L] AMERICAN Journal of
SOCIETY FOR ; ®
— MICROBIOLOGY Verlogy

GENETIC DIVERSITY AND EVOLUTION

L)

Check for
updates

RNA Polymerase Mutations Selected during Experimental
Evolution Enhance Replication of a Hybrid Vaccinia Virus with
an Intermediate Transcription Factor Subunit Replaced by the

Myxoma Virus Ortholog

Carey A. Stuart,? Erik K. Zhivkoplias,® Tatiana G. Senkevich,? Linda S. Wyatt,® {2’ Bernard Moss?

2Laboratory of Viral Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health,
Bethesda, Maryland, USA

ABSTRACT High-throughput DNA sequencing enables the study of experimental
evolution in near real time. Until now, mutants with deletions of nonessential host
range genes were used in experimental evolution of vaccinia virus (VACV). Here, we
guided the selection of adaptive mutations that enhanced the fitness of a hybrid vi-
rus in which an essential gene had been replaced with an ortholog from another
poxvirus genus. Poxviruses encode a complete system for transcription, including
RNA polymerase and stage-specific transcription factors. The abilities of ortholo-
gous intermediate transcription factors from other poxviruses to substitute for those
of VACV, as determined by transfection assays, corresponded with the degree of
amino acid identity. VACV in which the A8 or A23 intermediate transcription factor
subunit gene was replaced by the myxoma (MYX) virus ortholog exhibited de-
creased replication. During three parallel serial passages of the hybrid virus with the
MYXA8 gene, plaque sizes and virus yields increased. DNA sequencing of virus pop-
ulations at passage 10 revealed high frequencies of five different single nucleotide
mutations in the two largest RNA polymerase subunits, RPO147 and RPO132, and
two different Kozak consensus sequence mutations predicted to increase translation
of the MYXA8 mRNA. Surprisingly, there were no mutations within either intermedi-
ate transcription factor subunit. Based on homology with Saccharomyces cerevisiae
RNA polymerase, the VACV mutations were predicted to be buried within the inter-
nal structure of the enzyme. By directly introducing single nucleotide substitutions into
the genome of the original hybrid virus, we demonstrated that both RNA polymerase
and translation-enhancing mutations increased virus replication independently.

IMPORTANCE Previous studies demonstrated the experimental evolution of vaccinia
virus (VACV) following deletion of a host range gene important for evasion of host
immune defenses. We have extended experimental evolution to essential genes that
cannot be deleted but could be replaced by a divergent orthologous gene from an-
other poxvirus. Replacement of a VACV transcription factor gene with one from a
distantly related poxvirus led to decreased fitness as evidenced by diminished repli-
cation. Serially passaging the hybrid virus at a low multiplicity of infection provided
conditions for selection of adaptive mutations that improved replication. Notably,
these included five independent mutations of the largest and second largest RNA
polymerase subunits. This approach should be generally applicable for investigating
adaptation to swapping of orthologous genes encoding additional essential proteins
of poxviruses as well as other viruses.
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he Poxviridae comprise a large family of viruses that infect vertebrates and inver-

tebrates (1). During their evolution, chordopoxviruses segregated into 11 recog-
nized genera as well as additional unassigned species. Analysis of the genomes of
representatives of the various genera showed that approximately 90 genes encoding
proteins for essential functions, including entry, transcription, genome replication,
disulfide bond formation, and virion assembly have been preserved (2). A similar
number of less well conserved genes are unnecessary for replication in cell culture;
many of these genes are involved in host interactions and are present in only a
subset of poxvirus genera (3). The diversity of the latter genes is likely related to
their acquisition and adaptive modification during the long period of poxvirus
evolution and speciation in various hosts (4). In some cases, these viral proteins
counteract cellular innate immune responses, whereas others have roles that are
not yet understood (5).

In contrast to the relatively low rate of natural evolution within a single host species,
propagation of vaccinia virus (VACV) as the smallpox vaccine in unnatural hosts such as
calf skin and cell culture over the past 200 years has promoted rapid changes (6). A
striking example of this is modified VACV Ankara (MVA), which lost approximately 15%
of the genome and suffered a severe host restriction during >500 passages in chicken
embryo fibroblasts (7). Presently, high-throughput sequencing methods enable inves-
tigation of the experimental evolution of poxviruses in near real time. Thus far, such
studies have been limited to VACV host range mutants with deletions of genes involved
in evasion of the PKR/eukaryotic initiation factor 2« (elF2a) antiviral pathway (8-11).
The genetic changes comprised both copy number amplification and point mutation of
individual viral genes. We are seeking to extend experimental evolution to essential
genes encoding proteins that have coadapted with other viral proteins during natural
selection. Our approach is to swap orthologous genes from distantly related poxviruses,
thereby encouraging the selection of adaptive mutations that enhance replication. In
principle, the results could provide insights into protein interactions and pathways. In
this first effort to apply orthologous gene swapping for experimental evolution of
poxviruses, we targeted the transcription system.

Poxviruses have three stages of gene expression: early, intermediate, and late (12).
An eight-subunit DNA-dependent RNA polymerase (Pol) that is homologous to the
polymerases of archaea and eukaryotes (13, 14) acts in conjunction with stage-specific
transcription factors and promoters. The VACV early transcription factor is a het-
erodimer of an 82-kDa and a 70-kDa subunit with ATPase activity that binds to the core
region of early promoters and DNA downstream of the RNA start site, thereby altering
the DNA conformation (15-17), and to the RNA Pol-associated protein RAP94 (18, 19).
The intermediate factor is a heterodimer of 34- and 45-kDa proteins (20), and the late
factor is comprised of 17-, 26-, and 30-kDa proteins (21). The intermediate and late
transcription factors have no known catalytic activities, nor is there evidence of direct
association with DNA or RNA Pol.

The likelihood that chordopoxviruses use a common mechanism for mRNA synthesis
can be inferred from the conservation of their transcription apparatus and from the
sequence similarity and functional interchangeability of their promoters (22-25). How-
ever, the compatibility of orthologous transcription factors has yet to be investigated.
Transient expression experiments described here indicated that orthologous interme-
diate transcription factors exhibit a range of compatibilities with VACV. Using this
information, we constructed hybrid viruses in which the genes encoding the VACV
34-kDa (A8) or 45-kDa (A23) intermediate transcription factor subunit were individually
replaced with the myxoma virus (MYXV) ortholog (abbreviated MYXA8 and MYXA23,
respectively) and then carried out serial passaging of the poorly replicating viruses to
allow experimental evolution and adaptive selection. Substantial increases in replicative
abilities of the MYXA8 VACV were associated with mutations in RNA Pol subunits and
sequence changes around the translation initiation site of the MYXA8 gene.
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TABLE 1 Comparison of intermediate transcription factor orthologs

% amino acid identity

Virus A8 A23
Vaccinia 100 100
Myxoma 65 58
Canarypox 38 51
Crocodilepox 31 40
Salmon gill pox 29 23
RESULTS

Transient expression assays. To initiate this study, we compared the A8 and A23
intermediate transcription factor orthologs of chordopoxvirus genera. For diversity, we
selected the genes from myxoma virus (MYXV), canarypox virus (CNPV), Nile crocod-
ilepox virus (CRV), and salmon gill poxvirus (SGPV), which encode proteins that vary in
amino acid identity from 65% to 23% relative to VACV sequences (Table 1). The order
of similarity to VACV was MYXV > CNPV > CRV > SGPV, consistent with their overall
genome sequence similarities.

Our plan was to analyze intermediate gene expression after infecting cells with a
recombinant VACV lacking the gene encoding A8, A23, or both (AA8, AA23, and
AA8/AA23 strains, respectively) and transfecting DNA encoding corresponding or-
thologs. Because the A8 and A23 genes are essential, deletion viruses were previously
constructed with the aid of a complementing cell line that expressed both intermediate
transcription factors (26). We made new versions of these viruses that constitutively
express the bacteriophage T7 RNA polymerase so that a T7 promoter could be used for
expression of A8 and A23 genes from transfected plasmids. The starting virus vTF7-3
(27) contains the A8 and A23 genes from the VACV Western Reserve (WR) strain and will
be referred to here as the wild type (WT). The VACV A8 or A23 gene or both genes were
deleted and replaced by the green fluorescent protein (GFP) or Discosoma sp. red
fluorescent protein (DsRed) open reading frame (ORF) regulated by a VACV promoter
to facilitate isolation in the complementing cell line (Fig. 1A). Loss of the A8 and A23
ORFs was confirmed by PCR, and the inability of the viruses to express viral interme-
diate proteins was demonstrated by Western blotting (data not shown).

For construction of the A8 and A23 expression plasmids, the orthologous ORFs were
mammalian-codon optimized to minimize differences in G/C content, which might
affect expression. Each plasmid of one set contained an A8 ORF with a V5 epitope tag,
while each plasmid of the other set had an A23 ORF with a hemagglutinin (HA) epitope
tag. Expression of the proteins following transfection of the plasmids into cells infected
with recombinant viruses is shown in Fig. 1B. Some differences in the intensities of the
bands were noted, but the weaker bands were not enhanced by altering the amount
of plasmid transfected.

A plasmid with the firefly luciferase (Fluc) gene regulated by the VACV G8 interme-
diate/late promoter (12, 28) was used to monitor the activities of the intermediate
transcription factors. The scheme in which cells are infected with one recombinant
VACV of the group expressing T7 RNA polymerase (AA8, AA23, and AA8/AA23) and
transfected with one or two plasmids of the group containing the T7 promoter (A8,
A23, and both A8 and A23) in which A8 and A23 are derived from VACV, MYXV, CNPV,
CRV, or SGPV and a second reporter plasmid, G8-Flug, is outlined in Fig. 2A. Only the
VACV and MYXV A8 genes allowed substantial expression of Fluc (Fig. 2B, left). In
contrast, all of the orthologous A23 genes except the SGPV A23 gene enhanced Fluc in
the order VACV > MYXV > CNPV > CRV (Fig. 2B, middle). In the experiments described
so far, one of the intermediate transcription factor subunits was from VACV, while the
other was one of the orthologs. We considered that the activities of the transcription
factor orthologs might be relatively low because they had to work in concert with the
VACV factor. Therefore, in the next experiment we infected cells with a VACV lacking
both A8 and A23 and transfected two plasmids expressing both transfection factors
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FIG 1 Transient expression of intermediate transcription factor orthologs. (A) Recombinant VACV that
express T7 RNA Pol and contains the VACV A8 and A23 intermediate transcription factors (A8/A23), only
A23 (AA8), only A8 (AA23), or neither A8 or A23 (AA8/AA23) were constructed by homologous
recombination using GFP and/or DsRed as a reporter. In the scheme shown, for example, A8/A23 virus
expresses both A8 and A23, while AA8 virus expresses a GFP reporter and A23. (B) Expression of A8 and
A23 orthologs. BS-C-1 cells were infected with AA8 or AA23 virus and transfected with plasmids that
encode A8 orthologs with V5 epitope tags or A23 orthologs with HA epitope tags regulated by T7
promoters. Following cell lysis, proteins were resolved on SDS-polyacrylamide gels, transferred to
membranes, and detected with anti-V5 and anti-HA antibodies. The poxviruses from which the A8 or A23
orthologs were derived are as follows: lanes 1, VACV; lanes 2, MYXV; lanes 3, CNPV; lanes 4, CRV; lanes
5, SGPV. C represents a control plasmid not expressing a protein. The masses in kilodaltons to the left of
each blot indicate the mobilities of marker proteins.

from the same virus. However, the ranking was similar to that obtained by transfecting
A8 or A23 alone (Fig. 2B, right).

Construction of hybrid viruses. We made hybrid viruses in order to further
investigate the effects of orthologous transcription factors. Our strategy was to start
with viruses that had A8 or A23 replaced by GFP or DsRed and then exchange the
fluorescent reporter gene with MYXV or CNPV A8 with an N-terminal V5 tag or with A23
with an N-terminal HA tag by homologous recombination. The recombinant viruses
with MYXV genes were detected by formation of nonfluorescent plaques in BS-C-1 cells,
and three separate clones with MYXA8 or MYXA23 designated A, B, or C were isolated
(Fig. 3A). The presence of the MYXV genes was confirmed by DNA sequencing. The
MYXA8 hybrid made predominantly tiny plaques, whereas the MYXA23 hybrid made
intermediate-sized plaques (Fig. 3B). The different plaque sizes of the hybrid viruses
were consistent with the relative activities of MYXA8 and MYXA23 in transfection
experiments (Fig. 2B). A similar attempt to make CNPV and CRV A23 hybrids in BS-C-1
cells failed, evidently because of poor replication.

Experimental evolution. The inefficient replication of the hybrid viruses containing
MYXV transcription factors suggested that beneficial mutations might arise, perhaps in
the transcription factors themselves, during serial passaging. The scheme shown in Fig.
4 was carried out starting with stocks of the three independent plaque-purified clones
(A, B, and C) of MYXA8 and MYXA23, which we refer to as passage 0 (P0). Ten passages
were carried out, and a portion of each was frozen as the “fossil record.” Plaques formed
with the MYXAS8 virus at passage 10 (P10) exhibited a range of sizes, including many
plaques larger than those of PO (data not shown). In contrast, the plaques formed with
MYXA23 did not significantly increase in size after passaging (data not shown). The 24-h
yields of the MYXA8 P10 viruses were 3 to 5 times higher than those of the PO viruses,
whereas the yields of MYXA23 did not appreciably change during passage (data not
shown) and will not be discussed further.

Large plaques were picked from each of the three independent A, B, and C PO
and P10 MYXA8 passages, and the viruses were plaque purified several times. The
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FIG 2 Complementation of intermediate gene expression by orthologous transcription factors. (A) Experimental plan. Cells were infected with
AA8, AA23, or AA8/AA23 VACV encoding T7 RNA polymerase and transfected with plasmids encoding A8, A23, or both A8 and A23 (A8+A23)
regulated by the T7 promoter and with Fluc regulated by an intermediate/late promoter. Fluc activity depended on expression of A8 and A23
proteins. (B) The plan depicted in panel A was carried out by transfecting plasmids into Hela cells infected with AA8, AA23, and AA8/AA23
viruses. Relative luminescence values are shown. Experiments were carried out in triplicate, and the bars indicate the standard errors of the
means.

plaque-purified viruses derived from the series A, B, and C passage P10 populations
are referred to as P10 clones A, B, and C, respectively, to indicate their origin. The
plaque sizes of the P10 clones, relative to those of the PO and the WT virus with
VACV A8, are shown in Fig. 4B. The plaque-purified P10 clones were significantly

FIG 3 Plaque formation by hybrid viruses expressing VACV and MYXV intermediate transcription factors.
(A) Diagram of viruses expressing the VACV WRA8 and WRA23 (WT), MYXA8 and WRA23 (MYXAS8), and
WRA8 and MYXA23 (MYXA23). (B) Plaques were stained with crystal violet at 48 h after infection of BS-C-1
cells with WT or three independent clones of the hybrid viruses labeled A, B, and C.
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FIG 4 Experimental evolution of MYXAS8 virus. (A) Scheme for serial passaging in BS-C-1 cells of MYXA8
virus containing the MYXVA8 and VACVA23 genes. After each passage, a sample was saved to serve as
the fossil record. (B) Three clones of MYXA8 virus designated A, B, and C in Fig. 3 were independently
passaged at a multiplicity of infection of approximately 0.1 PFU/cell. Plaques formed in 48 h on BS-C-1
cells by WT virus containing the VACV A8 and A23 genes and by hybrid viruses at passage 0 (MYXA8 P0)
and passage 10 (MYXA8 P10) plaque-purified clones from serial passages A, B, and C are shown.

larger than those of PO, and the P10 A clones approached the size of the WT clones.
The enhanced replication of the MYXAS8 A, B, and C clones from P10 compared to
levels of PO and the WT are shown in Fig. 5. At 12 h, the titers of the P10 A and B
clones were significantly higher than those of the PO viruses, and by 24 h all three
were higher, with A and B approaching the level of the WT.

Genome sequencing. Whole-genome sequencing was performed on the popula-
tion of viruses in P10 of series A, B, and C and on plaque-purified clones from each
series after amplification in BS-C-1 cells. Both synonymous and nonsynonymous
changes in the viral genome were found, and the complete sequences have been
archived. The genetic changes considered most significant are listed in Table 2. Single
nucleotide nonsynonymous mutations of RNA Pol were detected in each of the passage
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FIG 5 Replication of MYXA8 PO and P10 clones. Triplicate BS-C-1 cell monolayers were infected for 6, 12,
and 24 h with 5 PFU/cell of WT virus, and MYXA8 PO and P10 clones from passages A, B, and C. Virus titers
were determined in duplicate by plaque assay in BS-C-1 cells. Bars represent standard errors of the
means. ¥, P < 0.05; **, P < 0.01.
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TABLE 2 Mutation abundance in MYXA8 P10 passage population and clones

Mutation frequency (%)

Passage Amino acid Passage Clone
series change ORF Gene population? population®
A M4241 J6R RPO147¢ 30 100

LO13M MYXA8¢ MYXA8 20 100
B A1212V J6R RPO147 6 100

None MYXA84 MYXA8 18 100

A1026V A24R RPO132 14 0

A1133T A24R RPO132 30 0
C K1046Q A24R RPO132 69 100

aPassage 10 virus was amplified prior to DNA purification.

bVirus from large plaques was clonally purified and amplified.

“New translation initiation codon within N-terminal V5 tag preceding MYXA8 ORF.

dmproved Kozak consensus sequence preceding N-terminal V5 tag; carries a single nucleotide change at the
—3 position relative to the start codon.

€RPO, RNA polymerase subunit.

populations. Two of the mutations are in RPO147 (ORF J6), the largest subunit, and
three are in RPO132 (ORF A24), the second-largest subunit. Two of the RPO132
mutations were found in relatively high frequency in the passage B population but
were not in the plaque-purified clone from this passage (Table 2). The five muta-
tions are all different, indicating that they arose independently in the three separate
passages. Sequence changes that potentially increase expression of MYXA8 were
also found (Table 2) and will be discussed below. The mutations in the clones were
present at 100%, indicating their purity.

In addition to whole-genome sequencing of the cloned viruses and the P10 popu-
lation, we performed amplicon sequencing of genomes from sequential passages to
determine when changes in the RPO147 and RPO132 sequences occurred (Table 3). The
mutation K1046Q in RPO132 was detected in P2 of the passage series C population and
steadily increased in frequency, reaching 55% of the population at P10. The mutation
M4241 in RPO147 was detected at P4 of the passage series A population and increased
to 24% of the population by P10. The mutation A1212V in RPO147 was detected at P8
of the passage series B population and was only 1.9% of the total population at P10.
Note that the RNA Pol mutations of passage series A, B, and C increased to 30%, 6%, and
69% of the population, respectively, with the additional passages used to purify DNA for
whole-genome sequencing, indicating that selection was still occurring (Table 2).

RNA Pol mutations increase replication of the MYXA8 hybrid VACV. The RNA Pol
mutations were mapped to the homologous Saccharomyces cerevisiae RNA Pol || (RNAP
I) subunits (Fig. 6A). The yeast amino acids corresponding to the mutated ones are
located internally, rather than in the solvent-exposed surface where interactions with
transcription factors might be expected. To determine the significance of the RNA Pol
mutations in the absence of other sequence changes in the hybrid virus genomes,
homologous recombination with PCR products containing the mutations was used to
directly modify the PO viruses. DNA segments of approximately 1,000 bp that encom-
passed the single nucleotide RNA Pol mutations were derived by PCR from the DNA of

TABLE 3 Changes in abundance of RNA Pol mutations during passages

Frequency of mutation (%)“

Passage no. RPO147 M424l RPO147 A1212V RPO132 K1046Q
0 ND ND ND

2 ND ND 1.7

4 3.0 ND 10.1

6 6.1 ND 17.6

8 11.2 1.2 38.1

9 16.8 1.5 50.1

10 24.2 1.9 553

aND, not detected.
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FIG 6 RNA Pol mutations. (A) Mutations in RPO147 and RPO132 that occurred during passages of MYXA8 were mapped onto the S. cerevisiae RNAP I crystal
structure. Green, RPB1; blue, RPB2. (B) Single nucleotide mutations were inserted by homologous recombination into RPO147 and RPO132 of MYXA8 PO viruses.
Plaques formed by the cloned recombinant viruses and a MYXA8 PO virus are shown. (C) Virus yields at 2, 24, 48, and 72 h after infection with 0.01 PFU/cell
of WT, MYXA8 PO clone A (MYX-A8-A), MYXA8 PO clone C (MYX-A8-C), and the recombinant viruses with single nucleotide mutations in RPO147 (M424l) or
RPO132 (K1046Q). (D) Replication competition between the MYXA8 PO clone A virus and the recombinant virus with mutation in RPO147. BS-C-1 cells were
infected in triplicate with 0.01 PFU/cell of a mixture comprised of 90% MYXA8 PO and 10% MYXA8 with the M424| mutation in RPO147. After each of three
rounds of passaging, an aliquot was removed for Sanger sequencing of the region including the M424l mutation. Graphs of the sequence are shown with a
dotted oval around the mutated nucleotide. The approximate percentages of M424l after the third passages are indicated at the right.

the cloned P10 viruses and transfected into BS-C-1 cells that were infected with the
original MYXA8 PO viruses. After 20 h, virus was collected, and individual plaques were
screened by PCR and Sanger sequencing. Approximately 20 to 30% of the plaques had
the desired mutations, attesting to the high rate of recombination, and no additional
mutations were found by whole-genome sequencing. Following plaque purification
and amplification, the plaque sizes of the mutated and cloned viruses were compared
with those of the MYXA8 PO virus containing the WT RNA Pol sequences. The plaques
of the viruses with the RPO147 M424I| mutation and the RPO132 K1046Q mutation were
larger than those of the original MYXAS8 virus (Fig. 6B), whereas the difference was small
in the case of the virus with the RPO147 A1212V mutation (data not shown). Plaque size
measurements of all three recombinant viruses are presented in a subsequent figure.

We also determined the virus yields following infection with 0.01 PFU/cell of the
MYXA8 PO clones, recombinant viruses with mutated RNA Pol, and WT virus. Notably,
the yields of viruses with the RPO147 M424| mutation from P10 clone A and the RPO132
K1046Q mutation from P10 clone C were higher than those of the PO MYXA8 A and C
clones, which had unmutated RPO147 and RPO132 (Fig. 6C), indicating that these
mutations were adaptive.

A competition experiment was carried out to confirm the ability of the recom-
binant virus with the RPO147 M424| mutation to enhance replication relative to the
level of the original MYXA8 PO virus. Three BS-C-1 cell monolayers were each
infected with 0.01 PFU cell of a mixture comprised of 90% MYXA8 PO virus with the
WT RPO147 sequence and 10% RPO147 M424l virus for 48 h. The cells were then
harvested and titrated, and the virus was passaged two more times. After each
passage, PCR and Sanger sequencing were performed to estimate the ratios of the
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Original MYXA8 sequence -3
TGGGGTAAAGTGAAAATCTACTACCGATGATGTAAGTCTT-_GCGGCAAGCCCATCCCCAATCCTCTGCTGGGCCTGGACA

Early promoter core N-terminal V5tagof SMYX M G G K P I P N P L L G L D

Mutated MYXAS clone A -3 +4 3 +4
TGGGGTAAAGTGAAAATCTACTACCGATGATGTAAGTQTTEGCGGCAAGCCCATCCCCAATCCTCTGCTGQGCATGQACA
M G G K P I P NPILULGMD

Mutated MYXAS8 clone B
-3 +4

TGGGGTAAAGTGAAAATCTACTACCGATGATGTAAGTETT-QGCGGCAAGCCCATCCCCAATCCTCTGCTGGGCCTGGACA

M G G K P I PNUPULULGTULD

B C
Clone A mutation Clone B mutation MYXA8 MYXA8 Clone B mutation MYXA8  Clone B mutation

8 hpi 12 hpi

FIG 7 Mutations at translation initiation sites of the MYXA8 gene. (A) The nucleotide and amino acid sequences around the N-terminal
V5 tag of the MYXA8 gene in the original construct and the nucleotide mutations in the P10 A and B clones are shown. The ATG start
codon at the start of the tag sequence is shaded green, and the nucleotides at the —3 and +4 positions are underlined. The new ATG
within the V5 tag of the clone A mutant is shaded yellow. (B) Single nucleotide mutations were inserted by homologous recombination
into the MYXA8 PO virus genome to introduce a new start codon within the V5 tag (clone A mutation) or at the —3 position relative to
the original start codon (clone B mutation). Plaques formed in BS-C-1 cells after 48 h by the cloned recombinant viruses and the MYXA8
PO virus are shown. (C) Expression of the MYXA8 protein. BS-C-1 cells were infected with MYXA8 PO and the virus with the clone B mutation
at a multiplicity of infection of 5 PFU/cell. At 8 and 12 h after infection (hpi), the cells were harvested, and the proteins were analyzed

by Western blotting with antibody to V5 to visualize the MYXA8 protein and to E3, another early protein.

WT RPO147 sequence and the mutated sequence. In the three independent exper-
iments, the percentages of mutated sequence after passage 3 were ~90%, 70%, and
100% (Fig. 6D), demonstrating the selective advantage of the mutation. In a parallel
competition experiment with WT VACV (90%) and WT VACV that had the RPO147
mutation (10%), the relative amounts of the two remained constant during the
three passages (data not shown). Thus, the advantage of the RPO147 M424i
mutation was specific for the MYXA8 hybrid virus.

Mutations of translation initiation sequences of MYXA8 gene. The P10 clones of
passage A and B had a mutation that introduced a new translation initiation codon with
an optimal Kozak sequence within the N-terminal V5 tag and a mutation that was
predicted to improve the original translation initiation sequence of the MYXA8 ORF,
respectively (Fig. 7A). The nucleotides around the translation initiation codon of the
V5-tagged MYXAS8 in the original PO clones are CTTATGG, with the ones at —3 and +4
underlined. Although the G at +4 is consistent with good translation initiation, a purine
rather than a C is optimal at —3 (29). The single nucleotide mutation in P10 clone A
introduced a new translation initiation codon with preferred nucleotides at both —3
and +4 (GGCATGG) within the V5 tag of clone A, while the mutation in P10 clone B
changed the C at —3 to a preferred A. Homologous recombination with mutated PCR
product was used to introduce these mutations into the MYXA8 PO clones, similar to the
protocol used to make the RNA Pol mutations. Random plaques were selected for
Sanger sequencing, and those with the expected mutation were cloned. Comparison of
the plaques formed by a MYXA8 PO clone and the recombinant viruses revealed that
the latter produced larger plaques (Fig. 7B). As anticipated, the V5-tagged MYXAS8
protein was expressed more highly in cells infected with the virus with the clone B
mutation than with the MYXA8 PO clone, whereas E3, another early viral protein, was
expressed in similar amounts (Fig. 7C). A comparable Western blot analysis of the P10
clone A mutant was not possible because of the interruption of the V5 tag.
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FIG 8 Comparison of plaque sizes of recombinant and passaged virus clones. The plaque sizes of recombinant
viruses with RNA Pol or Kozak sequence mutations, of MYXA8 P10 clones, of MYXA8 PO clone A, and of WT virus
with the VACV A8 gene are shown. Three independent wells, for a total of 150 to 300 plaques, were analyzed for
each virus. Box-and-whisker plots are shown. Color coding: red, clone A and recombinant viruses with individual
mutations in that clone; violet, clone B and recombinant viruses with individual mutations in that clone; yellow,

clone C and the recombinant virus with the individual mutation in that clone.

Comparison of plaque sizes of clonal isolates and recombinants with single
nucleotide changes. The P10 clone A and B viruses had both RNA Pol and translation
initiation site mutations. In order to determine the relative contributions of the indi-
vidual mutations, we compared the plaque sizes of the P10 clones with those of
mutants with single nucleotide changes in either an RNA Pol subunit or MYXA8
translation initiation sequence. The measurements in Fig. 8 are presented as box-and-
whisker plots: the top and bottom of the box show the upper and lower quartiles, the
horizontal line within the box is the median, and the vertical lines are the maximum and
minimum values, with the dots representing outliers that are more or less than 3/2 of
the upper and lower quartiles, respectively. The plaque sizes of the viruses with
individual RNA Pol mutations were each larger than those of the MYXA8 PO virus. The
plaques formed by the K1046Q mutant virus were similar in size to those of the P10
clone C virus, confirming that the latter had no other significant adaptive mutations, as
indicated in Table 2. In contrast, the plaques formed by the M424l and A212V RNA Pol
mutant viruses were smaller than the clone A and B P10 viruses, which also had
mutations in the MYXA8 Kozak consensus sequences (Table 2). Furthermore, the
plagues of the mutants with changes in the Kozak consensus sequences were also
larger than those of the MYXA8 PO virus, indicating that the latter as well as the RNA
Pol mutations were adaptive. However, none of the P10 clones made plaques as large
as those of the WT VACV (Fig. 8). The color coding in Fig. 8 groups the mutations
present in the cloned viruses as detailed in the legend.

DISCUSSION

Experimental evolution studies are usually carried out with RNA viruses, which are
facilitated by high rates of mutation compared to those of DNA viruses. The low
mutation rate of VACV has been attributed to intrinsic 3" — 5" exonuclease activity of
the viral DNA polymerase (30-32). Nevertheless, recent studies have shown that
adaptation of VACV host range mutants with deletions of genes involved in evasion of
the PKR/elF2a antiviral pathway can occur both by gene amplification and point
mutations during serial passaging (8-11). We initiated the current project to investigate
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experimental evolution of essential genes and chose the A8 and A23 intermediate
transcription factor genes for this purpose. Since there were no mutagenesis studies of
these essential proteins, we replaced the VACV factors with orthologs from other
chordopoxvirus genera. Transfection experiments indicated that the ability of orthologs
to functionally substitute for their VACV counterparts corresponded directly with amino
acid sequence identity values. We were able to individually substitute the genes
encoding the MYXA8 and MYXA23 proteins, which had ~60% amino acid identity with
the VACV proteins, but not those of CNPV and CRV, which had 51% and 40% identity,
respectively. Both MYXA8 and MYXA23 hybrid viruses made smaller plaques than the
WT virus, but MYXA8 produced the smallest, providing a better model virus for
experimental evolution.

Viruses that made larger plaques and replicated to higher titers than the original
VACV MYXAS8 virus arose during each of three parallel serial passages. Since the
hybrid viruses had an MYXV intermediate transcription factor, we had anticipated
that adaptive mutations might occur in either the MYXA8 or VACVA23 intermediate
transcription factor subunit or in the RNA Pol. Although we found no mutations in
either transcription factor subunit, two different single nucleotide mutations in two
independent passage series predicted more efficient translation of MYXA8 mRNA.
More interesting was the occurrence of RNA Pol mutations in each of the three
parallel passages: there were two independent mutations in RPO147 and three in
RPO132, the largest and second largest of the eight subunits in VACV RNA Pol,
respectively. The RNA Pol mutations were not detected in PO but varied from 6 to
69% of the entire population after P10, suggesting strong selection. Amplicon
sequencing of specific RNA Pol mutations confirmed progressive increases in
mutation frequency in successive passages. Although we did not detect gene
duplications in the P10 populations, such changes could have occurred transiently
in earlier passages that were not examined by whole-genome sequencing.

Three MYXA8 viruses were clonally purified from the P10 populations, each of which
formed larger plaques than the MYXA8 PO clones. The P10 A and B clones each had
mutations in RNA Pol and the translation site of the MYXA8 gene, while P10 clone C had
only an RNA Pol mutation. To attribute phenotypic changes to single nucleotides, we
mutated the RNA Pol of MYXA8 PO viruses by transfection of ~1,000-bp PCR products.
The high rate of recombination, which allowed this simple procedure without a
selection marker, is not generally appreciated and for this purpose is far simpler than
the transient dominant selection method (33). The absence of any other changes in the
mutant viruses was verified by whole-genome sequencing. These recombinant viruses
allowed us to prove that RPO147 M424l and RPO132 K1046Q increased plaque size and
virus yield substantially although the RPO147 A1212V mutation had a smaller effect.
Furthermore, a competition experiment carried out between the RPO147 M424| mutant
and the MYXA8 PO virus with WT RPO147 demonstrated that the mutant rapidly
became dominant. The plaque size and virus yield of the RPO132 K1046Q mutant were
similar to those of the P10 clone C virus, confirming the absence of other adaptive
mutations in the latter. While the RPO147 M424l and RPO147 A1212V mutant viruses
made larger plaques than the MYXA8 PO clones, they were smaller than those of the
P10 A and B clones, suggesting that the MYXA8 translation site mutations in the P10
clones were responsible. The MYXA8 gene in the starting virus has a C at the —3
position and a G in the +4 position relative to the first nucleotide of the translation
codon. According to the Kozak model, G at +4 is a good context for high translation
initiation, but a purine is preferred to the C at —3 (29). Interestingly, a C — A mutation
in the —3 position relative to the ATG start codon of MYXA8 occurred in one P10 clone.
In the other P10 clone, the point mutation created a new ATG with a good Kozak
consensus sequence within the N-terminal V5 epitope tag. Genome sequencing of the
passage 10 populations revealed a frequency of 18% for the C — A mutation and a
frequency of 20% for the new ATG, suggesting that selection had occurred. Homolo-
gous recombination was used to make these exact mutations upstream of the MYXA8
open reading frame of the original virus. In each case, the mutants enhanced virus
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replication, as shown by the presence of increased plaque size. In addition, Western
blotting with anti-V5 antibody showed that the C — A mutation increased expression
of MYXAS8. Although the mutation within the V5 tag likely increased expression as well,
this could not be confirmed because of the inability of anti-V5 antibody to detect the
protein. Curiously, the Kozak mutation within the V5 tag conferred higher replication
than the upstream Kozak mutation, suggesting the possibility that the V5 tag is
deleterious and that the disruption is beneficial. However, previous studies showed that
addition of a V5 tag to the VACV A8 protein did not have a noticeable effect (26).

Based on homology with the yeast RNA Pol, the mutations in RPO147 and RPO132
were predicted to be located internally near the catalytic site rather than in a solvent-
accessible region where interaction with other proteins might occur. This would
suggest that the mutations do not directly enhance binding of the transcription factors.
Some mutations found by other investigators in RPO147 (A535V and $288Y) and
RPO132 (Y462H) confer resistance to isatin-B-thiosemicarbazone (IBT) by reducing
transcription elongation (34, 35). In addition, mutants in RPO132 were found during
experimental evolution with E3 deletion mutants that have defects related to double-
stranded RNA with activation of the oligoadenylate synthetase (OAS)/RNase L and
PKR/elF2a pathways. In one report, an RPO132 T1120M mutation partially reduced PKR
phosphorylation and prevented elF2a phosphorylation, resulting in increased viral
protein synthesis and resistance to IBT (10), whereas in another report, an RPO132
Leu18Phe mutation increased levels of PKR and elF2a phosphorylation; an RPO132
Lys452Asn mutation elicited no change in PKR and elF2a phosphorylation compared to
levels in the E3 deletion mutant (11). Thus, the previously described RNA Pol mutations
appear to have diverse effects.

We plan to investigate the role of RNA Pol mutations in enhancing replication of MYXA8
in a follow-up study. We are considering several possibilities: (i) that the mutated RNA Pol
is more promiscuous and less dependent on intermediate transcription factors for RNA
synthesis, (i) that the mutations slow down transcription, allowing more time for the
heterologous transcription factors to act, and (iii) that diminished processivity may reduce
double-stranded RNA and indirectly enhance replication. With regard to the last idea, it will
be interesting to determine the effects on replication of MYXA8 of previously described
mutations in RPO147 and RPO132. To conclude, we have shown that accelerated experi-
mental evolution can be achieved by swapping orthologous poxvirus transcription factor
genes and suggest that this approach is generally applicable to interrogating additional
gene functions.

MATERIALS AND METHODS

Construction of deletion and hybrid viruses. RK13 A8-23 cells (26) in 24-well dishes were infected
with 0.05 PFU per cell of vTF7-3, a WR strain of VACV that encodes the bacteriophage T7 RNA Pol
regulated by a VACV early/late promoter (27). After 1 h, the cells were washed with fresh medium and
transfected with 2 ul of Lipofectamine 2000 (Invitrogen) and 500 ng of a PCR product encoding GFP or
DsRed regulated by the VACV p11 late promoter and sequences flanking the A8 or A23 gene, respec-
tively. In the case of the A8 deletion, all of the N-terminal nucleotides of the ORF as well as three
nucleotides in the preceding intergenic region were deleted, but 28 nucleotides of the C terminus were
retained because of overlap of the A9 gene. In the case of the A23 gene, all N-terminal nucleotides were
deleted, but 47 nucleotides at the C terminus were retained because of overlap of the A24 gene. The
medium was replaced after 24 h, and the incubation continued for 48 h. Diluted cell extracts were used
to infect fresh RK13 A8-23 cell monolayers, which were then overlaid with 0.5% methylcellulose. After 48
h, fluorescent plaques were picked with sterile toothpicks. The viruses were clonally purified by repeated
plaquing on RK13 A8-23 cells, and the purity was assessed by PCR. Deletion of both A8 and A23 from the
same virus was carried out by successive deletion of the individual genes.

Hybrid viruses containing orthologous mammalian codon-optimized A8 or A23 genes were con-
structed using a similar recombination protocol in Hela cells, except that the mammalian-optimized
ortholog replaced GFP or DsRed and identified by formation of nonfluorescent plaques in BS-C-1 cells.

Construction of expression plasmids. Nucleotide sequences for the A8 and A23 orthologs were
obtained from GenBank and included VACV WR (accession number NC_006998), MYXV-6918
(EU552530), CNPV-VR111 (NC_005309), CRV (NC_008030), and SGPV (NC_027707). The genes were codon
optimized for expression in mammalian cells and synthesized by Life Technologies GeneArt Gene
Synthesis service. Primers were designed to amplify genes from the plasmids supplied by the company
using Phusion High-Fidelity (HF) master mix with HF buffer (M0531L; New England Biolabs [NEB]). The
PCR products were purified using a QiaQuick PCR purification kit (catalog no. 28104) and inserted into
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a Blunt TOPO vector (45-0245; Invitrogen). A8 and A23 ORFs were tagged at their N termini with V5 and
HA, respectively. Plasmid DNA was extracted using a QiaPrep Spin Miniprep kit (catalog no. 27106).
Colonies of transformed Escherichia coli were picked and grown, and the DNA was sequenced.

Western blotting for analysis of plasmid expression. HelLa cells were infected with 3 PFU per cell
of VTF7-3 for 1 h and then transfected with 500 ng of plasmid in Lipofectamine 2000. Samples were
incubated overnight at 37°C and harvested. Anti-V5 (ab27671; Abcam) and anti-HA (H3663; Sigma)
antibodies were used to detect expression of the viral proteins. Secondary antibodies were fluorescently
labeled (1:10,000; Li-Cor). Bands were visualized using a Li-Cor Odyssey CLx.

Luciferase assays. Hela cells were infected in triplicate with 3 PFU per cell of the deletion viruses
and then transfected with 500 ng of one or both A8 and A23 plasmids and the luciferase plasmid. Cells
were incubated at 37°C for 12 h, and luciferase activity was measured (catalog no. E1501; Promega) with
a luminometer (Berthold Detection Systems) and normalized to the activity of the WR orthologs. Samples
were diluted to keep readings in the linear range.

Serial passaging of hybrid viruses. BS-C-1 cells in 10-cm-diameter dishes were infected with 0.1
PFU per cell at 37°C, harvested at 48 h, and then resuspended in 1T ml of medium. The cells were frozen
and thawed three times and then sonicated before each passage.

Whole-genome sequencing. DNA was purified as described by Esposito et al. (36) with minor
modifications. T75 flasks of BS-C-1 cells (~1 X 107 cells) were infected and 2 to 3 days later collected by
scraping. Cell pellets were washed with phosphate-buffered saline (PBS) and resuspended in 400 ul of
20 mM Tris, pH 8.0, 5 mM EDTA, and 1% Triton X-100; 10 min later, NaCl was added to a final
concentration of 0.2 M. The cell extract was centrifuged at 800 X g for 3 min, and the nuclear pellet was
discarded. The supernatant was treated with proteinase K in 0.5% SDS for 1 h at 50°C, and the DNA was
extracted with phenol. Two volumes of ethanol was added to the aqueous phase; the visible threads of
DNA were collected by brief centrifugation and washed twice with 80% ethanol, and the pellet was
dissolved in 100 wl of water. Genome sequencing was done with an Illumina Miseq 2- by 150-bp
configuration by the Genewiz company or the NIAID core facility.

Amplicon sequencing. Amplicon sequencing was carried out by either lllumina or Sanger sequenc-
ing. For the latter, the PCR primers were designed to produce a product of about 400 bp with the
mutation in the middle. Cells were lysed by three freeze/thaw cycles and sonication, and 4 ul of the lysate
was used for PCR in 50-ul reaction volumes (Phusion High-Fidelity PCR Mix; NEB). PCR products were
purified by a Qiagen PCR kit, and Sanger sequencing was performed with the original primers used for
PCR. The percentage of a mutation was estimated based on the heights of the peaks corresponding to
specific nucleotides. For better quantitation, primers were designed to produce products of about 150
bp with the mutation in the middle, and the PCR products were analyzed by ultradeep sequencing on
the lllumina Miseq platform by Genewiz.

Introduction of single nucleotide mutations into the VACV genome. BS-C-1 cells were infected
with 3 PFU/cell of VACV and after 1.5 h transfected with a PCR product of approximately 1,000 bp with
the desired nucleotide change in the middle. At 18 to 20 h after infection, the cells were lysed, and
diluted virus was used to infect BS-C-1 cells. At 48 h, the virus from individual plaques was placed in 250
wul of medium and subjected to three freeze-thaw cycles, and 4 ul of the lysate was used for PCR with
the original primers in a 50-ul reaction volume (Phusion High-Fidelity PCR Mix; NEB). PCR products were
purified with a Qiagen PCR kit, and clones with mutations were identified by Sanger sequencing. The
clones with the desired mutations were plaque purified once more; 100 ul of the virus from the plaque
was used to infect wells of a 24-well plate of BS-C-1 cells, and virus was collected after 2 to 3 days when
the cytopathic effect was complete. For the second passage, six wells of a six-well plate were each
infected with aliquots from the first passage.

Plaque size determination. BS-C-1 cells were infected and covered with 0.5% methylcellulose.
After 48 h at 37°C, the plates were stained with 0.1% crystal violet and scanned using a Canon 9000F
Mark Il color image scanner. Plaque sizes were determined using ImageJ, version 1.51w, software.
Three independent wells, for a total of 150 to 300 plaques, were analyzed for each virus.

Statistical analysis. Statistical analysis was carried out using GraphPad Prism (version 7.0c). Unpaired
two-tailed t tests were performed and P values of <0.05 were deemed statistically significant.

Competition experiment. Approximately 2.5 X 10> BS-C-1 cells were infected in triplicate with 0.01
PFU/cell of a virus mixture comprised of 90% MYXA8 PO clone and 10% MYXA8 with the M424l mutation
in the RPO147 gene. After 48 h, the cells were resuspended in 250 ul of medium. Virus was released by
three freeze-thaw cycles and sonication, which was followed by two additional passages in BS-C-1 cells
at 0.01 PFU/cell for 48 h.

Mapping of VACV RNA Pol mutations on the eukaryotic RNA Pol structure. Alignments between the
VACV J6 (RPO147) and A24 (RPO132) gene products and S. cerevisiae RPB1 and RBP2 subunits of RNAP
Il were generated using the PRALINE web server (37) (http://www.ibi.vu.nl/programs/pralinewww;/).
Corresponding J6 and A24 variant residues were then mapped onto the S. cerevisiae RNAP Il crystal
structure (PDB accession number 5U5Q) by use of Chimera software (38) (http://www.cgl.ucsf.edu/
chimera/).

Accession number(s). Data are available at the Sequence Read Archive under BioProject accession
number PRINA481995.
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