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Codon usage determines the mutational robustness,
evolutionary capacity and virulence of an RNA virus
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“Tetrad Graduate Program, University of California, San Francisco, CA, San Francisco, CA
94143

3Department of Microbiology and Immunology, University of California, San Francisco, CA, San
Francisco, CA 94143

“Department of Cellular and Molecular Pharmacology, University of California, San Francisco,
CA, San Francisco, CA 94143

Summary

RNA viruses exist as dynamic and diverse populations shaped by constant mutation and selection.
Yet little is known about how the mutant spectrum contributes to virus evolvability and
pathogenesis. Because several codon choices are available for a given amino acid, a central
question concerns whether viral sequences have evolved to optimize not only the protein coding
consensus, but also the DNA/RNA sequences accessible through mutation. Here we directly test
this hypothesis by comparing wild type poliovirus to synthetic viruses carrying reengineered
capsid sequences with hundreds of synonymous mutations. Strikingly, such rewiring of the
population's mutant network reduced its robustness and attenuated the virus in an animal model of
infection. We conclude that the position of a virus in sequence space defines its mutant spectrum,
evolutionary trajectory, and pathogenicity. This organizing principle for RNA virus populations
confers tolerance to mutations and facilitates replication and spread within the dynamic host
environment.

Introduction

The genetic architecture of RNA virus populations is often depicted as a network of variants
organized in sequence space around a single master sequence (Domingo et al., 1978; Eigen,
1993). The structure and composition of these mutational neighborhoods is determined by
the selective landscape and may have a significant impact on viral fitness, evolvability, and
virulence (Burch and Chao, 2000). Although elevated mutation rates can be adaptive, most
mutations have deleterious effects on viral fitness, and RNA virus populations exist
perilously close to a theoretical error threshold of viability (Holmes, 2003; Sanjuén et al.,
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2004). Population genetic models suggest that error-prone replication will favor the
evolution of mutational robustness, whereby populations buffer the negative effects of
mutation by migrating to regions of sequence space corresponding to more neutral fitness
landscapes (de Visser et al., 2003; Montville et al., 2005; Codofier et al., 2006; Sanjuan et
al., 2007). In turn, robustness may facilitate evolvability by increasing the number of
adaptive pathways available within a given landscape (Draghi et al., 2010). Therefore, the
position of a genome within sequence space may be optimized to determine the network of
neighboring sequences rapidly accessible through mutation (Figure 1).

In experimental virology, the concept of the master sequence is best approximated by the
consensus, which represents the average sequence of the population. Studies of mutational
robustness and evolvability in viral systems have generally relied on demonstrating
differences in replicative speed and robustness in populations derived from biological clones
with divergent consensus sequences (Montville et al., 2005; Codofier et al., 2006; Sanjuén et
al., 2007). While each population occupies a distinct region of genotypic sequence space,
uncontrolled changes in the amino acid consensus sequence confound analysis of the impact
of fitness landscapes on the mutant spectrum and its association with viral phenotype.
Therefore, the importance of robustness and local sequence space to wild type populations
replicating at their natural mutation rates remains unclear.

In evolutionary models, robustness is closely linked to the degenerate relationship between
traits and genes (Huynen et al., 1996; Meyers et al., 2005). That is, multiple genotypes can
give rise to the same phenotype. This phenomenon may be linked to the genetic code, where
nearly all amino acids are encoded by more than one synonymous codon. While
synonymous mutation is often thought to be selectively neutral, the observed variation in
codon usage across both viral and organismal taxa suggests the presence of mutational bias
and/or selective pressure (Jenkins and Holmes, 2003; Plotkin and Kudla, 2011).
Translational efficiency has been invoked as a selective pressure to explain the evolution of
codon bias, codon pair bias, and codon order (Coleman et al., 2008; Cannarozzi et al., 2010;
Tuller et al., 2010). In RNA viruses, constraints on RNA structures necessary for replication
and packaging have been recognized as another important reason for codon bias (Simmonds
and Smith, 1999; Goodfellow et al., 2000).

However, an unexplored aspect of the genetic architecture of RNA viruses is how codon
choice influences population diversity. Given the structure of the genetic code, different
synonymous codons will yield distinct amino acid changes upon mutation. This may be
particularly important for RNA viruses, which replicate with extremely high mutation rates.
Thus, the structure of the virus consensus sequence may significantly influence the
expressed diversity and connectivity of mutant networks, and ultimately evolutionary
trajectory. Theoretical work suggests that the organization of mutant networks in genetic
sequence space can profoundly influence the speed of adaptation (Draghi et al., 2010). This
model has been validated by experimental studies of small RNA, where robust populations
are more evolvable by virtue of accumulated cryptic variation (Hayden et al., 2011). While
both RNA virus and ribozyme populations can exhibit significant genetic diversity, the
importance of cryptic variation and mutant networks to RNA virus evolution and
pathogenesis is unclear.

Here we used large-scale synonymous mutation to relocate viral populations within genetic
sequence space. This allowed us to dissociate the properties of the mutant spectrum from
those of the coding consensus. We find that these synonymous populations exhibit unique
mutant spectra with significantly different distributions of polymorphic amino acid
substitutions in the capsid. On a phenotypic level, they have similar replicative capacity, but
differ in clonal and population fitness. These three synonymous populations reside in

Cell Host Microbe. Author manuscript; available in PMC 2013 November 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lauring et al.

Results

Page 3

distinct fitness landscapes, and one of the engineered populations is less mutationally robust
than the others. Strikingly, this population is also attenuated in an animal model of infection,
demonstrating the importance of mutant neighborhoods in determining viral pathogenesis.
Our results suggest that mutational robustness is inherent to a virus' natural position in
sequence space and facilitates evolvability in the dynamic host environment.

We compared wild type (WT) poliovirus to two variants with large-scale synonymous
substitution in the viral capsid. These previously described variants, Max and SD, were
derived by de novo gene synthesis and contain 566 and 934 substitutions, respectively,
within the 2643 nucleotide sequence coding for the viral capsid protein (Mueller et al., 2006;
Coleman et al., 2008). Because they were designed as negative controls for studies of codon
bias and virus translation, the GC content and codon usage frequency across all 64 codons
are nearly identical to that of the wild type virus. While synonymous mutation could disrupt
RNA structural elements within the capsid sequence, Max and SD were specifically
designed to have similar RNA folding free energy across the capsid sequence relative to the
wild type. Furthermore, no such structures have been identified in poliovirus, and deletion or
replacement of the capsid sequence has no effect on genome replication, translation, or
genome encapsidation (Kaplan and Racaniello, 1988; Johansen, 2000). Most importantly,
Max and SD have a consensus amino acid sequence identical to wild type but occupy very
distinct positions within sequence space (Figure 1).

Codon usage modulates mutational robustness of the virus population

Low fidelity replication ensures that the majority of newly synthesized genomes will differ
from the consensus sequence. Because WT, Max, and SD occupy very different positions in
sequence space, we hypothesized that each population would contain a unique set of variants
with distinct phenotypes. Plague morphology provides a useful read-out of the phenotype of
individual members of the population, and we thus measured the area of individual plaques
to quantify the fitness distribution of clones derived from each population (Burch and Chao,
2000; Sanjuén et al., 2007). The mean plaque size of the Max population was similar to wild
type (Figure 2a, mean log plaque area: Max =2.836, WT=2.835), although the size
distribution was slightly different (KS test for distribution, D=0.065, p=0.021). In contrast,
clones from the SD population produced on average smaller plagues than wild type (mean
log plaque area: SD 2.515, WT 2.835) and had a wider size distribution (KS test for
distribution, D=0.371, p<0.001). We obtained nearly identical results with samples derived
from independent viral stocks (data not shown). These data indicate that populations derived
from synonymous genomic sequences can give rise to variants with different fitness values.

The wider fitness variance exhibited by SD suggests that it inhabits a region of sequence
space with a lower density of neutral mutations. We predicted that SD's position in sequence
space would reduce its robustness because the effects of mutations in the SD background are
more deleterious for each individual virus in the population, resulting in an overall reduction
in population fitness at lower multiplicities of infection. Notably, we observed that SD
typically produced populations of lower infectious titer, suggesting that its mutant spectrum
harbors a greater proportion of replication-defective variants (data not shown). We thus
examined the link between sequence space and robustness by exploring the contours of the
fitness landscape as a population is driven further out into sequence space (de Visser et al.,
2003). To this end, we quantified the sensitivity of wild type, Max and SD to ribavirin, a
nucleoside analogue and RNA virus mutagen (Crotty et al., 2000; 2001). As previously
reported, we found a 2-3 log reduction in wild type titer at higher ribavirin concentrations
compared to the drug-resistant mutant, 3D64S (Vignuzzi et al., 2006; 2008). While Max
displayed a similar sensitivity to mutagen relative to wild type, SD was hypersensitive
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(Figure 2b, p= 0.016 and 0.006 for 400.M and 1000.M ribavirin, respectively). We also
examined the impact of ribavirin mutagenesis on clonal fitness by comparing the plaque size
of viable progeny following drug treatment (Figure 2c). Consistent with the mutagenic effect
of ribavirin, we found a significant reduction in plaque size for WT, Max, and SD (p<0.001
by either ks-test or t-test for mock vs. ribavirin treated population). In addition, for SD we
found that ribavirin also reduced the total number of plaques, indicating that many
individual viruses are no longer viable when the mutational load is artificially increased by
ribavirin. Importantly, this experiment assessed fitness in the absence of ribavirin; thus the
effect of the drug on plaque size cannot be attributed to potential pleiotropic effects of the
drug. Rather, these data indicate that SD is less mutationally robust than either Max or wild
type, consistent with a model in which the position of a virus population within sequence
space determines its tolerance of mutation.

Mutational robustness reduces population fitness without affecting overall replication or
translational efficiency of the consensus sequence

We next examined whether fitness differences among the spectrum of mutants generated by
each poliovirus synonym result in fitness differences among the three populations. In direct
competition assays (Figure 3a), the Max population was somewhat fitter than the wild type
(Wre 1.74 £ 0.17, n=5 replicates) and SD was markedly less fit (wye 0.18 £ 0.02, n=5
replicates). We also observed these fitness differences at a ten-fold higher multiplicity of
infection (moi ~ 10), where frequent co infection results in complementation of defective
genomes and proteins. Here, Max exhibited a fitness closer to the wild type reference (1.054
+ 0.004, n=5 replicates), while SD remained considerably less fit (0.712 £ 0.019, n=5
replicates). These results are consistent with the idea that the less robust SD population is
less fit because of the impact of mutation on the variants generated during each replication
cycle. An alternative explanation for the observed fitness differences, however, would be a
direct effect of specific synonymous mutations on viral replication or translation. We
therefore measured the kinetics of genome replication in a single replication cycle, using a
sensitive and precise quantitative polymerase chain reaction assay (Figure 3b). We found no
statistically significant difference in the exponential growth rate between WT and either SD
or Max (p=0.1837 and p=0.5178, respectively). Despite their ten-fold difference in relative
fitness, Max and SD had nearly identical growth curves, with only small differences evident
at the plateau phase of replication (Figure S1). In contrast, we were able to measure a
replication defect for a poliovirus mutant with a much more modest fitness difference.
Under identical assay conditions, this guanidine resistant poliovirus (2CN179G) exhibits a
fitness of 0.56 and a significant lag in replication relative to wild type (Figure S1, Pincus et
al., 1986; Lauring and Andino, 2011). To exclude a subtle translation defect in SD, we
directly assayed viral capsid translation in infected and metabolically labeled cells (Figure
3c). Again we found no difference to suggest a replication or translation defect of the viral
master sequence that could account for the fitness differences among WT, Max, and SD
(Figure 3c and 3d). Rather our data demonstrate that SD is located in a region of sequence
space with a lower density of neutral mutations, where the mutant neighborhood
surrounding the consensus exhibits reduced fitness. That is, SD produces genomes and
proteins with the same kinetics as wild type, but its progeny are less fit.

We further explored the relationship between robustness and fitness by performing
competition assays in the presence of ribavirin. Rather than comparing synonymous
populations to each other, we competed each virus (WT, Max, or SD) against an isogenic,
drug resistant reference containing a single point mutation, 3D64S that increases the fidelity
of the viral polymerase, and therefore reduces quasispecies diversity and prevents error-
catastrophe. In this assay, the test and reference strain differ only in their replicative fidelity
and sensitivity to ribavirin. This experimental set-up allowed us to determine how codon
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reorganization influences fitness and robustness, independent of its potential pleiotropic
effects on genome replication or translation. We found that each population behaved
differently over six, single-cycle, low-multiplicity passages. As above, the SD populations
were hypersensitive to ribavirin relative to Max and WT. While we could easily detect WT
and Max after five passages in 200LM, the SD populations were extinguished after just 3
passages. As a result, we could only obtain accurate fitness measurements for the OuM and
100.M concentrations (see Figure 3e). Applying ANOVA to this data set, we found that
fitness measurements varied significantly as a function of ribavirin (p<0.001), virus
(p=0.0016), and both factors together (p<0.001). Fitting the data to a linear model, we found
the fitness of SD varied significantly with ribavirin relative to WT and Max (SD vs. Max
p<0.001; SD vs. WT p=0.0051; Max vs. WT p=0.0177). These data support our conclusions
that SD occupies a less favorable region of sequence space with consequent impacts on viral
fitness.

Synonymous populations exhibit distinct mutant spectra

Next, we used ultra-deep sequencing to define the mutant spectrum of each virus and
explore the genotypic basis for the observed differences in fitness and robustness. Sequence
libraries were derived from purified virions; thus, the vast majority of our reads mapped to
the reference genome (Table S1). We applied a neighborhood quality standard (NQS) to
reduce aberrant base calls, and obtained an average coverage across the viral genome of
20,000-56,000 reads per position. As expected, single nucleotide variants (SNV) were
extremely rare (frequency 107° to 1073, Figure S2). Importantly, the frequency and location
of SNV in the three virus populations indicated that synonymous populations acquire
distinct mutation distributions.

An independent sequence analysis was carried out by cloning 400-500 individual viruses by
endpoint dilution and sequencing pooled libraries (Figure 4a). This approach circumvented
the current limitations of deep-sequencing methods given the error rate of the process
(Figures S2, S3). Since cloning fixes 1-2 mutations per genome on average (~600 per pool),
we were able to use a frequency-based cut-off 0.001 to identify SNV with a higher
probability of representing authentic non-lethal variants (Figure S3). The WT, Max, and SD
populations had a similar distribution of synonymous and nonsynonymous SNV across the
capsid and genome as a whole, which is expected given their identical codon usage (Figure
4b). We observed a significant overlap in variant positions among WT, Max, and SD within
the non-capsid portion of the genome (Figure 4c), consistent with their identical nucleotide
consensus in the nonstructural proteins and noncoding regions. Importantly, we found much
less overlap in the capsid region, where the three synonymous viruses have widely divergent
nucleotide sequence (Chi squared goodness of fit, X2=183, df=3, p<0.001). We used a
conservation-based scoring system to characterize the types of amino acid substitutions
present in each pool of clones (Henikoff and Henikoff, 1992). Again, we found striking
differences in the location of capsid mutations identified in the synonymous populations,
particularly within neutralizing antibody epitopes and other highly variable capsid domains
(Figure 5, Hogle and Filman, 1989). Our data strongly suggest that the distinct region of
sequence space inhabited by wild type, Max, and SD populations gives rise to a distinct
spectrum of mutants, accounting for their observed phenotypic differences.

Location in sequence space, mutational robustness and virulence

Given that location within nucleotide sequence space determines the mutation distribution of
the viral population (Figures 4 and 5), we examined if it also affects the course of viral
infection in susceptible animals (Ren et al., 1990; Crotty et al., 2002). Mice infected with
SD by the intramuscular route exhibited delayed and decreased mortality compared to mice
inoculated with equivalent doses of either wild type or Max (p<0.001 by log rank sum test,
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Figure 6a). We also quantified virus from the brains of mice infected intravenously. This
route of infection presents additional bottlenecks and selective pressures to the virus
population (Pfeiffer and Kirkegaard, 2006; Vignuzzi et al., 2006). Similar to the
intramuscular route, we found that SD was attenuated /n vivo compared to both Max and
wild type (Figure 6b). The striking differences in neurovirulence phenotype between Max
and SD strongly suggest that robustness is a determinant of virus pathogenicity. To
determine whether the observed differences were due to specific variants selected /n vivo,
we sequenced ~500 clones from the brains of mice infected with each virus (~50 clones
from each of 10 mice). If the same pathogenic mutants were repeatedly selected in
independent mice, one would expect to find them in a majority of brain-derived clones. For
example, a mutation present in all clones from a single mouse would be present at ~10% in
the pool, while a mutation found in five mice would have a frequency of ~50%. Our data
show that this is not the case, as the consensus sequence of the infecting population and
brain-derived pool were identical; furthermore, no dominant neurotropic clones were found
in mice infected with wild type, Max, or SD (Figure 6c¢). These data confirm the importance
of population diversity to virulence (Pfeiffer and Kirkegaard, 2005; Vignuzzi et al., 2006),
and suggest that mutational robustness plays a key role in determining quasispecies
diversity, and therefore pathogenicity.

Discussion

Our work links mutational robustness, mutant spectrum, and phenotype in RNA viruses.
While the consensus sequence forms the genetic backbone of a population, error-prone
replication ensures that RNA virus quasispecies will be inherently diverse. The use of
synonymous mutations to place the poliovirus master sequence in different locations within
sequence space, without affecting the amino acid sequence, produced populations with
distinct mutant spectra while avoiding the confounding effect of divergent consensus
sequences. In a single replication cycle, at high multiplicity of infection, all three
synonymous viruses efficiently replicate with wild type kinetics and express near identical
amounts of capsid protein. The observed differences in fitness and virulence among these
three synonymous viruses underlie the importance of the mutant distribution to the behavior
of RNA virus populations. Our sequencing data indicate that many of the single nucleotide
variants in poliovirus populations are extremely rare yet profoundly affect virus phenotype.
Thus, an astonishing amount of low-level genotypic and phenotypic variation lies beneath
the consensus in viral populations and drives adaptability and pathogenesis.

Is it possible that small pleiotropic effects of synonymous mutation on local or global RNA
structures are responsible for the phenotypes describe here? Several lines of evidence make
this possibility an unlikely confounder. First, the poliovirus capsid sequence is devoid of
functional RNA elements and is not required for either replication or packaging (Kaplan and
Racaniello, 1988; Johansen, 2000). Second, the poliovirus capsid tolerates a high frequency
of heterologous recombination without evident disruption of relevant structures (Liu et al.,
2003; Yang et al., 2005). Third, Max and SD exhibit similar folding free energy across the
capsid sequence relative to wild type (see Supplemental Data in Coleman et al., 2008).
Fourth, we find that Max and SD replicate with wild type Kinetics and express similar
amounts of protein. Fifth, it is difficult to define an RNA structural basis for the fitness
differences between Max and SD as both have hundreds of potentially disruptive mutations.
Finally, our mutagen sensitivity assay and sequencing data offer alterations in mutation
distribution and robustness as a clear alternative explanation for the observed phenotypes.

Synonymous codons differ in their propensity to mutate both nonsynomyously and
nonconservatively, and directed evolution experiments in bacteria suggest that this
differential access to protein sequence space influences adaptive pathways (Cambray and
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Mazel, 2008). It is interesting that SD gave rise to a less robust population than either wild
type or Max. These three viruses have near identical codon usage across both the capsid
sequence and the entire genome. Therefore, on a genomic level, they will access the same
nonsynonymous substitutions. While the synonymous substitutions in Max were based on
altering local codon pair bias, the codons in the SD capsid are randomly shuffled compared
to wild type (Mueller et al., 2006; Coleman et al., 2008). Recent work has highlighted the
potential importance of codon volatility in rapidly evolving protein domains (Meyers et al.,
2005), and studies of several RNA viruses indicate that the highly mutable surface epitopes
of viral proteins may be enriched for codons that mutate honsynonymously (Stephens and
Waelbroeck, 1999; Plotkin and Dushoff, 2003). In this model, the genomic reorganization of
SD would disrupt patterns of local evolvability essential to inter- and intra-host survival by
poliovirus. Our data suggest that selection for mutational robustness at high mutation rates
may play an important role in viral genome evolution. This effect may work either
independently or in concert with other non-coding constraints such as codon bias, codon pair
bias, or RNA structure (Wimmer and Paul, 2011).

The relationship between mutational robustness and evolvability has been a subject of
intense study among evolutionary theorists (de Visser et al., 2003; Wagner, 2005; Draghi et
al., 2010). In principle, robustness could slow the adaptive process by limiting the
phenotypic expression of genetic variation. However, recent theoretical work suggests that
cryptic genetic variation can profoundly impact the phenotypic neighborhood through
epistatic effects with subsequent mutations (Draghi et al., 2010). Experimental data
supporting this model derives largely from studies of small RNA where the impact of
mutation on structural phenotype can be simulated (Fontana and Schuster, 1998; Wagner
and Stadler, 1999; Wagner, 2008). Because these RNA populations exist on selectively
neutral networks, they accumulate significant genotypic diversity and access greater
phenotypic diversity in relatively few mutational steps. A recent study of a mutationally
robust ribozyme further indicates that a population harboring cryptic genetic variation can
be “pre-adapted” to a new environment, and therefore, more evolvable (Hayden et al.,
2011).

Our data extend this model beyond RNA structures to a more complex, viral system and
demonstrate its importance in the context of a host-pathogen interaction. Low replicative
fidelity and population diversity are closely linked to fitness and virulence in RNA viruses
(Pfeiffer and Kirkegaard, 2005; Vignuzzi et al., 2006). A population with extensive genetic
diversity will contain, or be able to quickly acquire, the necessary adaptive mutations to
survive within the dynamic host environment. In this model, a delicate balance between
replication fidelity and genomic flexibility creates a reservoir of individual variants within
the population that facilitates adaptation to changing selective conditions. Here, we have
demonstrated a relationship between rare, cryptic variation and viral pathogenesis. We
speculate that a successful population will harbor individual variants that are pre-adapted to
a broad range of selective pressures, ensuring viral survival and spread. This paradigm
applies to both mammalian hosts, with their the diverse spatial and immune environments,
and cellular monocultures, where changes in gene expression, membrane structures, and
innate immune responses generate shifting fitness landscapes (for theoretical discussion of
robustness and spatial environments, see Sardanyés et al., 2008). Given that we have
sampled just two points in the vast expanse of sequence space, it is interesting that SD was
attenuated, and Max was phenotypically closer to the wild type. Our assays in HelLa and
transgenic mice only measure a subset of the selective pressures that poliovirus will
encounter in nature, and perhaps the three poliovirus populations differ in other important
ways. By analogy, many mutations will alter the structure of a protein, but only a subset will
affect its enzymatic activity in a particular set of assay conditions. We have shown that
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cryptic genetic variation is important to pathogenesis, and future work should clarify the
diverse phenotypic consequences of these shifts in sequence space.

The evolution of RNA virus populations is often discussed in the context of quasispecies
theory, which explores the consequences of low replicative fidelity for molecular evolution
(Eigen, 1971). In quasispecies models, high mutation rates will favor the evolution of
mutational robustness. Selection will therefore maximize the mean fitness of the
interconnected mutant network rather than the replicative fitness of any individual variant.
This phenomenon, “survival of the flattest,” has been demonstrated in digital organisms,
plant viroids, and a mammalian virus (Wilke et al., 2001; Codofier et al., 2006; Sanjuén et
al., 2007). However, the distinction between the fittest and flattest may be an artificial one
since experimental fitness assays measure replicative and translational rate as well as
robustness to mutation (Wilke et al., 2001). Indeed, we found that robustness was a
significant determinant of fitness relative to replicative and translational efficiency.
Furthermore, the less robust SD population was attenuated relative to the more robust wild
type and Max ones. The role of robustness in balancing the positive and negative effects of
mutation is also underscored by our observation of this effect at basal poliovirus mutation
rates. This finding addresses a key shortcoming of prior studies, in which the superiority of
“flat” populations could only be shown at supranormal mutation rates (see Holmes, 2010)).
Importantly, our definition of a less robust alternative consensus (SD) strongly suggests that
mutational robustness is adaptive and may play a key role in shaping the neutral networks
and phenotypic neighborhoods explored by RNA virus populations.

The theoretical and experimental framework described in this study could be used to design
strategies to restrict the evolutionary capacity of live-attenuated viral vaccine strain
candidates. The traditional process of attenuation through serial passage operates by forcing
a virus to adapt to a foreign host environment. The accumulated mutations move the
population to a new region of sequence space that is unable to support efficient replication
and spread within the vaccinee. Because this process is highly empiric and somewhat
unpredictable, there is a clear need for new approaches (reviewed in Lauring et al., 2010).
We have previously shown that relatively small changes in the error rate of an RNA virus
can significantly reduce population diversity, resulting in profound attenuation (Vignuzzi et
al., 2006; 2008). Here we find that manipulation of the mutant spectrum through
synonymous mutation can achieve the same goal. In our model, the SD population is trapped
in a region of sequence space with a low density of neutral mutations. The ruggedness of the
associated fitness landscape reduces its capacity to generate fit progeny and adapt to host
selective pressures. As others have shown, synonymous mutation has the additional
advantage of preserving the antigenic composition of the wild type and reducing the risk of
reversion through recombination with circulating strains (Burns et al., 2006; Mueller et al.,
2006; Coleman et al., 2008; Burns et al., 2009). We speculate that further definition of a
virus' mutant spectrum and native fitness landscape may allow finer control of a the
populations' evolutionary capacity, limiting its ability to escape immune surveillance and
spread within a vaccinated individual and through the human population.

Experimental Procedures

Plasmids, viruses and cells

HelLa S3 cells were maintained in 50% Dulbecco's modified Eagle media (DMEM) / 50%
F-12 media supplemented with 10% newborn calf serum and 2 mM glutamine. For
measurements of tissue culture infectious dose (TCIDsp), cells were maintained in media
supplemented with 2% serum. Plasmids containing poliovirus cDNA for type 1 Mahoney,
G64S, SD, and Max have been described previously. Viral RNA was generated by /n vitro
transcription of the corresponding plasmid, and 20 j.g of each RNA was electroporated into
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4 x 10% HeLa S3 cells. The resulting passage 0 (P0) stock was passed three times on Hela
S3in serum free media at an MOI of ~1 to generate a P3 stock used for subsequent
experiments. Cell free viral supernatants were recovered at each passage after three
successive freeze-thaw cycles and low speed centrifugation at 1000 rpm in a benchtop
clinical centrifuge. All viruses were titered by TCIDsp.

Real time PCR analysis of viral replication kinetics

Subconfluent monolayers (~ 5 x 10° cells) in 12 well dishes were infected with virus in 150
I serum-free media at a multiplicity of 10. Thirty-five replicate wells were used for each
virus (7 time points, 5 replicate samples per time point). After one hour, the virus was
removed, all wells were washed twice with 1 ml PBS and given fresh media. We used this as
our 0 hour time point. RNA was harvested for each virus at each time point (0-6 hours), and
random hexamers were used to prime cDNA synthesis on 1/6 of each RNA preparation (5
pl) in a 10 pl volume. Complementary DNA were diluted 50-fold and 5 1 of this dilution
was analyzed by real time PCR. Each 50 I PCR reaction contained 1.5 mM MgCl,, 150
KM each dNTP, 0.025 U/l Taq polymerase, 0.2x SYBR green, 0.4 .l Rox reference dye,
and 0.6 pM of primers COM2F (5'-CATGGCAGCCCCGGAACAGG-3) and COM 2R (5*-
TGTGATGGATCCGGGGGTAGCG-3'). Reactions were subjected to 40 cycles of 95°C /
30 seconds, 58°C / 30 seconds, 72°C / 30 seconds. A standard curve, correlating cycle
threshold and approximate RNA copy number, was generated using cDNA synthesized from
10-fold serial dilutions of in vitro transcribed poliovirus RNA.

Analysis of radiolabeled viral proteins in infected HeLa cells

Subconfluent monolayers (~ 2 x 108 cells) in 6 well dishes were infected with virus in 350
pl serum-free media at a multiplicity of 40. Residual virus was removed at 5 hours. The
cells were washed twice with 1 ml PBS and incubated for two hours in L-methionine- and
L-cysteine-deficient DMEM containing 100 w.Ci/ml 3°S L-methionine / L-cysteine. Cells
were lysed 7 hours post infection in 1% NP40, 10 mM Tris HCI pH 7.5, 10 mM NacCl, 1.5
mM MgCl, and spun at 2000 x g for 5 minutes at 4°C. One quarter of each lysate was
resolved by SDS-PAGE. Immunoprecipation of capsid proteins was performed using a
polyclonal capsid antisera and Protein G magnetic beads. The 12% gel was fixed in 30%
methanol / 10% acetic acid. Autoradiographs were obtained using a Typhoon
Phosphorimager, and quantified using ImageQuant software.

Competition assays

Cells were infected at a total MOI of 1 with an equal TCIDsq of wild type and either Max or
SD. Five replicate wells were infected with each pair of viruses. Passage 1 virus was
harvested after complete cytopathic effect (~24 hours), diluted 1000-fold and applied to
fresh cells. For high multiplicity and 3D®64S-ribavirin competition experiments, each
supernatant was diluted 100-fold or 400-fold respectively. This process was repeated for a
total of 7 passages. RNA was harvested from each passage using PureLink 96 well RNA
mini kits. Random hexamers were used to prime cDNA synthesis with 1/10 of the RNA.
Complementary DNA were diluted 100-fold and analyzed by real time PCR as above. Each
cDNA was analyzed using three different primer sets with duplicate PCR reactions for each
sample/primer set. The first set, COM2F and COM2R, was used to quantify the total amount
of viral genomic RNA. The second set, M2F (5-TACGGGACAGCTCCAGCCCG-3) and
M2R (5'-GCCGTAGTACGCCACTGCCC-3"), was used to quantify the total amount of
wild type RNA. The third set, either Max4F (5-TGTGCGGGAGACTGTGGGGG-3') and
Max4R (5'-TGTTGGTGGTGGAGGCTGGG-3') or SD4F (5'-
CAGCGGCCCTGGGAGATTCG-3') and SD4R (5'-CGCGTGGAGGTCTTGGACACC-3Y),
was used to quantify the amount of Max or SD RNA, respectively. We used custom TagMan
probes (Applied Biosystems) to distinguish the two variants in 3D%4S-ribavirin competition
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experiments (e.g. WT and WT-3D%645). Duplicate wells were averaged and relative
amounts of WT, Max, and SD RNA were determined by normalizing the cycle thresholds
for each to those of the COM primer set (ACt=Cty;us-Ctcom)- The normalized values for
each virus passages 2—7 were then compared to passage 1 to obtain a ratio relative to P1
(AACt=Ctpx-Ctpq). This relative Ct value was converted to reflect the fold change in the
ratio (Aratio = 27109AACY The change in ratio of the mutant relative to the change in ratio
of the wild type as a function of passage is the fitness ([Aratiopy-AratiowT]/time).

Determination of plaque size variability

Plaque assays were performed on subconfluent monolayers (~ 107) in 10 cm dishes. The
amount of virus was determined empirically to ensure well spaced out plaques (~30-50 per
10 cm dish). Each plate was scanned individually at 300 dpi using a flat-bed scanner.
Sixteen bit image files were analyzed using ImagelJ. Brightness, contrast, and circularity
thresholds for plaque identification were set using uninfected plates. We controlled for the
validity of the Kolmogorov-Smirnov test in detecting true differences in plaque size
distributions by splitting the data for each virus and verifying that both subsets were not
statistically different. In each case, we found that we were unable to reject the null
hypothesis (p>0.05), suggesting that each came from the same distribution. We also
obtained similar data, test statistics, and p values in replicate assays with different virus
stocks.

Ribavirin resistance assay

Subconfluent monolayers were pretreated with 0-1000 M ribavirin in serum free media for
four hours then infected with virus at an MOI of 0.1 for 45 minutes. The cells were washed
twice in phosphate buffered saline and incubated in ribavirin for an additional 24 hours.
Viral supernatants were recovered as above and titered by tissue culture infectious dose.

Next generation sequencing of poliovirus populations

Sequencing was performed on viral genomic RNA purified from P3 stocks. Each population
was generated by infecting 2.5 — 3.5 x 107 cells at an MOI of 0.5-1. As above, virus was
harvested after complete cytopathic effect by three freeze-thaw cycles and low speed
centrifugation. Pools of clones were derived by end point dilution of the corresponding P3
stock in 96 well plates. Plates were scanned at days 4-6 after infection and 150 pl from each
positive well were pooled for a total of 400 wells. Pools of clones and P3 stocks were
purified by ultracentrifugation, and sequence libraries were prepared following the Illumina
mRNA sequencing sample preparation protocol. Details can be found in Supplementary
Experimental Procedures. Brain derived viruses were sequenced using an Illumina HiSeq
instrument, and all other libraries were sequenced using a Genome Analyzer 1l. Fifty
(HiSeq) or thirty-six (GA 11) base pair reads were aligned to the corresponding reference
sequence (i.e. WT, Max, or SD), using Bowtie v0.12.3. All sequences were then filtered
using a neighborhood quality standard (NQS) algorithm. This NQS algorithm required each
base to be followed by 5 bases of phred = 25. We identified single nucleotide variants and
their frequencies using two different analytic pipelines (dep and alternate, see
Supplementary Experimental Procedures). Downstream analysis of this SNV data is
summarized in the Results section and described in detail in Supplementary Experimental
Procedures.

Infection of susceptible mice

The UCSF Institutional Animal Care and Use Committee approved the protocols for the
mouse studies described here. In these experiments, we used 6- to 10-week-old cPVR mice,
which express the poliovirus receptor under control of the beta-actin promoter. For tissue
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distribution studies, mice were infected under anesthesia with 100 p.I of viral supernatant via
the tail vein. Mice were monitored daily for the onset of paralysis and euthanized when
death was imminent. Whole organs were isolated from all mice and homogenized in 2 ml
PBS. Viral supernatants were recovered from the tissue homogenates following three freeze-
thaw cycles and centrifugation at 3000 rpm for 5 minutes in a benchtop clinical centrifuge.
For survival analyses, we infected 25 mice per group intramuscularly (50 pl of inoculum
administered in each hindleg) with serial dilutions of virus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Using synonymous mutation to place viral populationsin unique regions of sequence
space with distinct fitness landscapes

(A) Schematic of codon networks and their hypothesized role in viral evolution. In this
“pipe” network (top), connections represent evolutionary pathways. Coloring is according to
hypothetical fitness values for the corresponding viral variant (red, highest; blue, lowest;
gray, zero fitness). The bottom panel shows two variants with distinct mutant
neighborhoods. While these variants are connected by a neutral, synonymous mutation, they
produce progeny with distinct fitness values and adaptive capacity. Because large-scale
synonymous mutation places populations in distinct regions of sequence space, the networks
are hypothesized to have different genetic structures, which will affect the evolutionary
capacity of the population (adapted from van Nimwegen, 2006; Draghi et al., 2010).

(B) Schematic of synthetic viruses used in this study. The genomic organization of
poliovirus type 1 (PV1, wild type) is shown. All viral proteins are derived by proteolytic
cleavage of a single polyprotein. The synthetic viruses Max and SD were designed as
negative controls for studies of codon usage and polyprotein translation. Each has hundreds
of synonymous substitutions across the capsid sequence relative to the wild type (WT),
while preserving overall codon bias and GC content. Max has codon pair bias matched
closely to that of the human genome. In SD, the codons are shuffled randomly throughout
the capsid coding region.
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Figure 2. Synonymous populations differ in their robustnessto mutation

(A) Fitness distribution of variants in virus populations. Histograms of plaque size for WT
(hatched bars, both panels, n=1053), Max (white bars, top panel, n=1146), and SD (white
bars, bottom panel, n=937).

(B) Synonymous populations exhibit differential sensitivity to a mutagenic nucleoside. The
titers of ribavirin-treated populations were normalized to mock-treated controls. Data for
WT (filled circles), Max (open squares), SD (open triangles), and G64S (ribavirin resistant
variant, asterisks) populations are shown. Data points and error bars represent mean + 95%
confidence interval for 5 replicates, and significant differences between WT and SD are
indicated (t-test, * p< 0.05).

(C) Reduction in plaque size in ribavirin treated clones. Each population was passed in
400pM ribavirin (+R) or mock-treated media for 24 hours. Plaques from each population
were quantified as in (b). Boxplots indicate median titer, 25% and 75% quartiles, and 1.5 *
interquartile range.
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Figure 3. Synonymous mutation affects the fitness of virus populations

(A) Population fitness as measured by direct competition. The amount of each virus at each
passage was compared to the input. Data are expressed as the log,o change in ratio for Max
(open squares) and SD (open triangles) over time relative to WT (filled circles, shown here
as reference). The slope reflects the relative fitness of each population. Representative data
are shown and values for mean + standard deviation, n=5, are given in the text.

(B) Kinetics of genome replication for wild type (WT, filled circles), Max (open squares),
and SD (open triangles) with 5 replicates for each virus and time point. Mean + bootstrap
derived standard deviation for key parameters include: exponential growth rate (WT 1.8972
+0.1293, Max 2.0076 + 0.1114, SD 1.6818 £ 0.0977), maximum genome number (WT
10.7099 + 0.0522, Max 10.4984 + 0.0672, SD 10.13889 + 0.08492), and area under the
curve (WT 50.9156+ 0.2178, Max 49.6591+ 0.2497, SD 50.1618+ 1.6402). See also Figure
S1.

(C) Protein expression in radiolabeled, infected cells. Capsid proteins (VP0-VP3) were
identified by comparison to an anti-capsid immunoprecipitate, left.

(D) Quantitation of capsid gel bands for WT (dark grey), Max (light grey), and SD (white).
Mean + standard deviation, n=5.

(E) Changes in fitness at elevated mutation rates. WT (filled circle), Max (open square), and
SD (open triangle) populations were competed against isogenic, ribavirin resistant
references containing a single point mutation, 3D64S. Competition assays were performed
over seven, single cycle, low moi (< 0.5) passages. Shown are fitness values (mean +
standard deviation, n=4) at varying ribavirin concentration.
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Figure 4. Deep sequencing of mutant spectra
(A) Variants in WT, Max, and SD were cloned by end-point dilution, and 400-500 clones
were pooled and sequenced. The cloning process shifted the frequency of observed single
nucleotide variants, reducing the likelihood of false-positive base calls. Variants with a
frequency >0.001 were used in downstream analyses. Two replicate pools of clones were
sequenced for a total of ~850 clones for each virus. See also Figures S2, S4., Table S1.
(B) Pie charts show the number of unique variants identified in the 5' noncoding region
(5'UTR), capsid protein (P1), non-structural proteins (P2/P3), and 3' noncoding region
(3'UTR). The numbers of nonsynonymous (NS) and synonymous (Syn) substitutions in
coding regions are also indicated.
(C) Venn diagrams show overlap in mutant nucleotide position in clones derived from each

population.
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Figure 5. Synonymous populations exhibit distinct sets of polymor phic amino acid substitutions
An amino acid alignment of enterovirus capsids was used to derive a variability score for
each codon (top). Higher values indicate more observed variation (Valdar, 2002). Arrows
highlight antigenic regions of poliovirus capsid. Heatmap (bottom) of location and
blosum62 conservation score for each codon (Henikoff and Henikoff, 1992). Both
nonsynonymous and synonymous substitutions are included, and invariant amino acids are
shown in black. For codons with >2 distinct variants, the less conserved substitution (lower
blosum62 score) is shown. See also Figures S3, S4.
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Figure 6. Mutational robustness of poliovirus populationsis strongly correlated with virulencein

a mouse model of infection

(A) Survival analysis of poliovirus receptor transgenic mice infected intramuscularly with
WT (solid line), Max (dotted line), or SD (dashed line) populations, n=25 mice per group.
(B) Titer of virus recovered from brains of mice 5 days after intravenous inoculation.
Boxplots indicate median titer, 25% and 75% quartiles, and 1.5 * interquartile range for each

virus population, n=10 mice per group.

(C) Sequence analysis of brain-derived mutant spectra. For each virus, approximately 540
clones were recovered from the brains of 10 infected mice and pooled for deep sequencing.
Histograms show the frequency of single nucleotide variants identified in each pool of

clones. See also Table S1.
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