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Abstract
Analysis of nucleotide sequence polymorphism in complete genomes of 12 species of potyviruses
(single-stranded, positive-sense RNA viruses, family Potyviridae) revealed evidence that long-term
effective population sizes of these viruses are on the order of 104. Comparison of nucleotide diversity
in non-coding regions and at synonymous and nonsynonymous sites in coding regions showed that
purifying selection has acted to eliminate numerous deleterious mutations both at nonsynonymous
sites and in non-coding regions. The ratio of nonsynonymous to synonymous polymorphic sites
increased as a function of the number of genomes sampled, whereas mean gene diversity at
nonsynonymous polymorphic sites decreased with increasing sample size at a substantially faster
rate than does mean gene diversity at synonymous polymorphic sites. Very similar relationships were
observed both in available genomic sequences of 12 potyvirus species and in subsets created by
randomly sampling from among 98 TuMV genomes. Taken together, these observations imply that
a greater proportion of nonsynonymous than of synonymous variants are relatively rare as the result
of ongoing purifying selection, and thus many nonsynonymous variants are unlikely to be discovered
without extensive sampling.
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RNA viruses include some of the most important pathogens of humans, domestic animals, and
crop plants. Because of their high mutation rate (Drake and Holland 1999), RNA viruses have
a great potential for sequence diversity; and numerous theoretical and empirical studies have
been devoted to understanding the population processes affecting the fate of new mutations in
these viruses (Domingo and Holland 1997; Hughes and Hughes 2007; Jenkins et al. 2001;
Manrubia et al. 2005). Understanding RNA virus sequence diversity in turn has numerous
practical applications, ranging from the development of vaccines against viruses infecting
humans or other vertebrates (Barouch 2008) to understanding the basis of host specificity in
plant viruses (Tan et al. 2005).

In the case of plant RNA viruses, García-Arenal et al. (2001) reviewed evidence suggesting
that a high level of mutation has not led to a great deal of variability in viral proteins or a rapid
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rate of genomic change. In fact, plant RNA viruses show remarkable stability at the genomic
level, and the extent of amino acid sequence variation in their proteins is reported to be no
greater than in the proteins of their hosts (García-Arenal et al. 2001). One explanation for this
observation is that plant RNA virus genomes are subject to strong and effective purifying
selection (García-Arenal et al. 2001) — that is, natural selection acting to eliminate deleterious
mutations — an explanation consistent with results from studies of RNA viruses in general
(Domingo and Holland 1997; Hughes and Hughes 2007). In addition, it has been argued that
the comparative lack of diversity of certain plant viruses can be explained by low effective
population sizes, because only a few virions may be involved in initiating infection, as for
example has been demonstrated in wheat streak mosaic virus (French and Stegner 2003).

For a given mutation rate, the level of selectively neutral polymorphism observed in a
population is expected to be an increasing function of effective population size (Nei 1987). By
contrast, deleterious variants are expected to accumulate when effective population size is low,
because purifying selection becomes increasingly ineffective in removing slightly deleterious
variants as effective population size decreases (Ohta 1973). The rapid accumulation of
deleterious mutations in experimentally bottlenecked RNA viruses provides a dramatic
confirmation of the latter prediction (Chao 1990; de la Igelsia and Elena 2007: Duarte et al.
1992). On the other hand, when the effective population size is large, purifying selection is
expected to keep slightly deleterious variants at low frequencies. The frequency of
recombination is an additional factor in determining the effectiveness of purifying selection in
purging deleterious variants. In the absence of recombination, deleterious mutations fixed
during a bottleneck are difficult to remove even after population expansion, whereas
recombination allows deleterious mutations to be isolated and thus purged by selection in an
expanding population (Hughes and Hughes 2007).

Statistical evidence for the action of purifying selection derives from the comparison of
synonymous and nonsynonymous (amino acid-altering) nucleotide substitutions in coding
regions. Such comparisons are based on the assumption that synonymous mutations are much
less likely to deleterious than nonsynonymous mutations, since many of the latter will disrupt
protein structure and function (Hughes 1999). The observation that, in most protein-coding
genes, the number of synonymous nucleotide substitutions per synonymous site (dS) exceeds
the number of nonsynonymous substitutions per nonsynonymous site (dN), provides strong
evidence that past purifying selection has acted to eliminate nonsynonymous mutations to a
much greater extent than synonymous mutations (Nei 1987). Moreover, if purifying selection
against slightly deleterious nonsynonymous mutations is ongoing within a population, it will
result in a pattern whereby nonsynoymous variants tend to be rare relative to synonymous
variants in the same coding regions (Hughes et al. 2003; Hughes 2005). Such patterns have
been observed in sequences of a wide variety of both DNA and RNA viruses (Hughes 2007,
2009; Hughes and Hughes 2007; Hughes and Piontkivska 2008; Irausquin and Hughes 2008).

Here I use statistical analyses of genomic sequence data to examine the factors responsible for
the maintenance of polymorphism in Potyviridae (potyviruses), a large and diverse family of
plant RNA viruses (Shukla et al. 1994). I estimate effective population size from nucleotide
diversity; and I test the hypothesis that purifying selection is a major factor acting to reduce
diversity at the amino acid sequence level in these viruses (García-Arenal et al. 2001). On the
hypothesis that purifying section is ongoing, a substantial fraction of nonsynonymous variants
are predicted to be rare (Hughes 2008). As a consequence, the number of polymorphic
nonsynonymous sites relative to synonymous sites will be an increasing function of the number
of sequences sampled, because further sampling will reveal new rare nonsynonymous variants.
Conversely, the mean gene diversity (“heterozygosity”) at nonsynonymous single-nucleotide
polymorphic (SNP) sites is predicted to be a decreasing function of the number of sequences
sampled, because the inclusion of an increasing number of rare variants will lower the average
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gene diversity. I test these predictions by examining patterns of synonymous and
nonsynonymous sequence polymorphism in 12 potyvirus species, all pathogens of major
agricultural plant species.

The single-stranded, positive-sense RNA genome of potyviruses encodes a single polyprotein
of more than 3000 amino acids in length, which is later enzymatically cleaved into nine distinct
protein products (Shukla et al. 1994). The long coding region is particularly appropriate for
the type of analysis conducted here because stochastic error in estimates of population
parameters is minimized. I also compare the pattern of nucleotide substitution in the non-coding
regions, located 5′ and 3′ to the polyprotein gene, with that in the coding region.

Methods
Sequences and Phylogenetic Analysis

The analyses reported here involved 355 complete genome sequences of Potyviridae belonging
to 62 viral species (Supplementary Table S1), which were aligned using the CLUSTAL X
program (Thompson et al. 1997). The polyprotein-encoding sequences were aligned at the
amino acid level and the alignment imposed on the DNA sequences. A phylogenetic tree of
the 62 virus species was constructed by the neighbor-joining method (Saitou and Nei 1987)
on the basis of the JTT model (Jones et al. 1992) with the assumption that rate variation among
sites followed a gamma distribution. In this phylogenetic analysis, a single representative
sequence was used for each species. The shape parameter of the gamma distribution was
estimated by the TREE-PUZZLE program (Schmidt et al. 2004). Confidence in branching
patterns in the phylogenetic tree was assessed by bootstrapping (Felsenstein 1985); 1000
bootstrap samples were used.

Analysis of Polymorphism
Sequence polymorphism was analyzed within 12 viral species, which were chosen because at
least four complete genome sequences were available. Sequences derived from passaging
experiments were excluded from these analyses (Tan et al. 2005; Wallis et al. 2007). For these
12 viral species, the mean transition:transversion ratio at third positions in the coding region
was 6.2, indicating a strong transitional bias. The number of synonymous substitutions per
synonymous site (dS) and the number of nonsynonymous (amino acid-altering) substitutions
per nonsynonymous site (dN) were estimated by Li’s (1993) method. This method was used
because it takes into account the effect of transitional bias, which is particularly important in
the case of two-fold degenerate sites (Li 1993). The synonymous nucleotide diversity
(symbolized πS) is defined as the mean of dS for all pairwise comparisons among a set of
sequences, while the nonsynonymous nucleotide diversity (symbolized πN) is the mean of dN
for all pairwise comparisons among a set of sequences. The maximum composite likelihood
method (MCL; Tamura et al. 2007), which also takes into account transitional bias, was used
to estimate the number of nucleotide substitutions per site (d) in non-coding regions; the mean
of all pairwise comparisons of d is the nucleotide diversity (π). Standard errors of πS, πN, and
π were estimated by the bootstrap method (Tamura et al. 2007); 1000 bootstrap samples were
used.

In each of the 12 virus species, gene diversity (“heterozygosity”) was estimated at each
polymorphic site by the formula:
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where n is the number of alleles and xi is the frequency of the ith allele in the set of sample
sequences analyzed (Nei 1987, p. 177). In coding regions, single nucleotide polymorphisms
(SNPs) were classified either as synonymous or nonsynonymous depending on their effect of
the encoded amino acid sequence. Ambiguous sites were excluded from these analyses. The
latter included sites at which both synonymous and nonsynonymous variants occurred in the
set of sequences analyzed. Also excluded were certain polymorphic sites within codons with
two or more polymorphic sites, when the polymorphism could be considered synonymous or
nonsynoymous depending on the pathway taken by evolution. For example, consider the two
codons CTA and TTT. A mutation C→T in the first position would be synonymous if there
were A in the third position, but not if there were T in the third position.

The mean of gene diversities at synonymous SNP sites was designated HS, and the mean of
the gene diversities at nonsynonymous SNP sites was designated HN. Gene diversities were
not normally distributed. Therefore, in testing for differences in the mean and variance of gene
diversity among categories (synonymous, nonsynonymous, and non-coding) of SNP sites,
randomization tests were used. In each test, 1000 pseudo-data sets were created by sampling
(with replacement) from the data; a difference between two categories was considered
significant at the α level if it was greater than the absolute value of 100(1-α) % of the differences
observed between the same categories in the pseudo-data sets.

The effective number of genes in the population (Ng) was estimated by the formula

where u is the mutation rate per site per generation (Lynch 2007, p. 91). Ng is equivalent to
the long-term effective population size in the case of a haploid organism (Lynch 2007). The
effective population size, a fundamental parameter of population genetics, corresponds to the
size of an idealized population having the same properties with respect to genetic drift as a
given real population (Wright 1931). In general, the effective population size is smaller than
the census number of the population because of factors such as periodic bottlenecks (Nei
1987, p. 362-363). This concept is readily applicable to any population of replicating
organisms, including RNA viruses (Leigh Brown 1997; Miralles et al. 2000; Pybus et al.
2001). Estimates of u were based on the estimate of the number of mutations per generation
per genome (0.11) estimated for the tobacco mosaic virus, another single-stranded RNA
positive-sense virus (Malpica et al. 2002).

Randomly Sampled Subsets
In order to test for the effect on population parameters of the number of genomes sampled,
subsets of the data were constructed by randomly sampling (without replacement) sequences
from 98 sequences of turnip mosaic virus (TuMV). Five random subsets were created for each
of the following numbers of sequences: 4, 8, 16, 32, and 64. Population parameters were then
estimated for each subset.

Exponential Regression
The relationship between HS and HN was investigated by the exponential (allometric)
regression method (Sokal and Rohlf 1981). This method involves applying linear regression
to the log-transformed variables, then re-expressing the resulting regression equation in
exponential form. The same method was applied to examine the relationship between the ratio
of the number of nonsynonymous SNPs to the number of synonymous SNPs (N:S) and sample
size.
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Results
Nucleotide Sequence Diversity

Patterns of nucleotide substitution were analyzed in 12 species of potyvirus for which four or
more genome sequences were available. These 12 species were scattered throughout a
phylogenetic tree of potyviruses, based on complete polyprotein sequences (Figure 1). Overall
there was not a close relationship between the phylogeny of potyviruses and that of their host
plants. For example, bean yellow mosaic virus and bean common mosaic virus clustered very
far apart in the tree (Figure 1). The phylogeny thus supported a history involving numerous
host transfer events.

In the 12 virus species for which polymorphism was analyzed, πS was significantly greater
than πN in every case (Table 1). The same pattern was seen when πS and πN were estimated
separately for each of the nine proteins making up the polyprotein (data not shown). Thus,
there was evidence that potyvirus polyproteins have been subjected to strong past purifying
selection. Likewise, in all of the viruses, πS was significantly greater than π in non-coding
regions (Table 1). On the other hand, in 11 of the 12 viruses (all except LMV), π in non-coding
regions was significantly greater than πN in the coding region (Table 1). Thus, there was
evidence that non-coding regions of potyvirus genomes have been subject to purifying
selection, but not as strongly as nonsynonymous sites in the polyprotein gene. On the basis of
πS, the long-term effective population size (Ng) was estimated to be on the order of 104 in the
case of each of the 12 viruses (Table 1).

The mean gene diversity at synonymous polymorphic nucleotide (SNP) sites was significantly
greater than at nonsynonymous SNP sites in 11 of the 12 viruses. This pattern is indicative of
ongoing purifying selection, acting to reduce the population frequency of certain
nonsynonymous variants. Similarly, in 4 of the viruses, the mean gene diversity at noncoding
SNP sites was significantly lower than that at synonymous SNP sites, indicative of ongoing
purifying selection on non-coding sites in these viruses.

Effects of Sample Size
For the 12 viruses, there was not a significant correlation between the number of genomes
sampled and either πS or πN (Figure 2A). The values of πS showed considerable spread in the
case of viruses represented by small numbers of sequences (less than about 20), which seems
likely to reflect stochastic error due to small sample size. The fact that this stochastic error is
greater in the case of πS than in the case of πN apparently reflects the greater error in the former,
due to the smaller number of synonymous sites. This interpretation was strongly supported by
random sampling of TuMV sequences, which also showed higher variation of smaller samples,
particularly in the case of πS (Figure 2B). Even with small sample sizes, the values of πS were
clustered around the true mean value for all 98 TuMV sequences (0.5463; Table 1).

I fitted an exponential relationships between mean gene diversity at SNP sites and the number
of sequences. In the case of synonymous SNP sites (HS), the relationship was not statistically
significant; the equation relating gene diversity at synonymous SNP sites (HS) to the number
of sequences (n) was the following: HS = 0.428 n−0.119 (R2 = 0.236; n.s.). The mean diversity
at nonsynonymous SNP sites (HN) was related to n by the following equation: HN = 0.624
n −0.355 (R2 = 0.871; P < 0.001). The exponent was negative, indicating a decreasing
relationship, and significantly different from −1 (P < 0.001), indicating a decrease at a less than
linear rate. In the case of nonsynonymous SNPs, 87.1% of the variance among the 12 viruses
with respect to HN was explainable by differences in sample size.

The importance of sample size in explaining the relationship between mean gene diversity at
SNP sites and sample size was confirmed by random sampling of TuMV sequences (Figure
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3B). In the case of the randomly sampled subsets of the TuMV sequences, there was a strong
relationship between HS and sample size: HS = 0.474 n −0.109 (R2 = 0.828; P < 0.001). The
relationship between HN and sample size was even stronger: HN = 0.676 n −0.350 (R2 = 0.979;
P < 0.001). In the randomly sampled subsets, the exponents were negative for both HS and
HN; and in each case the exponent was significantly different from −1.0 (P < 0.001 in each
case), indicating a decrease at a less than linear rate. The similarity between the regression
equations for the 12 viruses and those for the randomly sampled subsets was striking,
particularly the similarity of the exponents (about −0.35) in the two equations for HN.

I also examined the relationship between sample size and the ratio of the numbers of
nonsynonymous to synonymous SNP sites (N:S). For the 12 viruses, the following exponential
regression equation was obtained: N:S = 0.164 n 0.237 (R2 = 0.632; P = 0.001; Figure 4A). The
exponent was significantly less than 1.0 (P < 0.001), indicating that N:S increases with n at a
less than linear rate. A similar relationship was observed in the case of the randomly sampled
subsets of TuMV: N:S = 0.134 n 0.267 (R2 = 0.887; P < 0.001; Figure 4B). Taken together with
the results on the relationship between HN and sample size, these results suggest that, as sample
size increases, the number of nonsynonymous SNP sites increases relative to the number of
synonymous SNP sites, but that this increase is due mainly to the inclusion of more rare
nonsynonymous SNPs in larger samples, thus in turn lowering HN.

The existence of numerous rare nonsynonymous SNP sites in turn is expected to reflect the
action of purifying selection. In order to provide an additional test of this hypothesis, I added
to the analysis the N:S value for a sample of 16 TuMV sequences that were serially passaged
in experimental adaptation to Raphanus sativus (Tan et al. 2005). Since these viruses were
bottlenecked during passage, the ability of purifying selection to remove slightly deleterious
variants was expected to have been reduced in this lineage. Consistent with this prediction,
N:S for the passaged TuMV was much higher than expected for a sample of this size (Figure
4A). In fact, the 16 passaged TuMV genomes showed a higher N:S than any of the 12 samples
from natural potyvirus samples, higher even than that of the 98 naturally samples TuMV
(Figure 4A). When the passaged TuMV sample was included in the exponential regression,
the studentized residual for this point was 3.39 (P = 0.006), indicating that removing this point
from the data set provides a highly significant improvement in the regression. No other point
in the dataset had a significant studentized residual. These results support the hypothesis that
the observed relationship between N:S and sample size reflects the presence of rare
nonsynonymous variants in potyvirus populations and thus the action of purifying selection.

Discussion
Plant RNA viruses show remarkable sequence conservation, which has been attributed both to
low effective population sizes and to strong purifying selection (García-Arenal et al. 2001).
An analysis of nucleotide sequence polymorphism in 12 potyviruses provided evidence for
both factors. Estimated long-term effective population sizes in these viruses were estimated to
be on the order of 104. This value is close to the typical long-term effective population sizes
of land plants (Lynch 2007), suggesting that the effective population sizes of potyviruses may
be similar to those of their hosts. This in turn supports the conclusion that bottlenecks in host-
to-host transmission may be very severe (French and Stegner 2003). Potyviruses are
transmitted by aphids in a non-persistent manner (Shukla et al. 1994); i.e., the virus is retained
by the vector for a short period, usually a few hours or less (Pirone and Harris 1977). It seems
plausible that this process might easily give rise to severe bottlenecks in transmission of the
virus from one host plant to another.

In addition, many infections of individual plants may not lead to any further infection, thus
leading to extinction of certain viral lineages, a factor that will decrease the overall long-term
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effective population size (Maruyama and Kimura 1980). A further factor in reducing long-term
effective population sizes of potyviruses may be bottlenecks in the process of transfer to new
host species. Consistent with previous phylogenetic analyses (e.g., Gibbs et al. 2008), a
phylogenetic analysis of potyviruses did not show clustering on the basis of host taxa (Figure
1). These results support the hypothesis that transfers to new hosts have been a recurring feature
of the history of these viruses. If new potyvirus species have typically arisen through a
fortuitous transfer to a new host of a small number of virus particles, the long-term effective
population size of the species might remain low even if the population size eventually increases
greatly in the new host (Nei et al. 1975).

The estimates of effective population size presented here depend on the estimation of the
genomic mutation rate. The value used here (0.11 per genome per replication), derived from
tobacco mosaic virus (Malpica et al. 2002) is at the low end of published estimates for RNA
viruses. If one were to use the mean value of the genomic mutation rate for RNA viruses
reported by Drake and Holland (1999), about 0.67 per genome per replication), the estimated
effective population sizes for potyviruses would be closer to 103. Thus effective population
sizes based on the present sequence datasets would be larger than 104 only if the mutation rate
in these viruses is substantially lower than any yet reported for an RNA virus.

These estimates depend on the assumption that the values of πS (synonymous nucleotide
diversity) obtained from the available genomic sequences are representative of each viral
species as a whole. The wide scatter of πS values for small sample sizes (Figure 2A) suggests
that there is substantial stochastic error when the number of genomes available was small (less
than about 20). Thus, it seems likely that estimates of effective population size based on larger
samples (generally about 2 × 104; Table 2) are more likely to be accurate for most potyviruses.

The quasispecies model, based on the work of Eigen (1971), has been widely cited as applicable
to RNA viruses (Domingo and Holland 1997). This model assumes very large population sizes
and that, as a consequence, genetic drift is not an important factor, assumptions that have been
questioned in the case of RNA viruses (Jenkins et al. 2001). The present estimates of effective
population sizes in potyviruses are much lower than those assumed by the quasispecies model
and support its inapplicability to understanding these viruses at the population level. However,
it is possible that this model still may provide valuable insights regarding the within-host
evolutionary dynamics of these viruses. There is evidence that plum pox virus, a potyvirus
infecting a perennial host, can build up substantial within-host genetic diversity (Jridi et al.
2006). Thus, the short-term within-host effective population size may be much greater than
the long-term between-host effective population size, because bottlenecks in transmission lead
to loss of most of the diversity accumulated within the host. Indeed, in the case of RNA viruses
infecting vertebrates, there is evidence that within-host and between-host patterns of sequence
polymorphism can differ substantially (Irausquin and Hughes 2008).

The present results also provided evidence of both past and ongoing purifying selection on
potyvirus genomes, leading to the elimination or reduction in frequency of deleterious variants
both at nonsynonymous sites in coding regions and at sites in non-coding regions. Given the
relatively small effective population sizes of potyviruses, patterns of nucleotide diversity
revealed that purifying selection is surprisingly effective. An important factor in maintaining
the effectiveness of purifying selection is recombination, which prevents the build-up of
deleterious mutations due to “Muller’s ratchet” (Hughes and Hughes 2007). Sequence analyses
have supported the hypothesis that recombination is frequent in potyviruses (Tan et al. 2004;
Ohshima et al. 2007), consistent with the present evidence of efficient purifying selection.

The frequent occurrence in a population of relatively rare nonsynonymous SNPs is evidence
of ongoing purifying selection acting to remove slightly deleterious nonsynonymous variants
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(Hughes et al. 2003). The present analyses showed that, in potyviruses, the ratio of
nonsynonymous to synonymous polymorphic sites (N:S) increases as a function of the number
of genomes sampled. Moreover, mean gene diversity at nonsynonymous polymorphic sites
(HN) decreases with increasing sample size at a substantially faster rate than does mean gene
diversity at synonymous polymorphic sites (HS). Both of these relationships were observed
both in the case of available genomic sequences of 12 potyvirus species and in data subsets
created by randomly sampling from among 98 TuMV genomes. Taken together, these
observations imply that a greater proportion of nonsynonymous than of synonymous variants
are relatively rare as the result of ongoing purifying selection; and thus many nonsynonymous
variants are unlikely to be discovered without extensive sampling.

Although it might be tempting to attribute the occurrence of rare variants to sequencing errors,
several lines of evidence argue against sequencing errors as a general explanation for their
occurrence. First, the substantially different patterns observed in synonymous and
nonsynonymous variants (Figures 3-4) would not be expected in the case of sequencing errors,
which would be expected to occur at random with respect to the reading frame. Second, the
fact that the same pattern was seen in available virus genomes and in randomly sampled subsets
of TuMV is not easily explained on the hypothesis that sequencing errors account for rare
variants in the former, since the sampling process accounts for the rarity or abundance of a
given variant in the latter.

Additional support for the role of purifying selection in reducing the frequency of
nonsynonymous variants was the fact that N:S in a sample of 16 experimentally passaged
TuMV was much higher than expected on the basis of sample size. Since this TuMV population
was passaged in order to adapt it to a new host (Raphanus sativus), some of the nonsynonymous
variants appearing in the passaged population might have been positively selected because of
an effect on viability of the virus to growth in R. sativus (Tan et al. 2005). However, certain
other nonsynonymous variants probably represent slightly deleterious mutations that could not
be eliminated because of “Muller’s ratchet” during the passaging process (Duarte et al.
1992). This type of passaging may thus resembled that involved in the generation of live
attenuated virus vaccines, which results in the accumulation of slightly deleterious
nonsynonymous variants (Hughes 2009).
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