Fig. 1E) and per-
centage biomass allocation to the stolons (Fig. 1F) decreased
in some infected genotypes, and increased in others.

The flowering probability of primary stolons showed a non-
significant trend to differ among genotypes after infection with
WClMV (Table 1C). There was no significant interaction
effect between virus infection and genotype for any of the
flowering traits.

Mean values+ s.e. of all traits mentioned above are given
for control and virus-infected treatments per genotype in
Supplementary Data Table S1 (available online).

Relative fitness

The relative fitness in terms of the total number of ramets
and total biomass shows a strong genotype × virus interaction
(Table 2) leading to significant shifts in genotype ranking
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between the two experimental conditions (Fig. 2A, B). For
example, some of the highest ranking genotypes in the
control conditions, such as genotypes A120 and D39, clearly
occupied lower ranks in the virus treatment (Fig. 2A, B).

DISCUSSION

Genotype × environment interactions can sustain genotypic
diversity in natural environments, thereby promoting long-
term coexistence (Gillespie and Turelli, 1989) and enhancing
system stability (Thompson, 1991). Here we demonstrate that
virus infections can substantially shift the ranking of plant
genotypes with respect to relative fitness (in terms of total
number of ramets and total biomass) between control and
virus treatments. Based on these findings, and on general pre-
dictions from evolutionary theory, we suggest that viruses may
play an important yet unrecognized role in the long-term main-
tenance of genotypic diversity in their host populations
through variable selection and G × E interactions.

For pathogen-caused G × E interactions to occur, infections
should significantly affect plant performance and fitness. In
our study, WClMV compromised biomass accumulation,
retarded vegetative propagation and curtailed the spatial
expansion capabilities of infected as compared with non-
infected plants. These findings are in accordance with other
studies reporting negative effects of virus infection on plant
performance (Jones, 1992; Funayama et al., 1997; Dudas
et al., 1998; Godfree et al., 2007; Pagan et al., 2007).

The effects of virus infection on host plants showed con-
spicuous levels of genotypic variation for most development-
and growth-related traits recorded in this experiment.
Consequently, the genotypes which performed best in the
control treatment did not occupy high ranks in the virus treat-
ment, and vice versa. This suggests that virus infections can
cause significant alterations in genotype frequencies within
host populations that depend mainly on vegetative reproduc-
tion for growth. The observed G × E interactions indicate
genotypic dissimilarities in host plant sensitivity to viral infec-
tion, which may be caused by variation in virulence levels.
Virulence can be understood as pathogen-caused reduction
of host fitness (Brown et al., 2006) and is mainly a function
of the activity of the host tissue (Hull, 2004) and the degree
of host resistance. Pathogen virulence can vary considerably
among host genotypes (Godfree et al., 2007). Fast-growing
and hence larger genotypes are likely to experience higher
virulence levels than slow-growing, smaller genotypes
(Morrison, 1996) owing to their superior metabolic activity
which promotes virus replication.

Mitchell-Olds (1992) postulated three conditions for the
maintenance of genotypic variation through G × E interactions.
The first condition demands genotypic variation in fitness: here
we demonstrated strong genotypic variation in closely
fitness-related traits such as clonal offspring production and
total plant biomass. These results are consistent with other
studies showing genotypic variation for many fitness-associated
traits in T. repens (Turkington, 1989; Weijschedé et al., 2006).

TABLE 1. Statistical analysis of the effects of WClMV, genotype and their interaction (ANOVA) on (A) different developmental and
architectural traits, (B) absolute biomass of different plant parts and biomass allocation (% biomass) to various plant parts and (C)

different flowering traits

Error Genotype Virus Genotype × virus

Trait d.f.* MS† d.f.* MS† F‡ P d.f.* MS† F‡ P d.f.* MS† F‡ P

(A)
Total no. of ramets 130 466.39 10 5662.92 12.14 ,0.0001 1 8496.31 6.83 0.0259 10 1244.55 2.67 0.0053
No. of ramets on pr. stolon 130 5.47 10 84.07 15.36 ,0.0001 1 110.61 2.76 0.1276 10 40.11 7.33 ,0.0001
No. of ramets on branches 130 412.15 10 4806.41 11.66 ,0.0001 1 6668.07 6.74 0.0267 10 990.16 2.40 0.0119
% Branches on pr. stolon 130 159.80 10 5117.61 32.02 ,0.0001 1 2215.88 5.89 0.0356 10 376.21 2.35 0.0137
Root–shoot ratio 130 0.00 10 0.09 25.68 ,0.0001 1 0.00 0.44 0.5225 10 0.01 2.20 0.0214
Length of pr. stolon 130 0.07 10 1.70 23.16 ,0.0001 1 2.42 4.86 0.0521 10 0.50 6.78 ,0.0001
Length of branches 130 76.91 10 655.57 8.52 ,0.0001 1 1489.68 2.98 0.1151 10 500.54 6.51 ,0.0001

(B)
Total biomass 130 0.08 10 0.99 12.59 ,0.0001 1 1.87 5.58 0.0398 10 0.34 4.25 ,0.0001
Biomass of roots 130 0.01 10 0.09 17.25 ,0.0001 1 0.13 5.16 0.0465 10 0.03 5.05 ,0.0001
Biomass of stolons 130 0.01 10 0.08 16.26 ,0.0001 1 0.14 3.30 0.0994 10 0.04 8.32 ,0.0001
Biomass of leaves 130 0.02 10 0.22 10.81 ,0.0001 1 0.35 7.82 0.0189 10 0.05 2.22 0.0203
Biomass per ramet 130 0.00 10 0.00 37.97 ,0.0002 1 0.06 1.24 0.2914 10 0.00 3.66 0.0002
% Biomass of roots 130 8.56 10 237.91 27.81 ,0.0001 1 6.02 0.31 0.5908 10 19.54 2.28 0.0168
% Biomass of stolons 130 9.06 10 283.15 31.26 ,0.0001 1 15.77 0.59 0.4586 10 26.55 2.93 0.0024
% Biomass of leaves 130 29.77 10 367.11 12.33 ,0.0001 1 40.80 0.94 0.3552 10 43.44 1.46 0.1619

(C)
Total no. of flowers 47 0.94 3 21.85 23.35 ,0.0001 1 1.07 0.56 0.5084 3 1.92 2.05 0.1199
% Flowers on pr. stolon 47 21.03 3 488.45 23.23 ,0.0001 1 21.70 0.40 0.5698 3 53.62 2.55 0.0669
Biomass of flowers 47 0.00 3 0.08 36.18 ,0.0001 1 0.00 1.36 0.3274 3 0.00 0.85 0.471
% Biomass of flowers 47 58.84 3 1578.89 26.83 ,0.0001 1 0.17 0.00 0.963 3 66.25 1.13 0.3482

Pr. stolon: the primary stolon.
* Degrees of freedom.
† Mean square.
‡ F-statistics.
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The second condition requires genotype fitness to vary between
environments: the performance of genotypes differed greatly
between virus-free and virus-prone environments in our study,

resulting in a marked shift in the ranking of genotypes
between these environments. These results are in agreement
with Pagan et al. (2008) who show that different accessions of

TABLE 2. Statistical analysis (ANOVA) of the relative fitness of the different genotypes in both treatments

Error Genotype Virus Genotype × virus

Relative fitness d.f.* MS† d.f.* MS† F‡ P d.f.* MS† F‡ P d.f.* MS† F‡ P

Total no. of ramets 130 0.1477 10 1.8000 12.19 ,0.0001 1 0.0013 0.00 0.9523 10 0.3342 2.26 0.0179
Total biomass 130 0.2220 10 2.7417 12.35 ,0.0001 1 0.0000 0.00 0.9947 10 0.9259 4.17 ,0.0001

* Degrees of freedom.
† Mean square.
‡ F-statistics.
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Arabidopsis thaliana vary in their response on growth invest-
ment to infection with Cucumber mosaic virus. The third con-
dition requires environmental heterogeneity in virus
prevalence which has been clearly shown by others
(Sherwood, 1997; Norton and Johnstone, 1998; Coutts and
Jones, 2002) for the plant–virus system used in this study.
They demonstrate that virus incidence shows considerable fluc-
tuations both within and between populations of T. repens.
Marked heterogeneity in disease incidence has also been
described for other plant viruses (Bosque-Pérez et al., 1998;
Godfree et al., 2007). We hence conclude that viruses are excel-
lent candidates for maintaining genotypic variation in their
hosts, and that their virtual omnipresence in nature may render
them prime biotic agents counteracting declines of genotypic
diversity in natural plant populations.

The shift in relative fitness among genotypes indicates the
existence of trade-offs between plant performance in control
and virus treatments. As a result, genotypes successful in the
control condition perform relatively much worse in the virus
treatment. This suggests the potential for WClMV to
provoke differential selection on T. repens genotypes, which
may lead to negative frequency-dependent selection in host

populations. Such negative frequency-dependent selection
occurs when common genotypes as compared with less
common genotypes suffer from a fitness disadvantage in
virus-prone environments (Haldane, 1949; Brunet and
Mundt, 2000; Rueffler et al., 2006).

The maintenance of genotypic diversity by viruses may
depend on the ecological conditions. For example, virus infec-
tions may play a more prominent role in species with strong
genotypic variation in response to virus infection, as compared
with species with low genotypic variation. The mechanism
behind this genotypic variation is not clear, but may depend
on the effectiveness of defence mechanisms, the degree of tol-
erance or the metabolic rate of the plant, since virus replication
depends on the activity of the host tissue (Hull, 2004). The
latter may partly explain why some of the fast-growing geno-
types in our experiment were most affected by the virus infec-
tion. Other factors such as plant competition, abiotic factors,
tripartite interactions with herbivores or geographical distance
are expected to play a role as well. Ahmad et al. (2007), for
example, showed that the geographic distance between some
sugarcane cultivars can explain variation in effects of
Sugarcane yellow leaf virus plant growth.

Although there is ample evidence of significant negative
effects of virus infection on plant vigour, there is surprisingly
little information about their potential role as selective agents.
The hypothesis that pathogens can maintain genotypic vari-
ation in their hosts has often been proposed, but has hardly
ever been studied empirically. Our data suggest that virus
infections may be excellent candidates for promoting genoty-
pic diversity in their host plants and call for empirical
studies that analyse virus-induced frequency-dependent selec-
tion. The apparent negative effects on plant performance, sig-
nificant G × E interaction and evident repercussions for
relative fitness reported in this study clearly stress the signifi-
cance of virus infections for ecological and evolutionary pro-
cesses and identify viruses as possible key factors for
driving population dynamics and selection in the wild.

SUPPLEMENTARY DATA

Supplementary data are available online at w.aob.oxfordjour-
nals.org and consist of Table S1: mean values of various
developmental, growth and flowering traits for each genotype
in the control and virus-infected treatments.
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