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Abstract
Genetic diversity in RNA viruses is shaped by a variety of evolutionary processes, including the
bottlenecks that may occur at inter-host transmission. However, how these processes structure
genetic variation at the scale of individual hosts is only partly understood. We obtained intra-host
sequence data for the coat protein (CP) gene of Zucchini yellow mosaic virus (ZYMV) from two
horizontally transmitted populations – one via aphid, the other without – and with multiple
samples from individual plants. We show that although mutations are generated relatively
frequently within infected plants, attaining similar levels of genetic diversity to that seen in some
animal RNA viruses (mean intra-sample diversity of 0.02%), most mutations are likely to be
transient, deleterious, and purged rapidly. We also observed more population structure in the aphid
transmitted viral population, including the same mutations in multiple clones, the presence of a
sub-lineage, and evidence for the short-term complementation of defective genomes.
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1. Introduction
Determining the extent and structure of genetic variation in RNA viruses is central to
understanding the mechanisms that shape their evolution. The high levels of genetic
diversity that characterize many RNA viruses have been linked to their ability to adapt
rapidly to changing environments including new host species (Holmes, 2009; Jerzak et al.,
2008; Woolhouse et al., 2001), and to evade mechanisms of host resistance (Feuer et al.,
1999; Lech et al., 1996). Most estimates of the rate of molecular evolution in animal RNA
viruses fall within approximately one order of magnitude of a mean rate of 1 × 10−3

nucleotide substitutions per site, per year (subs/site/year; Duffy et al., 2008). In contrast, it
has previously been suggested that plant RNA viruses are characterized by lower rates of
evolutionary change, in some cases by several orders of magnitude (Blok et al., 1987; Fraile
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et al., 1997; Kim et al., 2005; Marco and Aranda, 2005; Rodriguez-Cerezo et al., 1991). This
major difference in evolutionary dynamics has been attributed to intrinsically lower
mutation rates, weaker immune-mediated positive selection, and the frequent occurrence of
population bottlenecks (Garcia-Arenal et al., 2001). However, more recent analyses using
longitudinally sampled gene sequence data have resulted in substitution rate estimates in
accord with those previously observed in animal RNA viruses, at least in the short term
(Fargette et al., 2008; Gibbs et al., 2008; Gibbs et al., 2010; Pagán and Holmes, 2010). As a
case in point, we previously reported a mean evolutionary rate of 5 × 10−4 subs/site/year for
the coat protein (CP) of Zucchini yellow mosaic virus (ZYMV) (Simmons et al., 2008).

Most studies of genetic diversity in plant viruses have been conducted at the inter-host level.
However, if plant RNA viruses do evolve as rapidly as suggested by the analysis of
epidemiological scale sequence data then we would also expect them to exhibit measurable
genetic diversity at the intra-host scale. Those studies undertaken to date have found varying
levels of intra-host variation. Turturo et al. (2005) observed limited (<0.1%) intra-host
genetic diversity in Grapevine leafroll-associated virus, while Jridi et al. (2006) noted that
the nucleotide diversity of Plum pox virus measured over 13 years in a prunus tree ranged
from 0 to 2.4%. Rather higher levels of intra-host diversity were observed in Banana mild
mosaic virus, with divergence levels of more than 15% in a third of the sequences obtained
(Teycheney et al. 2005).

Determining the extent and patterns of intra-host genetic diversity in plant RNA viruses is
central to revealing the fundamental processes of viral evolution. Large-scale population
bottlenecks are thought to result in effective population sizes for RNA viruses that are
several orders of magnitude lower than consensus population numbers (García-Arenal et al.,
2001). Indeed, population bottlenecks have been documented during aphid transmission in
Cucumber mosaic virus (Ali et al., 2006; Betancourt et al., 2008) and Potato virus Y (Moury
et al., 2007). Systemic bottlenecks (that occur as the virus moves from cell-to-cell and
tissue-to-tissue) may reduce effective population sizes even further (French and Stenger,
2003; Sacristan et al., 2003; Li and Roossinck, 2004; Miyashita and Kishino, 2010). In these
circumstances genetic drift is predicted to play a major role in the substitution dynamics of
mutant alleles. However, little is known about the frequency and impact of population
bottlenecks in natural virus populations (Li and Roossinck, 2004). As an exception, the
extent of genetic diversity in Citrus tristeza virus transmitted via aphids was reduced by an
order of magnitude compared to that found in the sweet orange (Citrus sinensis) host
(Nolasco et al., 2008).

ZYMV was first isolated in 1973 in Italy, and since this time the virus has been found in
more than 50 countries as a naturally occurring infection of the Cucurbitaceae (Desbiez and
Lecoq, 1997; Desbiez et al., 2002). Viral symptoms include a distinctive yellow mottling in
the leaves, stunting of the plant, and severe deformities in the fruits and leaves (Desbiez and
Lecoq, 1997; Gal-on, 2007). Production of cucurbits in the United States is valued at
approximately $1.5 billion per annum (Cantliffe et al., 2007), and as ZYMV infection can
reduce agricultural yields by up to 94% (Blua and Perring, 1989), it is one of the most
economically significant agricultural pathogens in cultivated cucurbits (squash, melon and
cucumber). ZYMV is a member of the Potyviridae family of positive-sense, single-stranded
encapsidated RNA viruses. The ~9.5 kb viral genome encodes a single polyprotein precursor
that is cleaved into ten putative proteins (Gal-on, 2007). Transmission occurs primarily via
aphids in a nonpersistent manner (Lisa et al., 1981) and, to date, 26 aphid species have been
shown to transmit ZYMV (Katis et al., 2006). The viral coat protein (CP) is multifunctional
and involved in cell-to-cell and systemic movement, the regulation of viral RNA
amplification (Urcuqui-Inchima et al., 2001), encapsidation of the RNA, vector transmission
(Urcuqui-Inchima et al., 2001; Shukla et al., 1991), and perhaps host specificity (Shukla et
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al. 1991). ZYMV transmission is the result of an interaction between the stylet of the aphid,
the helper component protein (HC-Pro), and the conserved DAG (Asp-Ala-Gly) region of
the CP (Pirone and Blanc, 1996). The highly variable N-terminus region of the CP is
exposed on the surface of the coat protein and is thought to contain virus-specific epitopes.
The core region and C-terminus are more conserved, although the last ten amino acids of the
C-terminus may be exposed on the viral surface (Gal-On, 2007).

To obtain a better understanding of the patterns and processes of plant virus evolution at the
scale of individual hosts, we analyzed the intra-host genetic diversity of ZYMV in
Cucurbita pepo ssp texana (a wild gourd) under two distinct modes of transmission: aphid-
vectored and mechanically-inoculated (i.e. without aphids). The aphid-vectored experiment
was conducted in an experimental field and resulted in two types of data; a time series as the
virus evolves within the host over the course of the infection, and epidemiological-scale data
following the spread of the virus as it was transmitted by aphids between hosts during the
growing season. Because the number of transmission events is not controlled, these data
recapitulate the natural spread of the virus. Using data of the first type the extent of the
bottleneck imposed by the aphid during transmission can be estimated. The second type of
data allowed us to determine if mutations are transmitted between individuals or are
generated anew within each individual.

In the mechanical inoculation experiment, carried out in a greenhouse, ZYMV was serially
passaged across four generations by mechanical inoculation. By comparing these data to
those from the field study we were able to compare viral genetic diversity with and without
the aphid-imposed bottleneck. To assess the effect of intra-host systemic bottlenecks, half of
the fifth and eighth leaves from each mechanically-inoculated individual were used
separately to inoculate another individual. This follows the design of two earlier studies
which showed that the number of mutant clones present in a leaf decreased as a function of
distance from the original inoculum source, presumably as a result of systemic bottlenecks
(Li and Roossinck, 2004; Ali and Roossinck, 2010).

2. Methods
2.1. Field experiment

The field experiment was conducted at The Pennsylvania State University Agriculture
Experiment Station at Rock Springs, Pennsylvania, USA, using Cucurbita pepo ssp. texana
(a wild gourd). One 0.4-hectare field was laid out as a grid labeled A-L and 1–15, with
approximately six meters between plants and 180 plants per field (Fig. 1a). In 2007
individual F-8 (located in the middle of one of the fields) was mechanically inoculated with
ZYMV, the consensus sequence of which has been deposited in GenBank (accession
number EU371649). When the inoculated plant, CF8, exhibited viral symptoms a leaf was
collected. Plant labels are as follows: The first digit C designates that the sample was
collected from the field, the next digit and number in this case F8, designate the plant
coordinates within the field grid, and the number in parenthesis denotes the order in which
samples where collected from an individual plant. As neighboring plants became infected,
leaf samples were collected so that a leaf sample was gathered every two weeks from each
individual that displayed disease symptoms from the onset of visible symptoms until the
host plant died (approximately 9 weeks in total). Presence of ZYMV was detected
immunologically using DAS-ELISA (Agdia, IN) and confirmed by polymerase chain
reaction (PCR) and sequencing of the viral CP. The DAS-ELISA results not only confirmed
the presence of ZYMV in the field plants but also revealed that all but one of the plants
(CE7) was co-infected with another potyvirus. Leaf samples from confirmed ZYMV-
infected plants were stored at −80°C. Although samples were collected from all of the
infected plants in the field, eleven of these, which represents six individual plants, were
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selected for sequencing. One plant (CF7) was sampled at three time points (August 4th,
August 28th, September 13th); three plants were sampled at two time points (CE7 on
September 13th and September 20th, CE8 on August 8th and September 13th, and CG7 on
August 30th and September 20th); and clonal sequences were sampled only once from two
plants (CF8 and CG6; Table 1).

2.2. Greenhouse experiment
Two individual plants were mechanically inoculated in January of 2008 with a ZYMV
sample taken from the first diseased individual from the 2007 season (CF8). The mechanical
inoculations performed in the greenhouse using carborundum powder (500gm). The
infectious tissue was prepared from infected plant tissue diluted in a phosphate buffer (0.1 M
Na2H/KH2PO4 buffer) in a 1:3 ratio. The carborundum powder was dusted on the surface of
the leaf, and the inoculum was then applied with a pestle to the leaf surface. When the plants
displayed disease symptoms and exhibited at least an additional eight leaves of growth from
the inoculation site (typically 4 to 5 weeks), half of the fifth and eighth leaves (distance from
the first inoculated leaf) each were each used separately to inoculate another individual and
so on through four generations (Fig. 1b). The infection rate of the mechanical inoculations
was 100%. The other half of each leaf was stored at −80°C. We generated clonal sequence
data from nine samples representing one transmission chain. In summary, clones were
generated from the fifth and eighth leaves of individual A, the fifth and eighth leaves of
individual C (which was infected from the fifth leaf of A), the fifth leaf of individual G
(which was infected from the fifth leaf of C), the fifth and eighth leaves of individual H
(which was infected from the eighth leaf of C), and the fifth leaf of individual O (which was
infected from the fifth leaf of G). In addition, we sequenced one sample (fifth leaf of K)
from the third generation from the eighth leaf of A.

2.3. RNA isolation, PCR analysis, cloning and sequencing
RNA was isolated from frozen leaf samples using the RNeasy® Plant Mini Kit (Qiagen,
CA). First-strand cDNA was synthesized from the extracted RNA following the protocol
provided by the supplier using the Superscript™ III First-Strand kit (Invitrogen, CA). The
target cDNA was then amplified directly via PCR using Phusion® High-Fidelity PCR
Master Mix (Finnzyme, MA). Although we used a high fidelity Taq polymerase to reduce
the number of ‘mutations’ introduced during the experimental procedure, it is impossible to
fully eliminate RT-introduced errors from occurring (see Results). Prior to cloning with the
TOPO® TA Cloning® Kit (Invitrogen, CA), each sample was purified using the QIAquick
PCR Purification Kit (Qiagen, CA) and an A overhang was added to each sample. Before
submitting samples for sequencing at The Pennsylvania State University Nucleic Acid
Facility, each sample was purified with the QIAprep Spin Miniprep Kit (Qiagen, CA). The
CP-specific primers used for the cDNA, PCR and steps were: forward:
AAGTGAATTGGCACGCTA; reverse: CGGTAAATATTAGAATTACGTCG. To ensure
that mutations were valid each clone was sequenced in forward and reverse and manually
aligned. Any mutations occurring in one direction only were discarded. T7 forward and M13
reverse primers were used for clone sequencing. All sequences generated here have been
submitted to GenBank and assigned accession numbers HM768168-HM768204.

2.4. Sequence analysis
All ZYMV sequences were manually aligned using Se-Al (2.0a11; kindly provided by
Andrew Rambaut, University of Edinburgh) and trimmed to cover the coat protein region:
from the CP start codon until the stop codon, for a total of 849 nucleotides (nt). Counts of
the number of mutations in each sample were undertaken manually, while pairwise genetic
distances were estimated using MEGA (version 3) (Kumar et al., 2004). Because of the very
small number of mutations observed we utilized uncorrected genetic (p) distances. As the
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number of cloned sequences varies across individual plants or time points we performed a
chi-squared goodness of fit test (using R 2.10.1; 2008) to correct for the number of
mutations compared to the number of sequences. To estimate the number of nonsynonymous
(dN) and synonymous substitutions (dS) per site (ratio dN/dS), itself a measure of selection
pressure, we used the Single Likelihood Ancestor Counting (SLAC) algorithm employing
the MG94 × HY85_3×4 substitution model in HyPhy (Kosakovsky Pond et al., 2005).
Finally, minimum spanning trees for the field and greenhouse populations were estimated
separately using the statistical parsimony approach available in the TCS 1.21 program
(Clement et al., 2000).

3. Results
To determine the extent and structure of intra-host viral genetic diversity in ZYMV we
sequenced clones from 20 viral samples representing both the greenhouse and field
populations. In total, we obtained 706 clonal sequences, with an average of 35 sequences per
leaf sample. Approximately 90% of the clones sequenced were identical to the consensus
sequence. Pairwise genetic distances ranged from 0–0.11%, with an overall mean of 0.02%
for the field and greenhouse populations combined (Table 1).

3.1. Mutational spectrum in field plants
We generated a total of 378 clones from 11 field samples. Of these, 329 had no mutations
and therefore matched the consensus sequence generated from the first-infected field plant.
Clones from two of the individual plants, including the first inoculated plant – CF8 and
CE7(2) – exhibited no mutations. Overall, there were total of 47 mutated sequences and 23
different mutations, 18 of which were singletons (occurred in one sequence only). This
represents a mutational frequency of 1.47 × 10−4 mutations per nucleotide site. Ten of the
mutations were synonymous; two sequences exhibited the same silent mutation, and 13
sequences from individual CG7 at time point 1 showed a change from a TAG stop codon to
a TAA stop codon. There were 13 nonsynonymous mutations, three of which were found in
multiple clones. Notably, one of these nonsynonymous mutations (TTG to TAG) resulted in
a premature stop codon and was found in seven (19.4%) of the clones from plant CG7(1). A
minimum spanning tree showing the structure of this genetic diversity is shown in Fig. 2a.
Although most mutations are only one step away from the consensus, clear population
structure was present in the form of three clones being two mutational steps away from the
consensus, a number of mutations present in multiple clones, and in one case a mutant clone
(at position 849) itself possessing a descendent mutation (at position 786). The latter is
indicative of a distinct sub-lineage, although one that is only found at a single time-point in a
single plant. Although we cannot exclude the possibility of a ZYMV infection other than our
primary inoculant, given the low level of genetic diversity and the fact that ~90% of the
sequenced clones match the consensus this seems extremely unlikely. DAS-ELISA tests
undertaken by Agdia revealed that only one of the samples, CE7, was co-infected with
another virus, in this case Watermelon mosaic virus-2 (WMV-2). There appears to be no
significant difference in mean pairwise genetic divergence, or mean dN/dS, between this
sample and the other field samples (Table 1).

Previous work has suggested 36 of the 42 amino acids of the N-terminus of the CP can be
altered with no apparent effect on the viral life-cycle and hence are highly variable (Gal-on,
2007). In our study, only five of the total of 23 mutations occurred in this region, three of
which were nonsynonymous. However, when correcting for sequence length we observed no
significant difference in the number of mutations between the N-terminus and the rest of the
CP (p= 0.2618). We also observed no mutations in the conserved DAG region known to be
involved in aphid transmission.
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Finally, the number of unique mutations did not differ significantly over time within
individuals (CF7: p=0.944; CE7: p=0.0578; CG7: p=0.345; CE8: p=0.418). However, the
total number of mutated sequences within an individual over time was significantly different
for two individuals (CE7: p=0.0339 & CG7: p=0.0077 applying the same correction).

3.2. Mutational spectrum in the greenhouse plants
A total of 328 clones were generated from the nine greenhouse plants, 301 of which had no
mutations and so matched the consensus sequence of the first-infected field plant. Only one
individual plant, from the third generation, exhibited no mutations. There were a total of 24
mutated sequences and 18 different mutations, 17 of which were singletons, representing an
error frequency of 8.7 × 10−5 mutations/site. Seven of the mutations were synonymous, and
11 were nonsynonymous, one of the latter being found in seven clones. One stop codon
mutation was found in one sequence. Notably, none of the mutations were the same between
transmission events. Three of the 18 mutations were found in the highly variable N-terminus
region of the CP, although we again observed no mutations in the conserved DAG region.
Finally, comparing the fifth and eighth leaves within a plant, we found that the number of
mutations was the same between them in plant A, increased from one to five in plant C, and
increased from two to four in plant H. Crucially, however, we identified no shared mutations
between sequenced clones from the fifth and the eighth leaves, indicative of a rapid
population turnover. Indeed, the minimum spanning tree of these data is striking in its
marked lack of population structure, such that all the mutations are only one step away from
the consensus (although one is present in seven clones; Fig. 2b).

As the aphid vector was removed in the greenhouse experiment we might expect the extent
of purifying selection to be stronger in the field than the greenhouse. However, we observed
no marked difference in mean dN/dS ratios among these populations; a value of 0.54 (CI
95%: 0.23–0.84) was observed in the field compared to 0.66 (CI 95%: 0.34–1.13) in the
greenhouse. The high dN/dS values (>1) observed in some individual samples likely reflect a
large sampling error on the small number of mutations observed. Finally, it is notable that
we observed no clear difference in the spatial distribution of mutations along the CP
between the two experimental conditions (Fig. 3).

3.3 Mutations introduced during the experimental procedure
The error rate for the reverse transcriptase (RT) enzyme used here is reported as 2.9 × 10−5

mutations/site/replication (personal communication, Invitrogen). Given our sequenced target
region of 849 nt, the expected number of mutations per cDNA copy of the CP gene is
therefore 0.0246 (2.9 × 10−5 mut/site/replication × 849 sites × single round of replication).
We cloned 706 of these cDNA copies, leading to an overall expectation of 17.37 mutations
among our 706 clones. The overall error rate including both the Phusion taq error rate and
RT error rate is 0.0377 (calculated using the Phusion Taq error rate provided by Finnzymes
and the RT error rate given above). Accounting for both the RT enzyme and Taq polymerase
error rate we would expect the total number of artefactual mutations to be ~27. The actual
number of mutations observed in our data was 71. Although is it clear that our data contains
a number of artefactual mutations, as is likely to be true of any study of intra-host genetic
variation in RNA viruses, many of the mutations observed here will be bona fide, especially
as the reported error rate for RNA-dependent RNA polymerase is greater than of RT (Drake
et al. 1998). In addition, we used great caution when calling mutations and only counted
those that were present in both the forward and reverse alignments, and in some cases
sequenced both directions twice. Hence, our reported introduced RT error rate is likely to be
conservative. As such, it is highly unlikely that mutations at a frequency >1 are artefactual,
including the stop codon mutation in plant CG7(1).
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4. Discussion
Although the level of intra-host diversity we report for ZYMV (mean = 0.02%) is on
average less than that recently observed in intra-host studies of animal influenza viruses
using similar methodologies, there was considerable overlap among estimates and fewer
clones were analyzed in this case (Hoelzer et al., 2010; Iqbal et al., 2009; Murcia et al.,
2010). For example, a study of 2366 sequences of equine influenza virus resulted in a mean
intra-host diversity of 0.04% (range 0.01 – 0.12% among samples) (Murcia et al. 2010).
Hence, ZYMV appears to exhibit mutational dynamics broadly similar to those observed in
some rapidly evolving animal RNA viruses, and as expected given the intrinsically error-
prone nature of replication with RNA-dependent RNA polymerase. The possibility of
artificially induced mutations should therefore be explored for those plant RNA viruses in
which far higher levels of intra-host genetic diversity are observed.

It is also striking that most mutations in ZYMV are transient in nature, only being observed
at a single sampling point. Indeed, we observed no mutations that were shared between time
points from individual plants. Although a certain proportion of the mutations observed are
clearly artefactual and an inherent outcome of the experimental procedures employed,
particularly singleton mutations which should be treated with caution, our results are
compatible with the notion that the majority of intra-host mutations in ZYMV are
deleterious and removed by purifying selection between sampling times. The relatively high
number of stop codon mutations observed supports this hypothesis, as does the marked
difference in mean dN/dS values within (~0.6; herein) and between (0.108; Simmons et al.,
2008) hosts. A similar turnover of apparently transient deleterious mutations has been
observed in a number of animal RNA viruses (Holmes, 2003; Holmes, 2009; Hoelzer et al.,
2010; Murcia et al., 2010), is supported by experimental studies of fitness distributions in
RNA viruses (Sanjuán et al., 2004), and may therefore be a common component of intra-
host viral genetic diversity. Despite this, it is notable that some short-lived population
structure was present in the field samples – manifest as clones that differed in multiple
mutations from the consensus, the same mutations present in multiple clones, and at least
one distinct viral sub-lineage – yet not so in the greenhouse experiment. It is therefore
possible that transmission mode impacts the structure of viral genetic diversity, even at the
scale of individual plants, although this is evidently an issue that needs to be reassessed with
a far larger number of clones than generated here.

Importantly, the discontinuity of mutations within individuals over time extends to
transmission: no lineages were shared between individuals during aphid transmission. This
suggests that the bottleneck imposed by the aphid is substantial, although it is also possible
that our sample size is insufficient to sample minor lineages. As the aphid-imposed
bottleneck is absent from the greenhouse experiment we might have expected to see more
lineages transferred between hosts in this case. That this does not appear to the case from the
data generated here suggests that the intra- and inter-plant population bottlenecks are
generally severe enough to remove most genetic variation. In addition, that the number of
unique mutations did not increase during serial passaging in the greenhouse indicates that
the aphid-imposed bottleneck is not the only factor restricting genetic diversity, although
this will clearly need to be explored further using a larger number of serial passages.
Irrespective of sample size, the existence of strong population bottlenecks means that
genetic drift will play a major role in substitution dynamics.

One of the most striking observations of our study was that seven clones sampled from one
leaf at one time point from one field plant contained the same stop codon mutation. Such a
high frequency of what is likely to be a deleterious mutation is suggestive of the action of
transient complementation, although this will require future experimental verification.
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Indeed, that the stop codon mutation was not found at later time-points in this individual
argues against both recurrent mutation and polymerase read-through as both would be
expected to have longer-term effects.

Complementation has previously been reported in experimental infections of plant viruses
(Fraile et al. 2008; Osbourn et al., 1990). For example, a mutant Tobacco mosaic virus with
a frameshift and premature stop codon mutation in the CP was fully complemented in
transgenic plants that expressed the wild-type CP gene (Holt and Beachy, 1991).
Complementation has also been documented during viral co-infections, including truncated
CP mutants of Pepper huasteco virus that were complemented by coinfection with Taino
tomato mottle virus (Guevara-Gonzales et al. 1999). Not only is viral co-infection a frequent
occurrence in nature, but the use of transgenic squash is now commonplace in agricultural
settings. Complementation in these circumstances could theoretically lead to the inhibition
of gene silencing (Qu et al., 2003, Thomas et al., 2003), the correction of defects in
movement (Callaway et al., 2004), and perhaps even the expansion of host range (Latham
and Wilson, 2008; Spitsin et al., 1999). Given the threat that RNA viruses such as ZYMV
pose to staple crop production worldwide, the frequency and consequences of
complementation in natural populations of plant viruses clearly needs to be investigated in
greater detail.
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Fig. 1.
Experimental design of the current study. (a) Field experiments. The schematic shows the
position of the field plants relative to each other. Plant labels are as follows: The first digit C
designates that the sample was collected from the field, the next two digits designate the
plant coordinates within the field grid, and the number in parenthesis denotes the number of
samples collected from an individual plant. The boxed images that occur between the
sampled field plants are of Aphis gossypii (cotton aphid), which serves to indicate that the
spread of infection in the field occurred naturally (i.e. was aphid vectored). (b) Greenhouse
experiments. The first field infected plant was used to infect plant A, the fifth leaf of which
was used to infect C. The fifth leaf of C was used to infect G and the eighth leaf to infect H.
The fifth leaf of G was used to infect O, and K was infected from the third generation from
the eighth leaf of A.
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Fig. 2.
Minimum spanning trees of the sequences collected here. (a) Field experiments. (b)
Greenhouse experiments. The numbers along the branches represent the nucleotide position
at which each mutation occurred. The number of clones with a particular mutation is one
unless otherwise noted within the oval. Plants labeled as in Fig. 1.
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Fig. 3.
Spatial distribution of mutations in the CP gene from both the field and greenhouse
experiments. The numbers below the horizontal line represent nucleotide positions.
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