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Many RNA viruses have genetically diverse populations known as quasispecies. Important biological char-
acteristics may be related to the levels of diversity in the quasispecies (quasispecies cloud size), including
adaptability and host range. Previous work using Tobacco mosaic virus and Cucumber mosaic virus indicated
that evolutionarily related viruses have very different levels of diversity in a common host. The quasispecies
cloud size for these viruses remained constant throughout serial passages. Inoculation of these viruses on a
number of hosts demonstrated that quasispecies cloud size is not constant for these viruses but appears to be
dependent on the host. The quasispecies cloud size remained constant as long as the viruses were maintained
on a given host. Shifting the virus between hosts resulted in a change in cloud size to levels associated with the
new host. Quasispecies cloud size for these viruses is related to host-virus interactions, and understanding
these interactions may facilitate the prediction and prevention of emerging viral diseases.

Genetic diversity is the essential component in a population
that allows a species to evolve in an ever-changing environment
with shifting selection pressures. Viruses have extreme evolu-
tionary capacities that have allowed them to adapt to parasitize
all known groups of organisms and, in many cases, to rapidly
adapt to numerous host species within a kingdom. Consider-
able effort has been made to demonstrate and understand the
population structure and evolutionary capacities of viruses
such as Human immunodeficiency virus, Vesicular stomatitis vi-
rus, and Hepatitis C virus (1, 2, 15, 18, 25). These viruses, with
RNA genomes or pregenomes, are associated with error-prone
replication and short generation times that result in large,
highly diverse replicating populations (7). When such a repli-
cating population reaches equilibrium in its levels of diversity,
it is termed a quasispecies. The level of genetic diversity in a
viral population, termed the quasispecies cloud size, is an in-
trinsic property of the quasispecies.

The theoretical advantage of maintaining a diverse quasi-
species is that, when the virus is shifted to a new environmental
niche or selective regimen, a variant may already be present in
the population which will be more fit in the new environment.
However, excessive diversity can create problems if the virus is
subjected to repeated bottlenecks. Since most mutations are
deleterious, frequent bottlenecks can result in the rapid loss of
fitness known as Muller’s ratchet (3, 12, 13, 28). In order to
survive, a virus must be diverse enough to adapt rapidly to
changing environments without losing fitness during passage
from host to host. Understanding the forces that control viral
quasispecies may lead to novel ways of predicting the emer-
gence of new viral pathogens and resistance-breaking variants,
as well as lend insight into the population structures of other
organisms.

Plant viruses are a convenient model system for studying

viral evolution, because they allow for the use of infectious in
vitro-generated viral RNAs as an inoculum for host organisms
and permit controlled studies in multiple, genetically similar,
intact hosts. The Alpha-like group of RNA viruses includes a
number of plant and animal viruses with similarities in their
genome organizations and nonstructural proteins (6). In a
previous study, three Alpha-like plant viruses, Tobacco mosaic
virus (TMV), Cucumber mosaic virus (CMV), and Cowpea
chlorotic mottle virus (CCMV), were chosen for a direct com-
parison of quasispecies cloud size in a common host, Nicotiana
benthamiana. Similar genome organizations and conserved el-
ements in their replication proteins indicate that TMV, CMV,
and CCMV evolved from a common ancestral virus. Despite
their similarities, these three viruses differ greatly in host range
size: CMV infects about a thousand plant species, TMV infects
80 to 100 plant species, and CCMV infects only a few plant
species. In N. benthamiana, CMV, TMV, and CCMV had dif-
ferences in the levels of population variation that correlated
with their relative host range sizes (21). The comparison of the
three viruses was the first controlled experimental evidence of
a correlation between quasispecies cloud size and host range,
an important biological implication of quasispecies theory. Ad-
ditionally, serial passages resulted in no significant change in
diversity levels through 10 consecutive passages, consistent with
the portion of quasispecies theory which predicts that, when
the replicating population reaches equilibrium, all individuals
in the population will have a similar average genetic distance
from the consensus sequence (4).

While the previous experiments were useful in understand-
ing the population structures of plant viruses, they were limited
to a single host for direct comparison. It was still unknown
whether the quasispecies cloud size was constant for these
viruses in all environments or whether it varied. It also re-
mained to be seen if the phenomenon of constant cloud size
throughout passages was universal for all hosts or was an
artifact associated with N. benthamiana. Using various plant
hosts as changing environments, we demonstrate here that the
virus quasispecies reaches an equilibrium of diversity that is
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maintained through several passages and that the level of di-
versity in the quasispecies cloud is a property of both the virus
and the host. Identifying the factors affecting the diversity
levels of viral populations is the first step toward controlling
quasispecies cloud size, which could contribute significantly to
the understanding and eventual control of the viral disease
evolution.

MATERIALS AND METHODS

Plants and viruses. Infections with CMV and TMV were initiated either with
infectious in vitro transcripts from cDNA clones (CMV) (14) or with infectious
transcripts generated in vivo from 35S promoter-driven constructs (22) as pre-
viously described (21). Plant hosts included zucchini squash (Cucurbita pepo cv.
Elite), tomato (Lycopersicon esculentum cv. Rutgers), pepper (Capsicum annuum
cv. Morengo), tobacco (Nicotiana tabacum cv. Xanthi nc Cornell or Xanthi nn),
and N. benthamiana. Protoplasts were generated from BY2 tobacco suspension
cell cultures (24) and inoculated with in vitro transcripts or in vivo transcript-
generating clones (10). Passage experiments were done by sap inoculation as
previously described (21). Briefly, two plants were inoculated with transcript
(passage 0), and sap samples from both plants were pooled to inoculate two more
plants (passage 1), continuing through passage 10.

Cloning and sequencing of viral populations. The viral RNAs from individual
plants from each treatment were cloned separately and treated as unique pop-
ulations. Total RNA was isolated from plants 2 weeks postinoculation and from
protoplasts 24 h after inoculation as previously described (11). The total RNAs
from whole plants and protoplasts were used as templates for high-fidelity re-
verse transcription-PCR (RT-PCR) as previously described (21). RT reactions
were primed with primers 4144 (AACCTACTGCAGTGAGTCCGAGGATTA)
for CMV and 4145 (TAATCGGAATTCAGGAAACAGCTATGACCCGCGC
GATCCAGACAC) for TMV. The PCR primers used (4139 [AACCTACTGC
AGTGAGTCCGAGGATTA] and 4144 for CMV and 4143 [AACCTACTGCA
GCGGGTTTCTGTCCGC] and 4145 for TMV) amplified a region of the viral
genomes including the 39 ends of the movement protein genes, the CMV inter-
cistronic region, the coat protein genes, and a portion of the 39 nontranslated
regions (Fig. 1). Thermal cycling reactions were carried out for 15 cycles (94°C
denaturation for 30 s, 50°C annealing for 1 min, and 72°C extension for 1 min)
and included a polymerase with proofreading capability (Pfu; Stratagene). The

PCR product was cloned, and the sequence was determined by automated
sequencing using an ABI 377 sequencer according to the manufacturer’s proto-
cols. Sequencing was performed with flanking T7 and T3 plasmid primers and
one internal primer for TMV (positioned from bases 5672 to 5691) or two
internal primers for CMV (positioned from bases 1270 to 1290 and bases 1570 to
1590). From 11 to 15 clones were analyzed for each population (a minimum of
11,000 bases/population). The consensus sequence for each population was de-
termined, the sequence of each clone was compared to the consensus sequence,
and changes were recorded. The mutation frequency (total number of changes/
total number of bases sequenced) and the percentage of mutated clones were
used as indicators of genetic diversity.

Statistical analysis. Comparisons between viral populations in different hosts
were tested for statistical significance using the ANOVA (analysis of variance)
test from the statistical package MStat (Michigan State University, Lansing) to
determine least significant differences. A standard runs test was used to assess
the randomness of mutation distribution. The significance of mutation-free zones
was tested by generating 50 computer-simulated mutation distributions for both
TMV and CMV with a number of mutations equal to the combined total of all
observed populations. A map was generated for each of the 50 simulated pop-
ulations, and the largest mutation-free zone of each computer simulation was
recorded. The mutation-free zones from the 50 simulated distributions are as-
sumed to represent what could be expected if the mutations occurred completely
by chance. The mean values and standard deviations were determined for the
largest mutation-free zones from the 50 simulated populations, and these values
were compared to the values for the observed mutation-free zones from whole-
plant populations of TMV and CMV. The mean values for simulated mutation-
free zones were subtracted from the observed mutation-free zone size, and this
value was divided by the standard deviation to determine the number of standard
deviations by which the observed value varied from the randomly generated
mean. Because the randomly generated values form a normal distribution, the
number of standard deviations can be used to estimate the likelihood of the
observed mutation-free zone occurring by chance.

RESULTS

To investigate the effects of changes in the environment on
quasispecies cloud size, TMV and CMV were inoculated onto
several additional hosts using a genetically identical source

FIG. 1. Distribution of mutations in cloned regions of CMV and TMV. Maps of the cloned regions of CMV (A) and TMV (B) are shown, with
nucleotide positions marked above. The locations of mutations from cloned populations are shown as lines directly below the maps. The mutations
from whole-plant populations are directly underneath the maps, with mutations from protoplast (prot.) populations below them. Mutation-free
regions from whole-plant populations are marked with a double-headed arrow. In instances where multiple mutations have occurred at the same
site, the site is marked with a single line with the number of mutations indicated directly below. The proposed origin-of-assembly region in TMV
is denoted by the shaded bar over the movement protein gene. None of the changes in the origin-of-assembly region dramatically affected the
proposed structure.
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(Table 1). Young plants were inoculated mechanically, and 14
days postinoculation, total RNA was extracted from noninocu-
lated, systemically infected leaves. This RNA was used as a
template for RT, and the resulting cDNA was PCR amplified
with virus-specific primers. The amplified products (approxi-
mately 1 kb in length including the coat protein genes and
some flanking sequences) were cloned, and 11 to 16 clones
were analyzed for each virus population.

Each clone represented a unique viral RNA, and comparing
the sequences of the viral clones to the consensus sequence (in
most cases, identical to the sequence of the progenitor cDNA
clone) provided a snapshot of the genetic diversity generated
within a given viral population. Using these clones as a repre-
sentative sample of viral populations, mutation frequency and
the percentage of mutated viral clones were used as indicators
of population diversity. Mutation frequency is the number of
bases that differ from the consensus sequence divided by the
total number of bases sequenced. It is not a measure of mu-
tation rate (i.e., misincorporation by the polymerase) but an
indication of diversity, as described by convention (2). At least
two plants were sampled for each virus-host combination, and
the viral populations were cloned separately. Cloning and se-
quencing two RT-PCR sets for each plant treatment would
detect potential differences in levels of error introduced in
independent RT-PCRs. There were no significant differences
between the sampled plants of any given host-virus combina-
tion, even in subsequent passage experiments where multiple
plants from a single host species were used, and so the data
from clones for each virus-host combination were pooled.
Comparisons between treatments were done using ANOVA
tests to determine least significant differences. In all cases, care
was taken to minimize the level of error introduced by the
cloning process. The number of PCR cycles was limited (15
cycles), and high-fidelity polymerase was used as previously
described. Control experiments using in vitro transcripts as
template RNA indicated that the level of variability introduced

by the experimental procedure (4.5 3 1025) was significantly
lower than levels observed in the viral populations (21).

No bias for synonymous mutations was observed in any of
the populations (Tables 2 and 3), consistent with the observa-
tion that selection in these experiments is acting on the RNA
level (21). Thus, synonymous and nonsynonymous mutations,
as well as substitutions, insertions, and deletions, were treated
alike in terms of counting mutations and determining diversity
levels. Occasionally, multiple bases were mutated close to one
another. In these cases, each individual mutated base was
counted as a mutation, even though the mutations may have
arisen from a single mutational event. However, if these mu-
tations are grouped and counted as a single mutation, it does
not affect the statistical comparisons significantly (data not
shown).

The initial experiments demonstrated that the quasispecies
cloud size for CMV and TMV varied with changing environ-
ments (i.e., changing hosts). Both CMV and TMV showed
marked differences in variability depending on the host (Table
1). Even on hosts in the same genus (tobacco and N. benthami-
ana), TMV and CMV generated viral populations with signif-
icantly different cloud sizes. The range of cloud sizes was quite
large: for example, TMV populations had very little detectable
variation in tomato, while populations in pepper had high
percentages of mutated clones and high mutation frequencies.
CMV also had host-dependent changes in quasispecies varia-
tion, particularly in the percentage of mutated clones. Clearly,
the size of the quasispecies cloud for a particular virus was not
constant; rather, it depended on the host and/or the environ-
ment, and certain virus-host combinations or environmental
effects appeared to contribute to increases in viral variation
capacities.

CMV populations from pepper (high diversity), TMV pop-
ulations from pepper (high diversity), and TMV populations

TABLE 1. Quasispecies variation in CMV and TMV populations
in different host species

Virus and host % Mutated
clones

Total
mutations/bases

sequenced

Mutation
frequency

(103)a

CMV
N. benthamiana 43 (6/14) 8/16,454 0.5A

Tobacco 70 (7/10) 12/11,197 1.0B

Squash 30 (3/10) 8/11,193 0.7A

Tomato 64 (7/11) 9/13,786 0.7A

Pepper 100 (11/11) 23/13,820 1.8C

Tobacco protoplast 100 (11/11) 34/13,358 2.5D

TMV
N. benthamiana 29 (4/14) 7/13,227 0.5F

Tobacco 46 (6/13) 11/11,850 0.9G

Tomato 8 (1/12) 2/11,353 0.2E

Pepper 77 (10/13) 18/12,471 1.5B

Tobacco protoplast 100 (12/12) 23/11,358 2.0I

a Substitutions, insertions, and deletions are all counted equally in determining
mutation frequency. Statistically significant differences in diversity levels are
denoted by capital letters next to mutation frequencies. Mutation frequencies
with the same letter are not statistically different. Least significant differences
were determined using the ANOVA test (P , 0.05). The levels are specific to
each virus, i.e., CMV populations are compared to only other CMV populations.

TABLE 2. Types of mutations observed in CMV and
TMV populations in whole plants

Virus

No. of type of mutationa

Translated
Nontrans. Subs. Ins. Del.

Syn. Nonsyn.

CMV 16 38 85 114 12 13
TMV 23 51 15 65 8 16

a Abbreviations: Syn., synonymous; Nonsyn., nonsynonymous; Nontrans., non-
translated; Subs., substitution; Ins., insertion; Del., deletion.

TABLE 3. Substitution types

Virus Original
base

No. of substitutions at mutated base

G A U C

CMV G 41 5 1
A 11 4 2
U 7 8 17
C 2 0 16

TMV G 14 2 2
A 12 3 1
U 2 3 12
C 0 3 11
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from tomato (low diversity) were passaged 10 times by plant
sap inoculation to test the stability of quasispecies cloud size in
these hosts. In all cases, there was little adjustment in the level
of population diversity over the course of serial passage (Table
4). After 10 passages, TMV populations from pepper were
transferred to tomato, TMV populations from tomato were
transferred to pepper, and CMV populations from pepper
were transferred to N. benthamiana. By 14 days after transfer
to the new host, the TMV and CMV populations developed
variation levels that were equivalent to those of populations
that had been passaged on the new host 10 times (Table 4).
There were no changes to the consensus sequence of the se-
quenced regions associated with shifting between high- and
low-diversity hosts, and so the changes in quasispecies cloud
size were not directly associated with adaptation of the coat
protein or flanking sequences to new hosts. Selection appears
to act on the diversity levels of the viral populations. This
demonstrates that virus populations rapidly reach and main-
tain diversity levels that are specific to individual host species,
and viral RNA populations are selected for levels of diversity
in addition to overall fitness.

To examine the rate of quasispecies cloud expansion, TMV
and CMV populations were cloned following infection and
24 h of incubation in tobacco protoplasts, where selection for
cell-to-cell and long-distance movement is removed. In proto-
plast infections, the virus is limited to a single inoculated pro-
toplast, and the selection pressures on viral populations are
primarily for replication and RNA stability. In just 24 h, both
TMV and CMV generated very diverse populations, with
larger cloud sizes than those that were observed after 2 weeks
in intact tobacco plants (Table 1). Clearly, these viruses are
capable of generating tremendous amounts of diversity very
rapidly when selective pressures or other factors are removed.

Mutations became fixed in viral populations in only two

cases; most populations maintained the original consensus se-
quence. One fixed mutation was found in the tobacco popula-
tions of CMV (Table 1), a change from C to U at position 1486
in the coat protein gene. Another fixed mutation was observed
in the passaged TMV tomato populations (Table 4), a G-to-A
transition at position 5514 in the movement protein gene. The
fixed mutation in the passage 10 TMV tomato populations
resulted in a new consensus sequence. As such, no mutations
from the consensus sequence are recorded for the passage 10
TMV populations in tomato, nor is the fixed mutation from
CMV tobacco populations represented in the final mutation
frequency. It is impossible to say if the fixed mutations were
truly adaptive or if they became fixed in the population by
chance, although both fixed mutations were nonsynonymous.
In general, the lack of fixed mutations emphasizes the rare
nature of adaptive mutations.

As noted previously (21), there is a bias for transition mu-
tations in both TMV and CMV populations (Tables 2 and 3).
CMV in particular demonstrated a strong bias for G-to-A
substitutions. This is consistent with transition biases noted in
other viral systems (9, 23). There are very few C-to-A and
A-to-C transversions in CMV populations, a trend that is also
consistent with phylogenetic analyses of CMV strains (17). A
runs test indicated that neither the CMV nor the TMV muta-
tions were clustered. However, both TMV and CMV demon-
strated an uneven distribution of mutations in the sequenced
regions (Fig. 1). In CMV, there were mutational hot spots,
such as the area around base 2000 in the 39 nontranslated
region where numerous mutations were recovered from all
CMV populations, both in whole plants and in protoplasts.
This is probably related to the sequence in this region, where
there is a stretch of six uracil residues. The most common
mutations in this region were deletions or additions in the
poly(U) stretch or G-to-A substitutions of the base immedi-
ately preceding the poly(U) stretch (data not shown). There
were no such mutational hot spots observed in the TMV pop-
ulations.

In contrast to the mutational hot spot in CMV, there were
zones in both TMV and CMV cloned regions where mutations
were not recovered. In CMV, there was a 149-base region in
the coat protein gene where no mutations were observed in any
of the whole-plant populations. Interestingly, a number of mu-
tations did occur in this region in tobacco protoplast popula-
tions (Fig. 1). A similar 110-base mutation-free zone was ob-
served in the 39 nontranslated region of TMV. This region also
remained mutation free in protoplast populations (Fig. 1). To
statistically test the significance of such mutation-free regions,
50 simulated mutation distributions were constructed by ran-
domly generating an equal number of mutation locations. The
simulated mutations were mapped and compared to the actual
mutation distribution observed for TMV and CMV in whole
plants. None of the 50 randomly generated mutation distribu-
tions had a mutation-free zone equal in size to the ones ob-
served for TMV and CMV (data not shown). The average of
the largest mutation-free zones from the randomly generated
distributions was 75.5 bases for CMV (standard deviation 5
21.5) and 70.4 bases for TMV (standard deviation 5 16.6). The
observed mutation-free zones for both TMV and CMV were
more than 2 standard deviations away from the mean muta-
tion-free zones for the randomly generated distributions, indi-

TABLE 4. Quasispecies variation in CMV and TMV populations
during serial passages on tomato and pepper

Virus and host Passage % Mutated
clones

Total
mutations/bases

sequenced

Mutation
frequency

(103)a

CMV
Pepper 0 100 (11/11) 23/13,820 1.8B

1 100 (12/12) 23/15,160 1.5B

10 93 (13/14) 25/17,606 1.4B

N. benthamiana
(after passage 10)

36 (4/11) 5/13,770 0.4A

TMV
Pepper 0 77 (10/13) 18/12,471 1.5D

1 64 (9/14) 12/13,466 0.9D

10 60 (9/15) 15/14,121 1.1D

Tomato (after
passage 10)

22 (2/13) 2/12,265 0.2C

Tomato 0 8 (1/12) 2/11,353 0.2C

1 23 (3/13) 3/12,511 0.2C

10 0 (0/14) 0/13,151 0.0C

Pepper (after
passage 10)

69 (9/13) 12/11,875 1.0D

a Substitutions, insertions, and deletions are all counted equally in determining
mutation frequency. Statistically significant differences in diversity levels are
denoted by capital letters next to mutation frequencies. Mutation frequencies
with the same letter are not statistically different. Least significant differences
were determined using the ANOVA test (P , 0.05).
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cating that the probability of such a mutation-free zone occur-
ring by chance in viral populations from whole plants is less
than 5%.

DISCUSSION

It is difficult to imagine a mechanism that would select a
specific level of diversity for each host-virus relationship. Two
possible scenarios could explain this observation. First, in cer-
tain hosts the viral replicase may make fewer errors and thus
generate less diversity. The host contributes components to the
replicase complex in addition to controlling concentrations of
available nucleotides, pH, and other soluble components such
as divalent cations, any of which could affect fidelity. Alterna-
tively, these viruses may be capable of generating equivalent
levels of diversity in different hosts, but some selection pres-
sure specific to a particular host acts as a cap, limiting the
accumulation of diversity. The levels of diversity observed in
protoplasts after just 24 h were higher than those observed in
any intact plant species (including whole tobacco plants) where
the population was sampled 2 weeks postinoculation (Table 1).
This suggests that the quasispecies is quite capable of gener-
ating diversity rapidly, and other factors limit the eventual
accumulation of variation in whole plants.

The observed mutation frequency in whole plants is surpris-
ingly low. At the highest level in tobacco protoplasts, the CMV
mutation frequency is 2.5 3 1023 in just 24 h. Very little
information is available about the generation time for plant
viruses, although TMV begins to produce progeny virus in 35
to 40 min (26). To account for the mutation frequency ob-
served in tobacco protoplasts with an error rate of 1024, there
must have been approximately 20 to 25 generations in the
protoplasts, or a generation time of about 1 h. This estimate of
generations is probably low, because it assumes that the mu-
tation frequency is completely due to random mutations and
that there is no negative selection on deleterious mutations. In
protoplasts, there may be little selection for the normal func-
tions of the movement protein or coat protein; however, there
is undoubtedly selection against mutations that would render
the RNA unstable or unable to replicate. In whole plants, the
cytoplasm is a contiguous system between cells connected by
plasmodesmata, making estimations of generation numbers
difficult. Regardless, assuming that the CMV replicase error
rate is similar to other RNA-dependent RNA polymerase er-
ror rates, we can crudely estimate at least one generation per
hour in single infected cells.

In infected plants, generation time may fluctuate with the
metabolic state of the plant. In addition, viral replication may
not be continuous in the plant. However, one generation per
hour in the plant is probably not an unreasonable estimate.
Hence, in 14 days, there should be about 336 generations, and
a theoretical mutation frequency of 3.4 3 1022. Clearly, the
observed mutation frequencies are much lower than this. Two
factors potentially are decreasing the mutation frequency: se-
lection (predominantly negative) and bottlenecks. It is clear
that selection plays an important role, because although mu-
tations are not biased for synonymous changes (Table 1), they
are not evenly distributed (Fig. 1). However, even in the most
densely mutated regions we do not approach the theoretical
mutation frequency, and so we must assume that bottlenecks

associated with long-distance or cell-to-cell movement also are
limiting the diversity.

It is important to note that the cloned viral populations are
being selected for at the RNA level. There are more than
enough nonmutated copies of genes to produce all the neces-
sary coat proteins in trans in even the most highly mutated
populations. The coat protein must fulfill its primary function
of encapsidation in trans, because multiple proteins encapsi-
date a single viral RNA. Even the most mutated populations
are capable of efficient systemic infection, and these diverse
populations do not lose the ability to be passaged successfully,
further indicating that there are sufficient levels of wild-type
virus proteins to complete the infection cycle. Thus, the pres-
ence of regions where mutations are not recovered clearly
indicates the presence of selection for RNA sequence. Both
TMV and CMV have such regions, and computer simulations
with randomized distributions of mutations indicated that
these regions are not occurring by chance. Undoubtedly, mu-
tations do occur in these regions, but viral RNAs with such
mutations are rapidly selected out of the quasispecies cloud.

The mutation-free region in the 39 nontranslated region of
TMV is easily explained, since this region acts as the promoter
for minus-strand synthesis. Mutations in this region would po-
tentially debilitate the ability of a viral RNA to be replicated.
It is not surprising that mutations did not occur in these areas
in protoplast populations as well. Fewer mutations were also
recovered in another highly selectable region of TMV, the
origin of assembly (bases 5436 to 5532), which controls the
encapsidation of individual RNAs (20). Although the gaps
between mutations in this region were not larger than expected
by chance, there are clearly fewer mutations in this region than
in flanking sequences on either side (Fig. 1). In addition, two of
the five mutations in this region did not affect the proposed
stem-loop required for efficient encapsidation (20), and none
of the mutations affected the end of the stem-loop. This pat-
tern of mutation-free regions also occurred in protoplast pop-
ulations, where all mutations in the origin of assembly did not
affect secondary structure, and no mutations occurred in the 39
nontranslated region.

In contrast, CMV populations demonstrate patterns of mu-
tations in whole plants different from those in protoplasts. The
different distribution of mutations seems to indicate that there
are selection pressures working on the RNA level that are
present in whole plants but absent in protoplasts. The most
obvious selection pressures on viral RNAs are replication ca-
pacity and stability (encapsidation would prevent viral RNA
degradation by host nucleases), but these selection pressures
are present in both environments. Clearly, viruses are required
to move both cell to cell and systemically in whole plants, a
portion of the life cycle that is absent in protoplasts. Perhaps,
the mutation-free region in the coat protein gene of whole-
plant CMV populations is related to movement of viral RNAs.
Examining the sequence of the mutation-free region in the
CMV coat protein gene does not reveal any obvious selectable
traits. The possibility that this region is a cis-acting replication
signal not necessary in protoplasts but required in whole plants
is unlikely but cannot be ruled out completely. Unusual distri-
butions of mutations resulting from passage bottlenecks have
been observed with human immunodeficiency virus (27). Pos-
sibly, bottlenecks associated with viral movement in plants are
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reflected in the differences in mutation distributions for CMV
populations between whole plants and protoplasts.

There are two particularly significant findings in this work.
First, the quasispecies cloud sizes for these viruses are not
constant; rather, they vary depending on the host environment.
These differences may be due to differences in the ability of
TMV and CMV to generate diversity through replicase error
and recombination (16), but these experiments suggest that the
differences are due to selection or bottlenecks imposed by the
host-virus infection cycle. Second, this work clearly demon-
strates that the viral quasispecies is selected for a particular
level of variation specific to the virus-host combination. Al-
though this possibility had been suggested in early descriptions
of quasispecies theory, this is the first experimental evidence to
indicate that such selection occurs. This suggests the possibility
that different hosts may accelerate or decelerate the rate of
viral evolution by permitting or denying high levels of diversity
in viral populations. Diversity in viral quasispecies has been
described previously as a mechanism to avoid host resistance
responses (5, 8) or a reservoir to maintain variants with selec-
tive advantages in other environments (19) and has been cor-
related with the ability to infect numerous hosts (21). If the
factors that contribute to permitting viral diversity can be iden-
tified and manipulated, a whole new set of tools will become
available to prevent the development of new diseases. Perhaps,
the very resistance mechanisms that we use to combat viruses
are in fact generating high-diversity quasispecies that act as a
source of new pathogenic variants. A greater understanding of
the forces that drive and control the levels of virus genetic
variation may help us one day predict and possibly prevent the
scenarios that lead to the evolution of emerging viral diseases.
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