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The rate of evolution of an RNA plant virus has never been estimated using temporally spaced sequence data,
by contrast to the information available on an increasing range of animal viruses. Accordingly, the evolution
rate of Rice yellow mottle virus (RYMYV) was calculated from sequences of the coat protein gene of isolates
collected from rice over a 40-year period in different parts of Africa. The evolution rate of RYMYV was estimated
by pairwise distance linear regression on five phylogeographically defined groups comprising a total of 135
isolates. It was further assessed from 253 isolates collected all over Africa by Bayesian coalescent methods
under strict and relaxed molecular clock models and under constant size and skyline population genetic
models. Consistent estimates of the evolution rate between 4 X 10~ and 8 X 10~ nucleotides (nt)/site/year
were obtained whatever method and model were applied. The synonymous evolution rate was between 8 x 10~*
and 11 X 10~* nt/site/year. The overall and synonymous evolution rates of RYMYV were within the range of the
rates of 50 RNA animal viruses, below the average but above the distribution median. Experimentally, in host
change studies, substitutions accumulated at an even higher rate. The results show that an RNA plant virus
such as RYMYV evolves as rapidly as most RNA animal viruses. Knowledge of the molecular clock of plant

viruses provides methods for testing a wide range of biological hypotheses.

The mutation rates of RNA viruses (i.c., the number of
nucleotide misincorporations per site and per round of repli-
cation) are 10* to 10° times higher than those of their DNA
hosts (8, 9). Such a high mutation rate is attributed to the lack
of repair function of the RNA polymerase of these viruses, the
short replication times, and the large populations in infected
hosts (7). A high mutation rate often results in rapid evolution
of RNA animal viruses. This allowed the measure of the evo-
lution rates of an extensive range of animal viruses through the
analysis of heterochronous sequences, i.e., sequences of viral
genes isolated at different times (11, 36). A large variation in
the evolution rates of RNA animal viruses was subsequently
found and was attributed mostly to differences in replication
rates (24, 26). Estimates of evolution rates are used increas-
ingly to date the emergence and to reconstruct the population
dynamics of major viral epidemics (6).

Interestingly, some RNA viruses change little or not at all
over time. The best-documented example is an RNA plant
virus, Tobacco mild green mosaic virus, which showed no in-
crease in genetic diversity over the 90 years considered, in the
longest series of isolates with known isolation times for any
virus (20). Indeed, many studies have shown the remarkable
genetic stability of RNA plant virus populations from different
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geographical regions, hosts, and collection times (21). It was
claimed that most tobamovirus populations are very stable and
do not evolve at a measurable rate (22). It was even observed
that populations of Turnip yellow mosaic virus from Europe and
Australia that probably separated more than 12,000 years ago
differed by less than 1% (4).

Actually, the lack of estimates of evolution rates of RNA
plant viruses over time may merely reflect the absence of a
large enough number of isolates collected over a sufficiently
long period. Heterochronous data for plant virus isolates are
particularly difficult to gather compared to data for animal
viruses, for which isolates are readily recovered from blood
samples that have been collected over many decades and
stored for medical purposes. Even then, the temporal compo-
nent of variation can be blurred or biased by other sources of
diversity, such as long range dispersal, recombinant events, and
subpopulation division, which are common features of plant
viruses.

Since the 1920s, experimental evidence has established that
RNA plant viruses can evolve rapidly, especially under selec-
tion pressures such as a change of host (21, 22). The evolution
rate of Wheat streak mosaic virus was extrapolated from serial
passage experiments (38). This method assumed that the mean
rate of change measured in the laboratory reflected that of the
natural viral populations, although constraints on evolution in
nature and in experiments may differ. Recently, the evolution
rate of Barley yellow dwarf virus was calculated by comparing an
isolate preserved in old herbarium specimens to present-day
specimens (29). This method postulates that the genetic diver-
sity of the population at the time of sampling is negligible, so
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that sequences isolated at different times differ only by substi-
tutions accumulated during the time interval. If this condition
is not met, this method has an upward bias and overestimates
the evolution rate (11). In addition, both attempts assumed
that the molecular clock remained constant during the evolu-
tion of the viruses. The estimates of the evolution rates of these
two RNA plant viruses therefore rely on critical but nontest-
able assumptions. Estimates of the evolution rates of plant
viruses based on historical evidence such as outbreak records
can be tentative only. Altogether, the evolution rate of an
RNA plant virus has never been estimated by applying statis-
tical methods developed to analyze temporally spaced se-
quences. This contrasts with the recent advances made for
RNA animal viruses by using this statistical approach (11).

Rice yellow mottle virus (RYMV), of the Sobemovirus genus,
was used to estimate the evolution rate of an RNA plant virus.
RYMYV has a high natural molecular diversity (18) and reaches
a high concentration in rice (19). Experimentally, RYMV
adapts rapidly to alternative hosts through accumulation of
point mutations (25, 34). These features make RYMYV an ap-
propriate model with which to estimate the evolution rate of an
RNA plant virus species. RYMV is an emergent virus, indig-
enous to Africa. It was first noticed in Kenya in East Africa in
1966 (3) and since then in almost all African countries where
rice is grown, including Madagascar (39). RYMYV is a major
threat to rice cultivation (28). It has a narrow host range,
restricted to wild and cultivated rice species and a few related
grasses (2). RYMV is transmitted primarily by coleopterous
beetles of the family Chrysomelidae and is disseminated by
contact during cultural practices (28). Its genome contains four
open reading frames (ORFs) (18). ORF1, located at the 5 end
of the genome, encodes a protein involved in virus movement
and gene silencing suppression. ORF2, which encodes the cen-
tral polyprotein, comprises two overlapping ORFs. ORF2a
encodes a serine protease and a viral-genome-linked protein
(VPg). ORF2b, which is translated through a —1 ribosomal
frameshift mechanism as a fusion protein, encodes the RNA-
dependent RNA polymerase. The coat protein (CP) gene
(ORF4) is expressed by a subgenomic RNA at the 3’ end of the
genome.

RYMYV isolates were collected in 16 African countries be-
tween 1966 and 2006. The CP genes of 253 isolates were
sequenced in this or in earlier studies (1, 18, 33, 39). Such a
large collection of sequences over a 40-year period is unique
for a plant virus and is used here to estimate the rate of change
of RYMV. RYMV diversity is geographically structured, with
different strains in East, West, and Central Africa (1, 33, 39).
Substitution rates were first estimated by pairwise distance
linear regressions from five phylogeographically based groups
of isolates. Each group comprised isolates collected over the
longest possible period of epidemiological record while other
factors influencing diversity, which might adversely affect the
analysis of temporally spaced viral sequences, were minimized
(11). The five groups comprised 135 isolates in total. Rates
were further assessed by Bayesian coalescent methods using
253 isolates originating from all regions of Africa. The rates
were calculated under strict and relaxed molecular clock hy-
potheses (10) and under constant-size and skyline population
models (14). The synonymous evolution rate was estimated
from the evolution rate of the third codon position. The overall
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and synonymous evolution rates of the CP gene of RYMV
were compared to the evolution rates of 50 RNA animal vi-
ruses (24, 26). Experimentally, the number of changes was
calculated by comparing the full sequence of cach isolate at
inoculation with that 1 to 6 months later. Then the number of
changes was compared to that estimated from the evolution
rate. Altogether, we found that the overall and synonymous
evolution rates of RYMV were within the ranges of those of
RNA animal viruses. This shows that an RNA plant virus such
as RYMV evolves as rapidly as most RNA animal viruses.

MATERIALS AND METHODS

Data sets. The CP genes (720 nucleotides [nt]) of 253 isolates from 16 coun-
tries in Africa collected over a 40-year period (70 isolates collected in this study
and 183 isolates in earlier studies) were sequenced. The isolates were inoculated
once into the susceptible cultivar IR64 to increase the virus content. Extraction,
transcription, and amplification sequencing were carried out as described previ-
ously (33). For convenience, the strain nomenclature was that used previously
based on serotyping and partial sequencing (32, 33). The designation, sampling
year, and sequence accession number of each of the 253 isolates are given in
Table S1 in the supplemental material.

Five phylogeographically based groups of isolates were defined for pairwise
distance linear regression estimates (see Table S1 in the supplemental material).
Within each group, isolates belonged to the same phylogenetic cluster, originated
from the same region, had the least population subdivision, and showed no
evidence of long-distance movement or of recent recombination events. Group I,
also referred to as S2/S3-CI, comprised 40 isolates from Cote d’Ivoire collected
over 27 years. Strains S2 and S3, considered earlier to be distinct, were combined
as a more intensive survey revealed a continuum between the two strains and are
now referred to as strain S2/S3 (34). Group I had the densest sampling survey,
the least residual variability, and minimal population subdivision. Group IT
(S2/83-WA), with 68 isolates collected over 31 years, was an extension of group
I that included 28 additional S2/S3 isolates from Guinea, Mali, and Sierra Leone,
three countries that neighbor Cote d’Ivoire in West Africa. Group III (S1-WA)
comprised 23 S1 isolates from Burkina Faso, Cote d’Ivoire, and Mali in West
Africa, collected over 11 years, a shorter period, and displaying a higher residual
diversity. Group IV (S1’-CA) included 31 isolates from Benin, Cameroon, Chad,
Niger, Nigeria, and Togo collected over 23 years. These isolates formed a mono-
phyletic cluster referred to earlier as the S1’-Central African strain to designate
isolates from Cameroon and Chad in Central Africa; then, by extension, this
designation was applied to isolates of the same lineage from countries to the west
(Benin, Niger, Nigeria, Togo), although geographically these countries belong to
West Africa. The isolates originated from a large geographic area and had a
relatively high residual diversity. Group V (S4-LV) comprised 13 isolates of
strain S4 collected over 34 years that originated from western Kenya, northern
Tanzania, and southern Uganda around Lake Victoria. The sampling time was
the longest but the number of isolates the smallest. The five groups comprised a
total of 135 isolates. An additional set of 118 isolates from all parts of Africa was
included to make a group of 253 isolates for the Bayesian coalescent methods.

Pairwise distance linear regressions. Pairwise distance linear regressions are
fast and useful methods to estimate the substitution rate from large data sets of
heterochronous sequences. These methods are also used to determine if the
sequence diversity exhibits an adequate temporal structure and to verify that no
outlier substantially alters the substitution rate (26). With RYMYV, the genetic
distance (percentage of nucleotide differences calculated over the 720-nt CP
gene) and the separation time (sampling interval in number of years in absolute
value) of each pair of isolates were determined. The genetic distance was plotted
against the separation time. The significance of the correlation coefficient be-
tween genetic distance and separation time (30) was tested after 100,000 per-
mutations by using GENETIX (version 4.05; Laboratoire Génome, Populations,
Interactions, CNRS UMR 5171, Université Montpellier IT [http://www.genetix
.univ-montp2.fr/genetix/intro.htm]). The slope of the linear regression of the
pairwise genetic distance against the separation time is an estimate of the evo-
lution rate (in nucleotide substitutions per site per year) (11, 12). A parametric
bootstrap method for obtaining the variance of the rate was implemented in
STATISTICA (StatSoft). The confidence interval was calculated with the per-
centile method: the 26th and 975th estimates after 1,000 replicates (when
ranked) were, respectively, the upper and lower 95% confidence limits of the
original estimate. However, this bootstrap procedure underestimates the true
confidence interval, since it does not consider the correlation of bootstrap rep-
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licates due to shared ancestry (11). Thus, pairwise distance linear regression is
used here as an exploratory analysis of the evolution rate of the CP gene of
RYMV.

Bayesian estimates. The best-fitting nucleotide substitution model was evalu-
ated by hierarchical likelihood ratio tests, using ModelTest on the basis of
hierarchical likelihood ratio testing (35), as implemented in HyPhy (27). The
best-fitting model was the Hasegawa Kino Yano model with gamma rate hetero-
geneity. The evolution rate was estimated from the full group of 253 heterochro-
nous sequences within a Bayesian coalescent framework by a Markov chain
Monte Carlo (MCMC) method using the BEAST program (13). The Bayesian
MCMC method estimates the parameter as the mean of its marginal posterior
distribution while simultaneously incorporating uncertainty in the underlying
genealogy and other parameters. Evolutionary rates were estimated using both
strict and relaxed molecular clocks (uncorrelated lognormal model) as imple-
mented in BEAST (10). Two population genetic models were applied to analyze
the data. The first model assumed that the population size was constant over
time. The second, the skyline population model, determined the population
growth model using the data supplied (14). The unweighted-pair group method
using average linkages was used to construct the starting tree. Uncertainty in the
estimated parameter values is summarized by the highest posterior density in-
terval that contains 95% of the marginal posterior distribution. The length and
number of MCMC chains were chosen so that the effective sample size for each
parameter was >100, indicating that parameter space was sufficiently explored.

Currently implemented coalescent methods assume panmictic populations,
free of recombination and selection. Substantial selection, recombination, or
population subdivision may adversely affect the analysis of temporally spaced
viral sequences. The first two assumptions are realistic, since earlier studies
showed that RYMV evolves under a marked purifying selection, with few sites
under diversifying selection (18). Consequently, positive selection makes a minor
contribution to the molecular evolution of the genome. There is no evidence of
recombination, either (18). By contrast, the third assumption is not verified,
because the diversity of RYMV has a strong spatial basis (1, 39). Therefore, it
was checked whether or not population subdivision affected the analysis of
temporally spaced viral sequences by comparing the estimates from the group of
253 isolates to estimates from the geographically based groups with minimal
population subdivision. The synonymous evolution rate of RYMYV was computed
using the nucleotides at the third codon position, which are fourfold degenerate
at the amino acid level and where most synonymous substitutions occur. This
approach was chosen in order to compare the synonymous evolution rate of
RYMYV to the rates of 50 RNA animal viruses, calculated similarly (26). The
evolution rate of the CP gene was extrapolated to the other ORFs and to the full
genome, assuming proportionality between the evolution rate and nucleotide
diversity. Then the nucleotide diversities of the ORFs and of the full genome
were calculated from a set of 22 isolates representative of the geographic and
molecular diversity by using DnaSP (37).

Experimental studies. The highly susceptible cultivar Oryza sativa indica cv.
IR64, the partially resistant cultivar Oryza sativa japonica cv. Azucena, and the
highly resistant cultivars Oryza sativa indica cv. Gigante and Oryza sativa indica
cv. Bekarosaka were inoculated with RYMYV isolates of different strains. Infec-
tion after host change was monitored over time. Isolates were fully sequenced
before inoculation and 1 to 6 months later. In all, six experiments were con-
ducted. For each experiment, the number of nucleotide changes between the two
stages was counted, and the numbers of synonymous and nonsynonymous sub-
stitutions were distinguished. The total number of changes observed experimen-
tally for the six experiments pooled was subsequently compared to that estimated
from the evolution rate of the full genome for the same time period.

RESULTS AND DISCUSSION

Overall and synonymous rates of evolution. Geographical
origins, strains, numbers of isolates, sampling times, and ge-
netic distances differed widely among the five groups (see Ta-
ble S1 in the supplemental material). Nevertheless, for each
group of isolates, the genetic distance increased with separa-
tion time (Fig. 1). No outliers that could substantially alter the
substitution rates were detected in any of the groups. The
correlation between genetic distance and sampling time was
highly significant within each group, except for group III (P =
0.07), which had the shortest sampling interval, and ranged
from 0.42 to 0.62 (Fig. 1), indicating that 18% to 38% of the
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FIG. 1. Genetic distance (percent nucleotide difference) and sam-
pling interval (number of years in absolute value) of each pair of
isolates for each of the five groups and the regression line between the
two variables. r, estimate of the evolution rate; R, correlation coeffi-
cient.

data variance was explained by temporal variation. Whatever
the group, the substitution rates were within the range of 3.9 X
10~* to 7.7 X 10~ * nt/site/year.

For Bayesian estimates, all 253 sequences were used. Under
the strict molecular clock model, the evolution rates were 5.2 X
10~*and 5.1 X 10~ * nt/site/year under the constant-size and
Bayesian skyline population genetic models, respectively
(Table 1). Under the lognormal relaxed models, the rates
were 7.3 X 10~ * and 7.7 X 10~ * nt/site/ycar under the constant-
size and Bayesian skyline population genetic models, respec-
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TABLE 1. Estimates of the evolution rate of Rice yellow mottle virus by Bayesian analysis® with different molecular clock and
population genetic models

Evolution rate (nt/site/yr) (10~ *)* with the following population genetic model:

Molecular clock model Constant size

Bayesian skyline

95% lower Mean 95% upper 95% lower Mean 95% upper
Strict 3.8 52 6.8 35 5.1 6.8
Relaxed (lognormal) 5.1 7.3 9.9 4.7 7.1 10

“ Implemented using BEAST.

95% lower and 95% upper, lower and upper values of the highest posterior density interval that contains 95% of the marginal posterior distribution.

tively. The rates were therefore more dependent on the mo-
lecular clock model than on the population genetic model.
Comparison of the posterior probabilities indicated that the
relaxed molecular clock was a better fit than the strict molec-
ular clock, whatever the population model. However, the esti-
mates are close and the confidence intervals overlap. Overall,
the range of evolution rates was between 3.9 X 10~* and 7.7 X
10~* nt/site/year when estimated by linear regression and be-
tween 5.1 X 10™* and 7.7 X 10~* nt/site/year with the Bayesian
approach. These ranges are quite similar. A conservative range
of the evolution rate of the CP gene of RYMV would be
between 4 X 10~* and 8 X 10~ nt/site/year, a narrow range
altogether, i.e., within a 1:2 ratio. Incidentally, our results show
that population subdivision does not substantially affect the
estimates of the substitution rate, an assumption hardly ever
checked in these kinds of analyses.

Estimates of evolution rates derived from pairs of isolates
differing by their sampling dates gave inconsistent results. For
instance, isolates Cla and CI12 of the S2/S3 strain in Colte
d’Ivoire, collected, respectively, in 1975 and 1991 (see Table S1
in the supplemental material), differed by 4.3% in the 720-nt
CP gene. This leads to an estimated evolution rate of 2.7 X
102 nt/site/year. Isolates CI17 and CI104, of the same strain
and country, collected in 1975 and 2001, respectively, differed
by 3.4%, giving an evolution rate of 1.3 X 1072 nt/site/year.
Such estimates are highly dependent on the pair of isolates
selected and are two to four times greater than estimates
derived from the statistical analyses of temporally spaced se-
quences (4 X 10~*to 8 X 10~* nt/site/year). This inconsistency
reflects the uncertainty about the ancestral diversity of these
isolates. It emphasizes that this approach is appropriate for
neither plant viruses nor animal viruses or other organisms
(11).

Comparison to RNA animal viruses. The RYMV evolution
rate of 5.2 X 10~ “ nt/site/year, estimated under the strict mo-
lecular clock and constant population models, was compared
to the rates of 50 RNA animal viruses calculated with similar
assumptions and using broadly similar analytical techniques
(26). The evolution rate of RYMYV was below the average (7.0 X
10~* nt/site/year) but above the distribution median (3.6 X
10~* nt/site/year) (Fig. 2). A similar conclusion was reached
when the evolution rate of the CP gene (ORF4) was extrapo-
lated to the other ORFs. The nucleotide diversities calculated
from 22 isolates representative of the genetic and geographic
diversities of RYMV were 0.098 for ORF4, 0.117 for ORF1,
0.057 for ORF2a, and 0.062 for ORF2b. Assuming proportion-
ality between the nucleotide diversity and the substitution rate
gave the following estimates: ORF1, 6.1 X 10~ * nt/site/year;

ORF2a, 3.0 X 10~* nt/site/year; ORF2b, 3.3 X 10~* nt/site/
year.

The synonymous evolution rate of RYMV, estimated from
the third codon position, was 8.0 X 10 * and 11.1 X 10™*
nt/site/year under the strict and lognormal relaxed molecular
clock models, respectively. The evolution rate of 8.0 X 10 *
nt/site/year is within the range of the evolution rates of 50
RNA animal viruses estimated under the strict molecular clock
model (26) and of 49 other species from another study that
included more slowly or rapidly evolving viruses (24). The
synonymous evolution rate of RYMV was below the average
(1.6 X 107 nt/site/year) but above the distribution median
(7.1 X 10~* nt/site/year) for the 50 RNA animal viruses (Fig.
2). The synonymous-to-nonsynonymous substitution (dS/dN)
ratio, estimated from the third codon position versus the first
two positions, was 5.9. This value is close to the dS/dN ratio of
5.8 estimated from the diversity of all 253 sequences.

The overall and synonymous rates of evolution of RYMV
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viruses.
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TABLE 2. Numbers of nucleotide changes observed in experimental studies with several RYMYV isolates, rice cultivars, and
durations of infection

Duration of

No. of nt changes”

Isolate Strain Rice cultivars® infecti
infection (mo) Total Synonymous Nonsynonymous

CI4 S1 IR64/Gigante 6 6 4 2
CI4 S1 IR64/Gigante/IR64 2 3 1 2
CI4 S1 IR64/Gigante 2 5 3 2
Cl4 S1 Gigante/Bekarosaka 1 1 0 1
Ma203 S2 TR64/Gigante 3 1 0 1
Mgl S4 TR64/Azucena 6 3 3 0
Total 20 19 11 8

“ The isolate maintained on the first cultivar was inoculated into the second cultivar.
b Assessed by comparing the full-length sequence of the isolate at and after inoculation.

fell within the range of RNA animal viruses, with a rate higher
than those of many animal viruses. It shows that an RNA plant
virus can evolve as rapidly as most RNA animal viruses. The
substitution rate of RYMV was similar to that of Tomato
yellow curl virus (TYLCV), a fast-evolving plant DNA virus,
recently calculated by the same Bayesian coalescent method
(15). Altogether, the evolution rates of RYMV and TYLCV
show that plant viruses can evolve as rapidly as most animal
viruses but not as fast as the fastest-evolving animal viruses,
such as human immunodeficiency virus type 1 or influenza A
virus (24, 26). Evolution rates of RNA plant viruses, like those
of RNA animal viruses (24, 26), may encompass a wide range
of values. Similar studies should be conducted to determine
the range of evolution rates of plant viruses.

Nucleotide changes in experimental studies. The number of
changes observed experimentally was compared to that ex-
pected from the estimated evolution rate. The number of nu-
cleotide changes observed experimentally on the full genome is
quite variable between experiments (Table 2). A large varia-
tion in the number of changes was also observed when ORFs
2a and 4 of several other isolates were sequenced 1 to 6 months
after inoculation (data not shown). Thus, inferring the rate of
evolution from such low and variable numbers of experimental
changes is speculative. Furthermore, the total number of
changes observed experimentally greatly exceeded that esti-
mated from the evolution rate. The ratio of the nucleotide
diversity of the full genome to that of the CP gene for 22
representative isolates of RYMV is 0.8 (see above). Based on
this ratio, the evolution rate of the full-length genome would
be between 3.2 X 10 * and 6.5 X 10~ * nt/site/year by extrap-
olation from the evolution rate of the CP gene (4 X 10~ to
8 X 10~* nt/site/year). Three to 6 nucleotide changes are
expected when these rates are applied to the 4,450-nt genome
for the length of time of the experiments, a number three to six
times lower than the 19 changes observed experimentally (Ta-
ble 2).

Several biological features account for these differences.
First, the rice seedlings were grown under optimal experimen-
tal conditions (light, temperature, nutrients). This is likely to
allow a higher rate of virus replication—known to be critical in
the accumulation of substitutions (24)—than that in field-
grown rice plants, where virus particles survive part of the year
in senescent plants or in stubble fields, i.e., with low or no
replication, respectively. Second, some substitutions assayed

experimentally may represent transient deleterious polymor-
phisms that will be removed subsequently by purifying selec-
tion. Third, in these experiments, RYMV was under a selec-
tion pressure (host change), and several nonsynonymous
changes emerged (8/19), some of them known to be adaptive
(34). Thus, the dS/dN ratio found experimentally was lower
than that estimated from field isolates (1.4 versus 5.8, respec-
tively). In nature, the frequency of host changes and, more
generally, the extent of adaptation are unknown. However, the
high rate of synonymous substitutions, the low dN/dS ratio, and
the small number of sites under diversifying selection (18)
suggest that RYMV evolution in nature is due to rapid muta-
tional dynamics rather than to the frequent adaptive evolution
that is observed experimentally. Taken together, the experi-
mental studies confirm that RYMYV can change rapidly over
time, support the view that RNA plant viruses—like RNA
animal viruses—are measurably evolving populations, and
show the need for caution in extrapolating experimental results
to field situations.

Plant viruses as measurably evolving populations. Molecu-
lar studies have enlarged the scope of plant virus epidemiology
(17, 21, 31). Recently, renewed attention has been paid to
ecological studies dealing with topics such as plant viruses in
wild ecosystems, virus spread from wild to cultivated plants,
virus emergence, and host plant domestication or movement
(5, 16, 23, 29, 40). The resulting ecological and epidemiological
scenarios are related to plant virus history or even prehistory.
They raise the recurrent question of the role of agriculture in
the emergence and diversification of plant viruses. Indeed, a
sound time scale of virus evolution is necessary in order to
validate and to calibrate these scenarios. Our results show that
the evolution rates of plant viruses can be calculated and con-
sequently that these time scales can be estimated. For instance,
the substitution rate of TYLCV was used recently to date the
diversification of TYLCV species (15).
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