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Abstract: Mutations are incorporated into the genomes of RNA viruses at an optimal frequency and
altering this precise frequency has been proposed as a strategy to create live-attenuated vaccines.
However, determining the effect of specific mutations that alter fidelity has been difficult because of
the rapid selection of the virus population during replication. By deleting residues of the structural
polyprotein PE2 cleavage site, E3∆56-59, in Venezuelan equine encephalitis virus (VEEV) TC-83
vaccine strain, non-infectious virus particles were used to assess the effect of single mutations
on mutation frequency without the interference of selection that results from multiple replication
cycles. Next-generation sequencing analysis revealed a significantly lower frequency of transversion
mutations and overall mutation frequency for the fidelity mutants compared to VEEV TC-83 E3∆56-59.
We demonstrate that deletion of the PE2 cleavage site halts virus infection while making the virus
particles available for downstream sequencing. The conservation of the site will allow the evaluation
of suspected fidelity mutants across alphaviruses of medical importance.

Keywords: alphavirus; arbovirus; fidelity mutants; mutation frequency

1. Introduction

RNA viruses are ubiquitous in nature. The success of RNA viruses is partially due to their
strategy of generating a large number of mutations to create a cloud of closely related mutants, which
is commonly termed a viral “quasispecies”. The viruses that comprise the quasispecies are believed
to act co-operatively together to create a successful infection both within and outside the cell [1–3].
This replication strategy is not without its drawbacks as RNA viruses have evolved to exist where the
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mutation rate is high enough to be beneficial, while the number of deleterious mutations remain below
levels that would otherwise result in error catastrophe, the state where excessive mutations render
proteins non-functional and can potentially lead to viral extinction. If this mutation rate is altered,
even slightly, the resulting virus population commonly exhibits attenuation, especially in vivo [3–12].
Thus, an optimized mutation rate is essential for RNA virus transmission and infection.

This inherent property of RNA viruses has allowed the generation of virus mutants that alter
the balance of the mutational spectrum, resulting in viruses with either increased (low-fidelity) or
decreased (high-fidelity) mutation rates. These viruses have been generated either by replicating
the viruses under selective pressures by the use of nucleoside analogues [13–16] or by mutating the
RNA-dependent RNA polymerase (RdRp) using known mutations from related viruses [12,17]. These
altered fidelity viruses have allowed us and other researchers to identify the effects of manipulating
the RNA virus mutation rate, with every altered virus that has been generated showing some evidence
of attenuation [7,12,18–22]. Conversely, as recently detailed, there have been numerous examples of
issues with reproducibility and identifying fidelity mutants consistently [23]. While additional studies
on the mechanistic effects of the mutations are necessary, part of the inconsistencies may be the result
of different methods used to generate altered fidelity viruses coupled with the different methods used
to produce virus stocks.

Fidelity mutant viruses have the potential to be effective live-attenuated vaccines, as they result
in attenuation of the virus and can increase immunogenicity [12,24]. However, the inconsistency of
the results associated with fidelity mutants hampers the development of these viruses as a promising
vaccine strategy. One major issue is that the amount of diversity generated by the virus can be masked
by variation generated by multiple replication cycles of the virus. Additional replication cycles may
instead measure the varying replication rates of randomly generated mutants, rather than variation
of the original fidelity mutant. To counter this, we developed an assay that allowed us to measure
the fidelity of a virus after just one replication cycle, thus bypassing the inherent bias of multiple
replication cycles (Figure 1). We found that the approach described here helps control for some of the
inconsistencies associated with virus fidelity mutants and provides a novel framework for a controlled
measure of virus replicative fidelity.
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2. Materials and Methods 

Figure 1. Schematic of mutation accumulation across several rounds of virus replication. Lines represent
the virus genome and colored dots represent mutations. Measuring mutation frequency after a single
round of replication provides the most accurate representation of the fidelity of the sequence of interest.
Collecting samples from subsequent rounds of replication will inadvertently measure the effect of
secondary mutants accumulated during replication.
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2. Materials and Methods

2.1. Cell Culture and Viruses

Vero E6 (African green monkey kidney; CRL-1586) cells were sourced from the American Type
Cell Culture Collection (ATCC; Bethesda, MD, USA). Vero cell cultures were maintained in Dulbecco’s
minimal essential medium (DMEM) containing 10% fetal bovine serum (FBS) and 0.05 mg/mL of
gentamycin at 37 ◦C with 5% CO2.

Infectious clones of Venezuelan equine encephalitis virus (VEEV) TC-83 were used to create
the PE2 cleavage site deletion mutants [25–27]. The backbone infectious clones encoded VEEV
TC-83 strain, subclones for fidelity mutants (nsP4-G14R, nsP4-A96T, and nsP4-C488Y) [12] and
VEEV TC-83 GFP (provided by Dr. Weaver from UTMB) (Figure 2A). The PE2 cleavage site
residues (E3∆56-59) were deleted by In-Fusion HD cloning (Takara Bio; Mountain View, CA,
USA) using the forward primer 5′-CCCCGGATCCACCGAGGAGCTGTTTAATGAG-3′ and reverse
primer 5′-TCGGTGGATCCGGGGCACTTAACAGCTG-3′ according to the manufacturer’s instructions.
Deletions were confirmed by Sanger sequencing and the sequences of the entire plasmids were
confirmed by Illumina sequencing. Library preparation on gDNA was performed using Illumina XT
DNA Library kit. Paired-end sequencing was performed on an Illumina MiSeq using 500 cycle V2
cartridge. Infectious clones were transcribed by in-vitro transcription and rescued by electroporation
in Vero cells, in triplicate, as previously described [28].

The envelope mutation, E1-G91D, was also cloned into the infectious clones for VEEV TC-83
and TC-83 GFP [29,30]. The E1-G91D mutation was made using with the In-Fusion HD cloning
kit with the forward primer 5′-TGGGGTGACGCATATTGCTTTTGC-3′ and reverse primer 5′-
ATATGCGTCACCCCACATGAACG-3′ according to the manufacturer’s instructions. The mutation
in the plasmids was confirmed by Sanger sequencing and the entire plasmids were sequenced by
Illumina sequencing as above.

2.2. Virus Detection and Replication Assays

Cytopathic effect (CPE) assays were performed in 12-well plates and incubated for 72 h to detect
replicating virus as previously described [31]. Media was removed from wells and replaced with
fresh media every 24 h. RNA was extracted from media used to rescue virus with a QIAamp RNA
mini kit (Qiagen; Germantown, MD, USA) according to the manufacturer’s instructions. RT-PCR
was performed with a Qiagen one-step RT-PCR kit according to the manufacturer’s instructions with
primers 9885V (5′-TCTGGATTCAATTGCTGATCC-3′) and 10749C (5′-AGTTTTCGGCGCGAATGG-3′)
for VEEV TC-83 and TC-83 E1-G91D, or 7701V (5′-ACCTGACGTTCAAGCAACG-3′) and 8763C
(5′-GTTCCGTGCATGTCATACC-3′) for TC-83 E3∆56-59.

Virus clones containing GFP insertions were transfected with Lipofectamine 2000 reagent
(Invitrogen; Waltham, MA, USA) into Vero cell cultures in a 12-well plate according to the manufacturer’s
instructions. After 4 h, media was removed and replaced with fresh media containing 2% FBS.
Fluorescent microscopy was used to observe the replication of viruses expressing GFP.

2.3. Analysis of Mutation Frequency

In vitro transcripts were used to electroporate cells in triplicate and seeded in 10 mL of media
in T75 flasks. Media from each flask was harvested after 24 h, clarified by centrifugation, and PEG
precipitated to concentrate virus. Concentrated virus was resuspended in PBS and stored at −80 ◦C
until further processing. RNA was extracted from concentrated samples with a QIAamp RNA mini
kit (Qiagen) according to the manufacturer’s instructions. Library preparation was performed as
previously described [12].
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2.4. Analysis Counting All Variants (Analysis A)

Sequence analysis was performed as previously described [12]. The quality for each sample/dataset
was assessed using FASTQC [32]. The reads were filtered to exclude reads with unknown characters
and low (<10) quality scores. Additionally, the first 16 bases of each read were trimmed due to
nucleotide bias. The analysis was performed using VEEV strain TC-83, complete genome (GenBank:
L01443.1), with the deleted nucleotides removed [33]. To analyze the variant hotspots, each sample
was run through a rare-variant pipeline (available upon request). The pipeline first exhaustively maps
each read to the reference VEEV genome without allowing mismatches, then unmapped reads are
re-mapped with one mismatch and added to the map. The 34-base long reads used in the analyses
were confirmed as viral sequences and not host sequences by comparison of the longest subsequences
shared (up to one mismatch) between viral and host genomes [34]. Diversity per position in the viral
genome was calculated by taking a ratio of the reads mapped to non-reference alleles and total number
of reads mapped at that position. Positions in which the number of reads mapped with non-reference
alleles was higher than reads mapped to reference alleles or coverage was below 100 were excluded
from diversity calculations (Table S1). Mutation frequency per sample was calculated by summing
per-position diversities and normalizing by the number of positions for which diversity was calculated.
Positions with non-zero mutation frequency were considered to be variant positions.

2.5. Analysis with Downsampled Dataset (Analysis B)

Reads were aligned to the reference genome based on the VEEV strain TC-83, complete genome
(GenBank: L01443.1), with the deleted nucleotides removed using the very sensitive local setting
in Bowtie2 version 2.3.2 [35]. Bam files were sorted, indexed, processed using SAMTools Version
1.4.1 (http://www.htslib.org/) and Picard 2.20.5 (https://broadinstitute.github.io/picard/). Files were
downsampled to a mean coverage of 2000 reads/position. Intra-host variation was investigated using
the DeepSNV library within R. Low-quality reads (q < 10) were excluded from further analysis.
Mutation frequency was calculated as (N-n/N) where N is equal to the total number of reads and n is
equal to the number of reads matching the dominant genotype.

2.6. Statistics

All statistical analyses were performed using GraphPad Prism. Overall diversity was compared
with one-way ANOVA and Tukey’s multiple comparisons test.

3. Results

3.1. Virus Replication

The PE2 cleavage site deletion, E3∆56-59, and envelope mutation, E1-G91D, were successfully
cloned into separate VEEV TC-83 plasmids, and viral RNA was electroporated into cells. To determine
whether the rescued viruses were infectious, a CPE assay was performed on media collected at 24 h and
48 h post-electroporation from unmutated VEEV TC-83 control, TC-83 E3∆56-59, and TC-83 E1-G91D.
Wells inoculated with harvested media from TC-83 E3∆56-59 and TC-83 E1-G91D electroporations
were negative for CPE, while the TC-83 control wells were positive for CPE. These results indicate that
the media collected from the TC-83 E3∆56-59 and TC-83 E1-G91D electroporations is non-infectious.

As the CPE assay alone does not indicate virus presence or replication, RT-PCR was performed
on RNA extracted from the harvested media. The correct bands were seen with samples from the
TC-83 control as well as 24 h post-electroporation with TC-83 E3∆56-59, and a slight band at 48 h
post-electroporation with TC-83 E3∆56-59, corresponding to a larger release of non-infectious virus
particles at 24 h post-electroporation. Sequencing the RT-PCR product confirmed the deletion in TC-83
E3∆56-59 at 24 h post-electroporation. No bands were seen for TC-83 E1-G91D samples (Figure 2B).
These results indicate that TC-83 E3∆56-59 has replicated following electroporation and is present in
the media, while TC-83 E1-G91D is not present in the media.

http://www.htslib.org/
https://broadinstitute.github.io/picard/
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To confirm these results and determine if TC-83 E1-G91D is replicating, TC-83 sequences containing
a GFP reporter were transfected into cells. Fluorescent microscopy with control TC-83 revealed
replication in adjacent cells, with increased GFP expression between 24 to 48 h post-transfection
(Figure 2C,F). Both TC-83 E3∆56-59 and TC-83 E1-G91D displayed GFP expression in isolated cells,
without the spread of virus into adjacent cells (Figure 2D,E,G,H). This indicates that the viral genome
is replicating, but infectious virus particles are not produced.
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Figure 2. Mutations added to Venezuelan equine encephalitis virus (VEEV) TC-83 genome to inhibit
infectivity. Schematic of the VEEV genome showing the location of the E3∆56-59 and E1-G91D
mutations and mutations suspected of altering fidelity (A). RT-PCR of media collected from VEEV
TC-83, VEEV TC-83 E3∆56-59 and VEEV TC-83 E1-G91D at 24 and 48 h post-electroporation (B).
Fluorescent microscopy of Vero cells transfected with VEEV TC-83 GFP (C,F), VEEV TC-83 E3∆56-59
GFP (D,G) and VEEV TC-83 E1-G91D GFP (E,H). Panels C-E are 24 h post-transfection, F-H are
48 h post-transfection.

3.2. Overall Sequence Diversity

The E3∆56-59 deletion was used to aid measurement of the sequence diversity of VEEV isolates
by preventing infectious cycles in TC-83 and mutants suspected of altering fidelity. Media from
control and fidelity mutants was collected at 24 h post-electroporation in triplicate. The mutation
frequency of TC-83 E3∆56-59 was significantly higher than all the putative fidelity mutants, TC-83
E3∆56-59 nsP4-G14R, TC-83 E3∆56-59 nsP4-A96T and TC-83 E3∆56-59 nsP4-C488Y using Analysis A
(Figure 3A). For Analysis B, the mutation frequency of TC-83 E3∆56-59 was significantly higher than
TC-83 E3∆56-59 nsP4-G14R, but not significantly different to other mutants. There was no significant
difference in the mutation frequency among fidelity mutants with either analysis method. The mutation
frequencies observed with Analysis A were approximately three times lower than those observed with
Analysis B for each condition. Several types of mutations were significantly more frequent in TC-83
E3∆56-59 compared to the fidelity mutants (Figure 3B). All of the significantly different mutation types
were transversions: G-C, C-A, C-G, A-C, A-T, T-A and T-G. Fidelity mutants did not significantly differ
among mutation types.
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Figure 3. Mutation frequency of VEEV TC-83 E3∆56-59 mutants. Overall mutation frequency of VEEV
TC-83 E3∆56-59 and mutants with nsP4 mutations that alter fidelity using two methods for analysis
(A). Frequency of specific mutation types of VEEV TC-83 E3∆56-59 and mutants with nsP4 mutations
that alter fidelity with Analysis A (B). Mutation frequency was compared with one-way ANOVA and
Tukey’s multiple comparisons test. p < 0.05 is represented by *, p < 0.01 is represented by **, p < 0.001 is
represented by *** and p < 0.0001 is represented by ****.

3.3. Sequence Diversity across the Genome

To see if mutations accumulated at specific sequence locations, mutation frequency was viewed at
all points across the genome. All virus isolates exhibited similar profiles for mutation frequency along
the genome, with a large peak of diversity seen at the 3′ end of the nsP3 gene (Figure 4; Figure S1).
Similar trends for mutation frequency along the genome were seen when comparing samples from
Analysis A and Analysis B. Several of the most frequent mutations are found across many samples,
with C5540A (nsP3), C5555A (nsP3) and A7653C (capsid) found at high frequencies in all samples
(Table 1; Table S2).
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Figure 4. Mutation frequency of VEEV TC-83 E3∆56-59 mutants at coding regions across the genome.
VEEV TC-83 E3∆56-59 (A,E), VEEV TC-83 E3∆56-59 nsP4-G14R (B,F), VEEV TC-83 E3∆56-59 nsP4-A96T
(C,G), and VEEV TC-83 E3∆56-59 nsP4-C488Y (D,H). Panels A-D have been analyzed using Analysis
A. Panels E-H have been analyzed using Analysis B. Graphs show a representative of each specific
mutant. Blue = nsP1, red = nsP2, green = nsP3, purple = nsP4, orange = capsid, black = E3, gold = E2,
navy blue = 6k, maroon = E1.
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Table 1. Average frequency of common mutations seen samples. Mutation frequency Analysis A
(Analysis B).

Mutation Gene TC-83
E3∆56-59

TC-83 E3∆56-59
nsP4-G14R

TC-83 E3∆56-59
nsP4-A96T

TC-83 E3∆56-59
nsP4-C488Y

C5540A nsP3 0.0778 (0.1348) 0.1316 (0.2111) 0.1273 (0.2013) 0.1371 (0.2025)
C5555A nsP3 0.0253 (0.1621) 0.0287 (0.2084) 0.0355 (0.1937) 0.0326 (0.1987)
A7653C capsid 0.0426 (0.0549) 0.0277 (0.0350) 0.0270 (0.0371) 0.0328 (0.0367)

4. Discussion

Replication of RNA viruses occurs within an optimal range of mutation frequency. Disturbing
the rate that mutations are incorporated into the virus genome is detrimental to the virus and leads
to attenuation [8,36,37]. This is of particular interest because altering fidelity has been proposed as
an effective method for generating live-attenuated vaccines with increased stability. While fidelity
mutants have been reported for many viruses, interpretation of the effects of altered fidelity vary,
especially among the studied alphavirus and poliovirus candidates [5,7–9,12,23,37,38]. Optimizing an
assay to evaluate mutation rate with reproducible results will be a priority for vaccine development
of fidelity mutants. This is especially challenging for alphaviruses, as the RdRp is unstable [23], so
methods that require isolation of the RdRp to measure nucleotide incorporation rates are not viable.

Ideally, only a single round of infection should be measured to determine the effect of a specific
mutation suspected to alter fidelity. This would eliminate biased data from fitness imparted by random
mutations that are selected during sequential infection of cells. We created a method to evaluate fidelity
mutants by inserting previously characterized mutations that block either virus binding to or virus
release from the host cell, E3∆56-59 [25–27] and E1-G91D [29,30] into the structural proteins of the
VEEV vaccine strain, TC-83. The media harvested from both TC-83 E3∆56-59 and TC-83 E1-G91D
electroporation were demonstrated to be non-infectious, while replication of the viral genomes was
verified to have occurred following transfection. However, TC-83 E3∆56-59 provided a distinct
advantage for downstream next-generation sequencing analysis by having virus genomes accessible in
the media.

These results are consistent with previous reports from alphaviruses containing either the E3∆56-59
or E1-G91D mutations. The E1-G91D mutation interferes with E1 trimer formation, which is necessary
for viral assembly and release from the cell [29,30]. Deletion of E3∆56-59 eliminates the PE2 cleavage
site and results in an unprocessed E2-E3 envelope protein. For Sindbis virus, Semliki Forest virus
and VEEV, the uncleaved E2-E3 does not inhibit the formation of virus particles or budding from the
cell. However, the resulting viruses are blocked at early points of infection, notably at binding to host
cells [25,39]. Although our experiments did not isolate viral protein, the purification of virus RNA
from the media suggests that intact virions were produced from the electroporation, as was seen with
other alphaviruses with the E3∆56-59 deletion, including VEEV [25–27,39]. These characteristics meet
the criteria we outlined for measuring the effects of a specific mutation on virus fidelity.

To use this system of a budding, non-infectious virus to measure mutation frequency in the
viral genome, we deleted E3∆56-59 in VEEV TC-83 plasmids containing mutations suspected to alter
fidelity [12]. The G14R and A96T mutations were previously identified following 19 and 23 passages
of TC-83 with 5′fluorouracil [12], while C488Y is the corresponding mutation to C483Y identified
in the high-fidelity chikungunya virus (CHIKV) [7]. The samples in this study containing these
RdRp mutations were found to produce significantly lower mutation frequencies, characteristic of
high-fidelity virus, as well as having lower rates of transversion mutations.

Previous studies with TC-83 did not evaluate the mutation frequency of the fidelity mutants
individually. However, Kautz et al. [12] concluded that an isolate containing four mutations, 4×, did
not show significantly different mutation frequency to TC-83, while a 3×mutant, containing nsP4-G14R,
E37G and A96T exhibited a low fidelity phenotype in Vero cells. Unlike the single RdRp mutants
measured in this paper, the 3× and 4× isolates had significantly fewer U-C transition mutations,
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suggesting that inserting these RdRp mutations into the same TC-83 genome changed the types of
mutations that are generated by the RdRp, which in turn lowered the overall fidelity. The high-fidelity
C483Y mutation has only been evaluated in isolation with CHIKV but was recently recharacterized
with next-generation sequencing across the entire genome [38]. After comparing mutation frequency
across the genome, Riemersma et al. [38] saw no significant difference between wild-type CHIKV and
CHIKV C483Y. Obvious differences between this and the current study are the virus backbone, the
host cell used for replication and the use of multiple passages, and these factors may contribute to the
discrepancies between the studies.

Although many differences are seen between previous studies and our use of a non-infectious
isolate, an expected difference was the value for the overall mutation frequency. The mutation
frequencies are ~3 times higher in TC-83 E3∆56-59 than in TC-83 that was previously reported [12].
When compared to TC-83 3× [12] and CHIKV C483Y [38] there were ~2–4 times greater mutation
frequencies seen in the fidelity mutants in this study. This is likely due to the lack of selection in a
non-infectious system and tendency for mutations to be deleterious. The relatively high mutation
frequency seen in this study may also be due to a larger proportion of virus genomes being available in
the media. Mutations were also incorporated during in vitro transcription [40]. Although these should
be equal across all isolates and were seen as common mutations in all isolates, they may inflate the
overall diversity because of the limited selection in the non-infectious system. Errors from sequencing
can also contribute to the overall mutation frequency and may be mitigated in future assays with the
incorporation of molecular barcoding to reduce sequencing errors [41]. However, as the methods
used here are similar to previous investigations with VEEV, sequencing errors are unlikely to address
discrepancies in the results.

Viewing mutations by nucleotide positions also highlights similarities and differences between
this study and previous reports. Specific mutations were consistently seen across all samples, which
has previously been observed [12,42]. However, it is important to note that the sites with increased
diversity are different between this study and previously published results. Diversity hotspots in
virus genomes are hypothesized to be driven by the host immune response [43–46]. With the lack
of infection from E3∆56-59 mutants, there are likely minimal selective pressures to shape the viral
genome. Therefore, we predict that the consistent mutants seen in the TC-83 E3∆56-59 isolates do not
improve fitness, while mutations seen from previous VEEV experiments may be more advantageous
for the virus. The increased number of mutations at the 3′ end of the nsP3 is expected, given the
variability in this region across alphaviruses. This region, known as the hypervariable domain, has
little conservation between closely related viruses and is able to tolerate mutations [47].

To accurately measure the mutation frequency of specific mutants, we attempted to alter the
genome as minimally as possible. This will allow the assessment for fidelity of the replication complex
as a whole. It is known that other viral proteins are crucial to virus genome replication, even structural
proteins as demonstrated with yellow fever virus [48], so introducing any mutation may have an effect
on mutation frequency. While the mutation to create the E3∆56-59 isolates was minimal, the change
will prevent the dissociation of the E2-E3 proteins. Thus, deviations in mutation frequency caused
directly by E3∆56-59 will not be accounted for in this assay.

In conclusion, the use of the E3∆56-59 mutation in TC-83 has clear limitations based on its lack
of infectivity. However, there is a niche to fill in accurately measuring the mutation frequency in
potential fidelity mutants that do not have a stable RdRp. The rapid selection of mutations that increase
fitness likely leads to the inadvertent measurement of a skewed virus population in passaged samples,
even if only one passage is performed. Abolishing infectivity through PE2 cleavage site deletion not
only alleviates this issue, but allows virus to be collected from the media, bypassing the necessity for
sample enrichment. The PE2 cleavage site is conserved among alphaviruses and has been shown to
have similar characteristics in Sindbis virus, Semliki Forest virus and VEEV [25–27], so this method is
likely useful for other emerging or important alphaviruses such as CHIKV, Mayaro, eastern equine
encephalitis, o’nyong’nyong and Ross River viruses. Future research will be performed to examine
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this. Overall, our method has provided a better understanding of how and to what degree specific
mutations alter fidelity, which will be important to aid rational design of live-attenuated vaccines that
rely on altered mutation frequency.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/5/546/s1,
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Average reads per sample for Analysis A, Table S2: Most frequent mutations for each sample for Analysis A.

Author Contributions: Conceptualization, E.I.P. and N.L.F.; Methodology, E.I.P., D.M.S. and N.L.F.; Software,
K.K. and Y.F.; Formal Analysis, E.I.P., D.M.S., K.K. and T.F.K.; Investigation, E.I.P. and S.W.; Data Curation, K.K.
and D.M.S.; Writing—Original Draft Preparation, E.I.P., K.K. and N.L.F.; Writing—Review & Editing, D.M.S. and
T.F.K.; Project Administration, S.T. and N.L.F.; Funding Acquisition, N.L.F. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by grants to N.L.F. from the NIH R01-AI095753-01A1 and R01-AI125902. E.I.P.
was supported by the Liverpool School of Tropical Medicine Director’s Catalyst Fund award.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Domingo, E.; Escarmís, C.; Lázaro, E.; Manrubia, S.C. Quasispecies dynamics and RNA virus extinction.
Virus. Res. 2005, 107, 129–139. [CrossRef]

2. Lauring, A.S.; Andino, R. Quasispecies Theory and the Behavior of RNA Viruses. PLoS Pathog. 2010, 6,
e1001005. [CrossRef]

3. Rozen-Gagnon, K.; Stapleford, K.A.; Mongelli, V.; Blanc, H.; Failloux, A.-B.; Saleh, M.-C.; Vignuzzi, M.
Alphavirus Mutator Variants Present Host-Specific Defects and Attenuation in Mammalian and Insect
Models. PLoS Pathog. 2014, 10, e1003877. [CrossRef]

4. McDonald, S.; Block, A.; Beaucourt, S.; Moratorio, G.; Vignuzzi, M.; Peersen, O.B. Design of a Genetically
Stable High Fidelity Coxsackievirus B3 Polymerase That Attenuates Virus Growth in Vivo. J. Biol. Chem.
2016, 291, 13999–14011. [CrossRef]

5. Korboukh, V.K.; Lee, C.A.; Acevedo, A.; Vignuzzi, M.; Xiao, Y.; Arnold, J.J.; Hemperly, S.; Graci, J.D.;
August, A.; Andino, R.; et al. RNA Virus Population Diversity, an Optimum for Maximal Fitness and
Virulence. J. Biol. Chem. 2014, 289, 29531–29544. [CrossRef]

6. Gnädig, N.F.; Beaucourt, S.; Campagnola, G.; Bordería, A.V.; Sanz-Ramos, M.; Gong, P.; Blanc, H.; Peersen, O.B.;
Vignuzzi, M. Coxsackievirus B3 mutator strains are attenuated in vivo. Proc. Natl. Acad. Sci. USA 2012, 109,
E2294–E2303. [CrossRef]

7. Coffey, L.L.; Beeharry, Y.; Bordería, A.V.; Blanc, H.; Vignuzzi, M. Arbovirus high fidelity variant loses fitness
in mosquitoes and mice. Proc. Natl. Acad. Sci. USA 2011, 108, 16038–16043. [CrossRef]

8. Vignuzzi, M.; Wendt, E.; Andino, R. Engineering attenuated virus vaccines by controlling replication fidelity.
Nat. Med. 2008, 14, 154–161. [CrossRef]

9. Pfeiffer, J.K.; Kirkegaard, K. Increased Fidelity Reduces Poliovirus Fitness and Virulence under Selective
Pressure in Mice. PLoS Pathog. 2005, 1, e11. [CrossRef]

10. Meng, T.; Kwang, J. Attenuation of Human Enterovirus 71 High-Replication-Fidelity Variants in AG129 Mice.
J. Virol. 2014, 88, 5803–5815. [CrossRef]

11. Xie, X.; Wang, H.; Zeng, J.; Li, C.; Zhou, G.; Yang, D.; Yu, L. Foot-and-mouth disease virus low-fidelity
polymerase mutants are attenuated. Arch. Virol. 2014, 159, 2641–2650. [CrossRef] [PubMed]

12. Kautz, T.F.; Guerbois, M.; Khanipov, K.; Patterson, E.I.; Langsjoen, R.M.; Yun, R.; Warmbrod, K.L.; Fofanov, Y.;
Weaver, S.C.; Forrester, N.L. Low-fidelity Venezuelan equine encephalitis virus polymerase mutants to
improve live-attenuated vaccine safety and efficacy. Virus. Evol. 2018, 4, vey004. [CrossRef] [PubMed]

13. Pringle, C. Genetic characteristics of conditional lethal mutants of vesicular stomatitis virus induced by
5-fluorouracil, 5-azacytidine, and ethyl methane sulfonate. J. Virol. 1970, 5, 559–567. [CrossRef]

14. Pathak, V.; Temin, H. 5-Azacytidine and RNA secondary structure increase the retrovirus mutation rate. J.
Virol. 1992, 66, 3093–3100. [CrossRef] [PubMed]

15. Crotty, S.; Cameron, C.E.; Andino, R. RNA virus error catastrophe: Direct molecular test by using ribavirin.
Proc. Natl. Acad. Sci. USA 2001, 98, 6895–6900. [CrossRef]

http://www.mdpi.com/1999-4915/12/5/546/s1
http://dx.doi.org/10.1016/j.virusres.2004.11.003
http://dx.doi.org/10.1371/journal.ppat.1001005
http://dx.doi.org/10.1371/journal.ppat.1003877
http://dx.doi.org/10.1074/jbc.M116.726596
http://dx.doi.org/10.1074/jbc.M114.592303
http://dx.doi.org/10.1073/pnas.1204022109
http://dx.doi.org/10.1073/pnas.1111650108
http://dx.doi.org/10.1038/nm1726
http://dx.doi.org/10.1371/journal.ppat.0010011
http://dx.doi.org/10.1128/JVI.00289-14
http://dx.doi.org/10.1007/s00705-014-2126-z
http://www.ncbi.nlm.nih.gov/pubmed/24888311
http://dx.doi.org/10.1093/ve/vey004
http://www.ncbi.nlm.nih.gov/pubmed/29593882
http://dx.doi.org/10.1128/JVI.5.5.559-567.1970
http://dx.doi.org/10.1128/JVI.66.5.3093-3100.1992
http://www.ncbi.nlm.nih.gov/pubmed/1373201
http://dx.doi.org/10.1073/pnas.111085598


Viruses 2020, 12, 546 10 of 11

16. Crotty, S.; Maag, D.; Arnold, J.J.; Zhong, W.; Lau, J.Y.; Hong, Z.; Andino, R.; Cameron, C.E. The broad-spectrum
antiviral ribonucleoside ribavirin is an RNA virus mutagen. Nat. Med. 2000, 6, 1375–1379. [CrossRef]

17. Warmbrod, L.K.; Patterson, E.I.; Kautz, T.F.; Stanton, A.; Rockx-Brouwer, D.; Kalveram, B.K.; Khanipov, K.;
Thangamani, S.; Fofanov, Y.; Forrester, N.L. Viral RNA-dependent RNA polymerase mutants display an
altered mutation spectrum resulting in attenuation in both mosquito and vertebrate hosts. Plos Pathog. 2019,
15, e1007610. [CrossRef]

18. Pfeiffer, J.K.; Kirkegaard, K. A single mutation in poliovirus RNA-dependent RNA polymerase confers
resistance to mutagenic nucleotide analogs via increased fidelity. Proc. Natl. Acad. Sci. USA 2003, 100,
7289–7294. [CrossRef]

19. Arias, A.; Arnold, J.J.; Sierra, M.; Smidansky, E.D.; Domingo, E.; Cameron, C.E. Determinants of
RNA-Dependent RNA Polymerase (In)fidelity Revealed by Kinetic Analysis of the Polymerase Encoded by a
Foot-and-Mouth Disease Virus Mutant with Reduced Sensitivity to Ribavirin. J. Virol. 2008, 82, 12346–12355.
[CrossRef]

20. Slyke, G.A.; Arnold, J.J.; Lugo, A.J.; Griesemer, S.B.; Moustafa, I.M.; Kramer, L.D.; Cameron, C.E.; Ciota, A.T.
Sequence-Specific Fidelity Alterations Associated with West Nile Virus Attenuation in Mosquitoes. PLoS
Pathog. 2015, 11, e1005009.

21. Griesemer, S.B.; Kramer, L.D.; Slyke, G.A.; Pata, J.D.; Gohara, D.W.; Cameron, C.E.; Ciota, A.T. Mutagen
resistance and mutation restriction of St. Louis encephalitis virus. J. Gen. Virol. 2017, 98, 201–211. [CrossRef]

22. Pauly, M.D.; Lyons, D.M.; Fitzsimmons, W.J.; Lauring, A.S. Epistatic Interactions within the Influenza A
Virus Polymerase Complex Mediate Mutagen Resistance and Replication Fidelity. Msphere 2017, 2, e00323-17.
[CrossRef]

23. Kautz, T.F.; Forrester, N.L. RNA Virus Fidelity Mutants: A Useful Tool for Evolutionary Biology or a Complex
Challenge? Viruses 2018, 10, 600. [CrossRef]

24. Poirier, E.Z.; Mounce, B.C.; Rozen-Gagnon, K.; Hooikaas, P.J.; Stapleford, K.A.; Moratorio, G.; Vignuzzi, M.
Low-fidelity polymerases of alphaviruses recombine at higher rates to overproduce defective interfering
particles. J. Virol. 2015, 90, 2446–2454. [CrossRef]

25. Salminen, A.; Wahlberg, J.; Lobigs, M.; Liljeström, P.; Garoff, H. Membrane fusion process of Semliki Forest
virus. II: Cleavage-dependent reorganization of the spike protein complex controls virus entry. J. Cell Biol.
1992, 116, 349–357. [CrossRef]

26. Heidner, H.; McKnight, K.; Davis, N.; Johnston, R. Lethality of PE2 incorporation into Sindbis virus can be
suppressed by second-site mutations in E3 and E2. J. Virol. 1994, 68, 2683–2692. [CrossRef]

27. Davis, N.L.; Brown, K.W.; Greenwald, G.F.; Zajac, A.J.; Zacny, V.L.; Smith, J.F.; Johnston, R.E. Attenuated
Mutants of Venezuelan Equine Encephalitis Virus Containing Lethal Mutations in the PE2 Cleavage Signal
Combined with a Second-Site Suppressor Mutation in E1. Virology 1995, 212, 102–110. [CrossRef]

28. Smith, D.R.; Adams, P.A.; Kenney, J.L.; Wang, E.; Weaver, S.C. Venezuelan equine encephalitis virus in the
mosquito vector Aedes taeniorhynchus: Infection initiated by a small number of susceptible epithelial cells
and a population bottleneck. Virology 2008, 372, 176–186. [CrossRef]

29. Duffus, W.; Levy-Mintz, P.; Klimjack, M.; Kielian, M. Mutations in the putative fusion peptide of Semliki
Forest virus affect spike protein oligomerization and virus assembly. J. Virol. 1995, 69, 2471–2479. [CrossRef]

30. Kielian, M.; Klimjack, M.; Ghosh, S.; Duffus, W. Mechanisms of mutations inhibiting fusion and infection by
Semliki Forest virus. J. Cell Biol. 1996, 134, 863–872. [CrossRef]

31. Patterson, E.I.; Warmbrod, K.L.; Bouyer, D.H.; Forrester, N.L. Evaluation of the inactivation of Venezuelan
equine encephalitis virus by several common methods. J. Virol. Methods 2018, 254, 31–34. [CrossRef]

32. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. 2010. Available online:
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 14 May 2020).

33. Kinney, R.M.; Johnson, B.J.; Welch, J.B.; Tsuchiya, K.R.; Trent, D.W. The full-length nucleotide sequences
of the virulent Trinidad donkey strain of Venezuelan equine encephalitis virus and its attenuated vaccine
derivative, strain TC-83. Virology 1989, 170, 19–30. [CrossRef]

34. Albayrak, L.; Khanipov, K.; Pimenova, M.; Golovko, G.; Rojas, M.; Pavlidis, I.; Chumakov, S.; Aguilar, G.;
Chávez, A.; Widger, W.R.; et al. The ability of human nuclear DNA to cause false positive low-abundance
heteroplasmy calls varies across the mitochondrial genome. BMC Genom. 2016, 17, 1017. [CrossRef]

35. Langmead, B.; Salzberg, S. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359.
[CrossRef]

http://dx.doi.org/10.1038/82191
http://dx.doi.org/10.1371/journal.ppat.1007610
http://dx.doi.org/10.1073/pnas.1232294100
http://dx.doi.org/10.1128/JVI.01297-08
http://dx.doi.org/10.1099/jgv.0.000682
http://dx.doi.org/10.1128/mSphere.00323-17
http://dx.doi.org/10.3390/v10110600
http://dx.doi.org/10.1128/JVI.02921-15
http://dx.doi.org/10.1083/jcb.116.2.349
http://dx.doi.org/10.1128/JVI.68.4.2683-2692.1994
http://dx.doi.org/10.1006/viro.1995.1458
http://dx.doi.org/10.1016/j.virol.2007.10.011
http://dx.doi.org/10.1128/JVI.69.4.2471-2479.1995
http://dx.doi.org/10.1083/jcb.134.4.863
http://dx.doi.org/10.1016/j.jviromet.2018.01.009
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://dx.doi.org/10.1016/0042-6822(89)90347-4
http://dx.doi.org/10.1186/s12864-016-3375-x
http://dx.doi.org/10.1038/nmeth.1923


Viruses 2020, 12, 546 11 of 11

36. Moratorio, G.; Henningsson, R.; Barbezange, C.; Carrau, L.; Bordería, A.V.; Blanc, H.; Beaucourt, S.;
Poirier, E.Z.; Vallet, T.; Boussier, J.; et al. Attenuation of RNA viruses by redirecting their evolution in
sequence space. Nat. Microbiol. 2017, 2, 17088. [CrossRef]

37. Vignuzzi, M.; Stone, J.K.; Arnold, J.J.; Cameron, C.E.; Andino, R. Quasispecies diversity determines
pathogenesis through cooperative interactions in a viral population. Nature 2006, 439, 344. [CrossRef]

38. Riemersma, K.K.; Steiner, C.; Singapuri, A.; Coffey, L.L. Chikungunya Virus Fidelity Variants Exhibit
Differential Attenuation and Population Diversity in Cell Culture and Adult Mice. J. Virol. 2018, 93,
e01606-18. [CrossRef]

39. Dubuisson, J.; Rice, C. Sindbis virus attachment: Isolation and characterization of mutants with impaired
binding to vertebrate cells. J. Virol. 1993, 67, 3363–3374. [CrossRef]

40. Sebastian-Martin, A.; Barrioluengo, V.; Menendez-Arias, L. Transcriptional inaccuracy threshold attenuates
differences in RNA-dependent DNA synthesis fidelity between retroviral reverse transciptases. Sci. Rep.
2018, 8, 627. [CrossRef]

41. Peng, Q.; Satya, R.V.; Lewis, M.; Randad, P.; Wang, Y. Reducing amplification artifacts in high multiplex
amplicon sequencing by using molecular barcodes. BMC Genom. 2015, 15, 589. [CrossRef]

42. Patterson, E.I.; Khanipov, K.; Rojas, M.M.; Kautz, T.F.; Rockx-Brouwer, D.; Golovko, G.; Albayrak, L.;
Fofanov, Y.; Forrester, N.L. Mosquito bottlenecks alter viral mutant swarm in a tissue and time-dependent
manner with contraction and expansion of variant positions and diversity. Virus. Evol. 2018, 4, vey001.
[CrossRef] [PubMed]

43. Brackney, D.E.; Beane, J.E.; Ebel, G.D. RNAi Targeting of West Nile Virus in Mosquito Midguts Promotes
Virus Diversification. PLoS Pathog. 2009, 5, e1000502. [CrossRef] [PubMed]

44. Myles, K.M.; Morazzani, E.M.; Adelman, Z.N. Origins of alphavirus-derived small RNAs in mosquitoes.
RNA Biol. 2009, 6, 387–391. [CrossRef]

45. Sim, S.; Aw, P.P.; Wilm, A.; Teoh, G.; Hue, K.; Nguyen, N.; Nagarajan, N.; Simmons, C.P.; Hibberd, M.L.
Tracking Dengue Virus Intra-host Genetic Diversity during Human-to-Mosquito Transmission. PLoS Neglect.
Trop. D 2015, 9, e0004052. [CrossRef]

46. Stapleford, K.A.; Moratorio, G.; Henningsson, R.; Chen, R.; Matheus, S.; Enfissi, A.; Weissglas-Volkov, D.;
Isakov, O.; Blanc, H.; Mounce, B.C.; et al. Whole-Genome Sequencing Analysis from the Chikungunya
Virus Caribbean Outbreak Reveals Novel Evolutionary Genomic Elements. PLoS Neglect. Trop. D 2016, 10,
e0004402. [CrossRef]

47. Gotte, B.; Liu, L.; McInerney, G.M. The enigmatic Alphavirus non-structural protein 3 (nsP3) revealing its
secrets at last. Viruses 2018, 10, 105. [CrossRef]

48. Collins, N.D.; Beck, A.S.; Widen, S.G.; Wood, T.G.; Higgs, S.; Barrett, A.D. Structural and nonstructural genes
contribute to the genetic diversity of RNA viruses. mBio 2018, 9, e01871-18. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nmicrobiol.2017.88
http://dx.doi.org/10.1038/nature04388
http://dx.doi.org/10.1128/JVI.01606-18
http://dx.doi.org/10.1128/JVI.67.6.3363-3374.1993
http://dx.doi.org/10.1038/s41598-017-18974-8
http://dx.doi.org/10.1186/s12864-015-1806-8
http://dx.doi.org/10.1093/ve/vey001
http://www.ncbi.nlm.nih.gov/pubmed/29479479
http://dx.doi.org/10.1371/journal.ppat.1000502
http://www.ncbi.nlm.nih.gov/pubmed/19578437
http://dx.doi.org/10.4161/rna.6.4.8946
http://dx.doi.org/10.1371/journal.pntd.0004052
http://dx.doi.org/10.1371/journal.pntd.0004402
http://dx.doi.org/10.3390/v10030105
http://dx.doi.org/10.1128/mBio.01871-18
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture and Viruses 
	Virus Detection and Replication Assays 
	Analysis of Mutation Frequency 
	Analysis Counting All Variants (Analysis A) 
	Analysis with Downsampled Dataset (Analysis B) 
	Statistics 

	Results 
	Virus Replication 
	Overall Sequence Diversity 
	Sequence Diversity across the Genome 

	Discussion 
	References

