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ABSTRACT To gain insight into the impact of mutations on the viability of the hep-

atitis C virus (HCV) genome, we created a set of full-genome mutant libraries, differing from the parent sequence as well as each other, by using a random mutagenesis
approach; the proportion of mutations increased across these libraries with declining
template amount or dATP concentration. The replication efﬁciencies of full-genome
mutant libraries ranged between 71 and 329 focus-forming units (FFU) per 105
Huh7.5 cells. Mutant libraries with low proportions of mutations demonstrated low
replication capabilities, whereas those with high proportions of mutations had their
replication capabilities restored. Hepatoma cells transfected with selected mutant libraries, with low (4 mutations per 10,000 bp copied), moderate (33 mutations), and
high (66 mutations) proportions of mutations, and their progeny were subjected to
serial passage. Predominant virus variants (mutants) from these mutant libraries (Mutantl, Mutantm, and Mutanth, respectively) were evaluated for changes in growth kinetics and particle-to-FFU unit ratio, virus protein expression, and modulation of
host cell protein synthesis. Mutantm and Mutantl variants produced ⬎3.0-log-higher
extracellular progeny per ml than the parent, and Mutanth produced progeny at a
rate 1.0-log lower. More than 80% of the mutations were in a nonstructural part of
the mutant genomes, the majority were nonsynonymous, and a moderate to large
proportion were in the conserved regions. Our results suggest that the HCV genome
has the ability to overcome lethal/deleterious mutations because of the high reproduction rate but highly selects for random, beneﬁcial mutations.
IMPORTANCE Hepatitis C virus (HCV) in vivo displays high genetic heterogeneity,
which is partly due to the high reproduction and random substitutions during errorprone genome replication. It is difﬁcult to introduce random substitutions in vitro
because of limitations in inducing mutagenesis from the 5= end to the 3= end of the
genome. Our study has overcome this limitation. We synthesized full-length genomes with few to several random mutations in the background of an HCV clone
that can recapitulate all steps of the life cycle. Our study provides evidence of the
capability of the HCV genome to overcome deleterious mutations and remain viable.
Mutants that emerged from the libraries had diverse phenotype proﬁles compared
to the parent, and putative adaptive mutations mapped to segments of the conserved nonstructural genome. We demonstrate the potential utility of our system for
the study of sequence variation that ensures the survival and adaptation of HCV.
KEYWORDS genome viability, genome-wide mutagenesis, hepatitis C virus,
quasispecies, reverse genetic analysis, tolerance
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epatitis C virus (HCV) infection is a major global health concern, with approximately 71 million infected persons (1). Nearly 80% of individuals who acquire HCV
infection are at risk of developing chronic hepatitis, 20% of those with chronic infection
are at risk of developing cirrhosis, and 5% of those with HCV-related cirrhosis are at risk
of progressing to hepatocellular carcinoma (2). HCV, an enveloped virus, contains an
approximately 9,600-nucleotide (nt)-long, positive-sense single-strand RNA [ss(⫹) RNA]
genome that translates into a polyprotein of ⬃3,000 amino acids. The polyprotein
undergoes co- and posttranslational cleavage into three structural proteins (C, E1, and
E2) and seven nonstructural (NS) proteins (P7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B).
The NS5B protein is an error-prone RNA-dependent RNA polymerase (RdRp), responsible for the generation of progeny HCV genomes (3).
HCV isolates exhibit high genetic heterogeneity, with 7 major genotypes that differ
by 25 to 30% at the nucleotide level and 67 subtypes that differ by 15 to 20% (4).
Furthermore, intrahost circulating HCV genomes differ from each other by as much as
5% at the nucleotide level; these circulating viral variants are referred to as quasispecies
or mutant clouds (5–7). HCV replicates at very high levels, with generation of approximately 1012 particles per day (8). A high replication rate combined with a high error
rate of 10⫺3 to 10⫺4 per nucleotide of RdRp allows the virus to explore a vast niche of
sequence space in the genome. Because of random substitutions, new viral variants
continuously emerge during error-prone replication (9). The majority of substitutions
are deleterious or impair viral ﬁtness, and some are even lethal (10). In contrast, some
variants with beneﬁcial mutations are continuously selected on the basis of their
replication capacity and adaptive potential to the ever-changing host environment in
which the virus replicates. With the continuous emergence of new ﬁt variants, it is
conceivable that the HCV genome is capable of exploring its own sequence space for
the need to conserve functions of viral structures and proteins.
Studies of the HCV life cycle, virus-host interactions, and development of antivirals
have been made possible by the advent of HCV subgenomic replicon systems (11, 12),
and subsequently, a robust full-genome HCV cell culture (HCVcc) system was established using the genotype 2a HCV cDNA clone JFH-1 (13) and the genotype 2a chimera
J6/JFH-1 (14). The HCVcc system recapitulates all steps of the HCV life cycle. We believe
that the JFH-1 HCVcc system is an ideal platform for studying the impact of random
mutations in sequence space on the viability of the HCV genome.
In the present study, we tested whether a substantial increase in mutations can
result in an increased sequence variation that is not associated with the complete loss
of genetic information and thus results in the emergence of replication-competent
genomes. This required a molecular technique that allows a massive increase in
mutations during the replication of the HCV genome. Recently, we reported a molecular technique, full-length mutant RNA synthesis (FL-MRS) for random introduction of
a few to several mutations in a controllable fashion in the hepatitis E virus (HEV)
genome (15). The introduction of random mutations in the HCV genome may allow
evaluation of the intrinsic mutational tolerance in the sequence space of the HCV
genome (16).
In this study, we used FL-MRS to introduce random mutations in the HCV genome
and created full-genome mutant libraries with various proportions of mutations. Mutant libraries representing full-genome HCV variants when expressed in hepatoma cells
showed replicative capability and established persistent infections. Mutant libraries
with high proportions of mutations were replication competent and survived extinction. In these cases, the surviving genomes showed differences in their phenotypic
proﬁles, with respect to growth kinetics, multiplicity of infection, virus protein expression, and host protein synthesis shutoff, and showed an enrichment of putative
adaptive mutations in the nonstructural region of HCV genome.
RESULTS
FL-MRS is a viable strategy that can contribute to the synthesis of full-genome
mutant libraries. First, we tested the possibility of inducing genome-wide mutagenFebruary 2020 Volume 94 Issue 3 e01327-19
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esis by using FL-MRS. Error-prone PCRs (EP-PCRs) using decreasing template amounts
of 100 ng, 50 ng, 25 ng, and 10 ng and all four deoxynucleoside triphosphates (dNTPs)
at a 0.2 mM ﬁnal concentration (100 ng 0.2AGCT, 50 ng 0.2AGCT, 25 ng 0.2AGCT, and
10 ng 0.2AGCT mutant libraries) were sustained and yielded 9.7-kb-long products (Fig.
1A, lanes 1 to 4). Previously, we were able to synthesize and diversify the HEV full-length
genome of 7.2 kb by reducing the dATP and dGTP concentrations in EP-PCR (15). In this
study, we ﬁrst attempted to further induce genome-wide mutagenesis by reducing
both dATP and dGTP concentrations; however, this failed to provide sustained yields.
We then tried reducing only the dATP concentration. This yielded good results. EP-PCR
of the HCV full-length genome using 10 ng template and ﬁnal dATP concentrations of
0.15 and 0.10 mM with the other three dNTPs maintained at 0.2 mM (10 ng 0.15A0.2GCT and 10 ng 0.10A-0.2GCT mutant libraries) provided sustained yields (Fig. 1A,
lanes 5 and 6). Average yields of FL EP-PCR products obtained with balanced dNTPs,
except for the 10 ng reaction template, and with imbalanced dNTP pools ranged
between 8.4 ng/l and 12.5 ng/l (⫾4.53). The average yield of EP-PCR products
obtained with 10 ng template and a balanced dNTP pool was 4.2 ng/l (⫾0.8) (data not
shown). There was no difference in amount of EP-PCR products generated using pJFH-1
or pJ6/JFH-1 as the templates.
A wide range of proportions of mutations, 0.4, 4, 9, 33, 52, and 66 per 10,000 bp,
were copied in 100 ng 0.2AGCT, 50 ng 0.2AGCT, 25 ng 0.2AGCT, 10 ng 0.2AGCT, 10 ng
0.15A-0.2GCT, and 10 ng 0.10A-0.2GCT mutant libraries, respectively (Fig. 1B). A 3.6-fold
increase in proportion of mutations was observed between 25 ng 0.2AGCT (9 per
10,000 bp copied) and 10 ng 0.2AGCT (33 per 10,000 bp copied). Overall, 100 ng 0.2
AGCT, 50 ng 0.2AGCT, and 25 ng 0.2AGCT libraries consisted of low proportions of
mutations (0.4, 4, and 9 mutations per 10,000 bp, respectively; the combined average
was 4.5 mutations per 10,000 bp), whereas 10 ng 0.2AGCT, 10 ng 0.15A-0.2GCT, and
10 ng 0.10A-0.2GCT libraries consisted of high proportions of mutations (33, 52, and 66
mutations per 10,000 bp, respectively; the combined average was 50 mutations per
10,000 bp) (Fig. 1B). Sanger sequencing of clones derived from 100 ng 0.2AGCT,
50 ng 0.2 AGCT, and 25 ng 0.2 AGCT libraries showed that the sequences had
unique mutations. We had made a similar observation earlier: Sanger sequencing of
EP-PCR products that were derived from an HEV cDNA clone had unique mutations
(15). Table 1 shows a transition-transversion matrix for genome-wide substitutions for
all six libraries. Transition-to-transversion ratios were between 1.6 and 5.8. Predicted
nonsynonymous-to-synonymous substitution ratios ranged between 0.5 and 0.8 (10
full-length HCV coding regions were simulated to calculate the ratio based on transition
and transversion data). Predicted polyprotein viability (without stops) was the lowest
for 10 ng 0.10A-0.2GCT (20%) and the highest for 100 ng 0.2AGCT and 50 ng 0.2AGCT
(100%) (Table 1). A total of 874 sequence reads from the 10 ng 0.2AGCT library, 881
from 10 ng 0.15A-0.2GCT, and 1,026 from 10 ng 0.10A-0.2GCT that encode amino acids
1 to 25 of core genes were extracted and aligned to assess amino acid sequence
variation. Figure 1C demonstrates the robustness inducing random mutations by our
experimental approach to the study of genome tolerance for mutations. Sequence
alignments showed a decrease in percentage of parent sequences from 94 to 89.7 and
an increase in number of unique variants from 3 to 4.5. Variants with stops (Fig. 1C,
sequences indicated by an asterisk) and an altered start codon (indicated by a plus)
were found.
Genomes of mutant libraries are replicative. Full-genome RNA variants of the
same infectious parent generated using different degrees of mutagenesis are expected
to have different in vitro growth characteristics. To determine the impact of genomewide mutagenesis on replication capability of mutant libraries, we transfected each of
the six libraries generated. NS5A-based immunostaining has been widely used for
detection and quantitation of HCV infection in JFH-1 cell cultures. At 3 days posttransfection, cells were ﬁxed and immunostained for NS5A, and the numbers of FFU per
100,000 cells were determined. Cells transfected with the parent were NS5A positive at
jvi.asm.org 3
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FIG 1 Agarose gel electrophoresis of EP-PCR products and proportions of mutations in full-genome mutant libraries. (A) The HCV genome was ampliﬁed
using various amounts of template and a balanced dNTP pool (lanes 1 to 4) or reduced dATP ﬁnal concentrations (lanes 4 and 6). Ampliﬁcation conditions
are described in Materials and Methods. The expected size of the ampliﬁed genomes (EP-PCR products) was 9.7 kb. Equal volumes of EP-PCR products
were loaded, resolved on an 0.8% agarose gel, and visualized by staining with ethidium bromide. Lane M, 1-kb DNA size ladder. (B) Proportions of
mutations per 10,000 bp in amplicons determined by Sanger sequencing or next-generation sequencing. Sanger sequencing of 50,000 nt of the parent
showed zero background errors. Next-generation sequencing of the parent showed 15 errors per 10,000 single-nucleotide reads, and these background
errors were subtracted from the total proportions of mutations (corresponding proportion of transitions and transversions) found in 10 ng 0.2AGCT,
10 ng 0.15A-02GCT, and 10 ng 0.10A-0.2GCT libraries. (C) Alignments of amino acid reads for residues 1 to 25 of the core gene product. Amino acids are
shown with the single-letter code for the parent to mutant. Amino acids are numbered consecutively relative to the JFH-1 polyprotein. A dot indicates
that the amino acid within a sequence is identical to that in the parent. Sequences with a plus sign indicate an altered start codon, and an asterisk
indicates nonsense mutations.
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TABLE 1 Sequencing analysis of mutant libraries of HCV synthesized by EP-PCR

Mutant library
100 ng 0.2AGCT

50 ng 0.2AGCT

25 ng 0.2AGCT

10 ng 0.15A-0.2AGCTc

10 ng 0.10A-0.2GCTc

0
0
0

A
G
C
T

0.35
0.30
0

A
G
C
T

1.60
1.60
0

A
G
C
T

3.40
0.80
1.41

A
G
C
T

3.25
0.85
2.36

A
G
C
T

3.11
0.56
3.05

A

G
0.20
0
0.20
0
0.70
1.40
0.95
0.64
0.95
9.23
0.25
10.48
18.03
0.28
19.62
23.71
0.31
25.96

C
0
0

T
0
0
0

Ts/Tv ratiod
1 (1/1)

Nonsynonymous/
synonymous ratioa
0.67

% Polyprotein
viabilityb
100

0
0.70
0

1.7 (2.5/1.5)

0.68

100

0.32
1.90
0.64

1.6 (5.5/3.5)

0.55

90

1.37
3.53
0.84

4.5 (27/6)

0.83

60

1.99
3.18
0.89

5.3 (44/8)

0.67

40

2.57
3.07
0.57

5.8 (56/10)

0.83

20

0
0
0
0.70
0
0
0.32
0.49
0.29
0.46
0.80
0.35
0.78
1.09
0.37
1.05

aPredicted

nonsynonymous-to-synonymous substitution ratio. Ten full-genome sequences were simulated based on transition and transversion data.
bPredicted polyprotein viability. Ten full-genome sequences were simulated based on transition and transversion data.
cThe numbers of nucleotide substitutions in the parent introduced by the Illumina platform were subtracted from the respective numbers of substitutions.
dTransition-to-transversion ratio.

about 90%. The average number of FFU observed for the six mutant libraries ranged
between 71 and 329 (Fig. 2A). The number of FFU was inversely correlated with the
proportion of mutations for libraries synthesized using a balanced dNTP pool and a
template amount decreased in a stepwise manner, as follows: for 100 ng 0.2AGCU, 0.4

FIG 2 Replicative capability of full-genome mutant libraries generated using full-length mutant RNA synthesis. (A) Huh7.5 cells were transfected with the
indicated libraries. After 72 h, transfected cells were immunostained for NS5A and the numbers of FFU were determined visually under an optical microscope.
Results are shown as means (⫾standard deviations) of three independent experiments, each performed in triplicate. Numbers indicating the proportion of
mutations in the respective libraries are near the bottom of the columns. Signiﬁcant differences in FFU between libraries are indicated with asterisks (**,
P ⬍ 0.01; ***, P ⬍ 0.001). n.s., not signiﬁcant. (B) Representative images show NS5A-positive cells (scale bar, 1 m). MAb 9E10 identiﬁes HCV NS5A, a
nonstructural protein found in the cytoplasm. Original magniﬁcation, ⫻10.
February 2020 Volume 94 Issue 3 e01327-19
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T
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mutations and 329 FFU; for 50 ng 0.2AGCU, 4 mutations and 109 FFU; and for 25 ng
0.2AGCU, 9 mutations and 71 FFU. Genomes of 100 ng 0.2 AGCU produced signiﬁcantly
higher numbers of FFU (P ⬍ 0.001) than genomes of 50 ng 0.2AGCU. The FFU number
was also correlated inversely with the proportion of mutations for libraries synthesized
using 10 ng template and differing levels of dATP, as follows: for 10 ng 0.20AGCU, 33
mutations and 257 FFU; for 10 ng 0.15A-0.2GCU, 52 mutations and 191 FFU; and for
10 ng 0.10A-0.2GCU, 66 mutations and 136 FFU. These negative correlations between
proportions of mutations and numbers of FFU are expected. However, despite a
⬎2-fold increase in proportion of mutations, no such inverse correlation was observed
between 50 ng 0.2AGCU (4 mutations and 109 FFU) or 25 ng 0.2AGCU (9 mutations and
71 FFU) and 10 ng 0.2AGCU (33 mutations and 257 FFU); the difference was statistically
signiﬁcant at P values of ⬍0.001 and ⬍0.01, respectively (Fig. 2A). Moreover, despite an
80-fold increase in proportion of mutations, there was no signiﬁcant difference in
number of FFU between 100 ng 0.2AGCU (0.4 mutations and 329 FFU) and 10 ng
0.2AGCU (33 mutations and 257 FFU). These comparative measures of numbers of FFU
convey the relative capacities to initiate replication of the genomes of mutant libraries.
NS5A staining patterns of cells transfected with libraries were similar to those of
J6/JFH-1-infected cells (14).
Replication-competent viruses emerged and recovered. Upon transfection, the
majority of parent transcripts are expected to establish a replication cycle and provide
easy recovery of the parent virus when the cells are routinely passaged at a 1:3 split.
However, for libraries harboring high proportions of mutations, a decrease in the
recovery of replication-competent viruses is expected. Mutants of 50 ng 0.2AGCU were
recovered easily at a 1:3 split; however, our attempts to recover mutants from cells
transfected with 10 ng 0.10A-0.2GCU and 10 ng 0.2AGCU at a 1:3 split were unsuccessful. We therefore repeated the experiment by scaling up the transfected cells transferring to new, large growth areas during the initial virus passages, as shown in Fig. 3A,
which resulted in the successful recovery of mutants; otherwise, genomes of 10 ng
0.10A-0.2GCU and 10 ng 0.2AGCU might be construed as replication incompetent.
In initial experiments, cells transfected with 10 ng 0.2AGCU and 50 ng 0.2AGCU did
not survive due to cytopathy (detachment of cells from the monolayer; no signs of
February 2020 Volume 94 Issue 3 e01327-19
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FIG 3 Scaling-up transfected Huh7.5 cells for virus recovery and early FFU kinetics posttransfection. (A) Schematic illustration of the passage cycles used
to recover viruses from cells transfected with 10 ng 0.2AGCU and 10 ng 0.10A-2GCU libraries. Cell culture vessel growth areas are not shown to scale. (B)
Numbers of FFU per 100,000 cells at each indicated passage for cells transfected with the respective libraries. These data are a representation from cell
passages that resulted in successful virus recovery. (C) NS5A stainings of cells at the earliest passages when virus spread had reached the maximum (scale
bar, 1 m). Parallel transfections were carried out with JFH-1/GND RNA as a negative control.
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bacterial or fungal contamination) induced by the rapid virus spread that was observed
mostly between passages 7 and 10. Figure 3B shows data from the experiments in
which cells supported sustained replication of the virus population. After a transient
decline during initial passages, the virus infection spread rapidly to 90 to 95% of cells
by passage 9 (P9; about day 27 of intracellular replication) or P12 (about day 36 of
intracellular replication) of cells transfected with 50 ng 0.2AGCU and 10 ng 0.2AGCU,
respectively. Infection in cells transfected with 10 ng 0.10A-0.2GCU spread slowly,
reaching a maximum of 70% by P17 (about day 50 of intracellular replication) (Fig. 3B).
A transient decline in number of FFU during initial virus passages indicates elimination
of a large replication-incompetent virus subpopulation (Fig. 3B). Based on the numbers
of mutations in 10 ng 0.10A-0.2GCU, 10 ng 0.2AGCU, and 50 ng 0.2AGCU (Table 1)
libraries, the populations or the mutants derived from these libraries were designated
as being high (Mutanth), medium (Mutantm), or low (Mutantl), respectively. We extended virus passages to study the phenotypic traits of emerged virus variants and also
whether these variants represented the mutant library from which they emerged.
Figure 3C shows that virus spread reached the maximum at the earliest passage
number for Mutanth, Mutantm, and Mutantl populations.
Virus genome copy numbers and infectious titers were measured at P17, P33, P47,
and P53 for Mutanth and Mutantm populations and at P67 as well for Mutantl population. Detection of genomic RNA and infectious progeny released into the culture
medium indicated a sustained infection over passages (Fig. 4A). Lack of variation in
average virus RNA copy number and infectious titer indicates that the outcome of
infection kinetics was determined by the input libraries (Fig. 4A). Virus populations of
Mutanth at passages 0, 17, 47, and 53 were analyzed for adaptive changes in the NS3
gene. Figure 4B shows the ratio of nonsynonymous to synonymous substitutions across
the input genomes (passage 0) and the mutant viruses as determined from the Sanger
sequencing. The Sanger sequencing effectively selected for viable genomes, as evidenced by a purge of genomes with stop codons and deletions. Predominant Mutantl
populations circulating at passage 53 (9 of 10 NS3 clones were identical) ﬁrst appeared
at passage 17 (1 out of 10 sequences). NS3 sequences without putative adaptive
mutations appeared frequently at passages 17 and 47, showing selection against
mutations for the sequence analyzed.
All virus passages were monitored for clonal diversity at 3 weeks prior to the last
passage. Ten positive bacterial clones were sequenced, and the presence of a majority
of identical sequences was taken as evidence of the presence of a predominant variant.
All NS3 sequences were identical at 3 weeks prior to the last passage of Mutantl (last
passage was P67), and for Mutanth (last passage was P53), 9 of 10 clones were identical
at this time.
Enhanced growth of mutant viruses. Two mutant populations, Mutantm and
Mutantl, showed replication with production of progeny at rates of 1.8 ⫻ 109 and
1.1 ⫻ 1010 per ml, respectively, i.e., about 3-log and 4-log (1,307-fold and 7,852-fold,
respectively) higher than the parent. Mutanth produced ⬍6-fold less progeny than the
parent (Table 2). No signiﬁcant changes in 50% tissue culture infectious dose (TCID50)
of mutant viruses were found in comparison to the parent TCID50.
The majority of mutations were in nonstructural genes, and nonsynonymous
mutations were predominant in mutant viruses. Experimental studies with serial
passage of replicative HCV clones in the presence of interferon have demonstrated that
selection pressures do not apply to a single gene region but are genome wide (17). We
compared genome-wide mutation counts in the predominant mutants circulating at
passage 53 for Mutanth and Mutantm and at passage 67 for Mutantl to those of their
respective input genomes (Fig. 5A) (Table 1). Though the counts in mutants did not
directly reﬂect the mutation counts in the input genomes, they did show a general
relation. Mutanth had a 2.3-fold lower mutation count (n ⫽ 29) than the count (n ⫽ 66)
in the input, 10 ng 0.10A-0.2GCU. Mutantm had a 1.8-fold lower mutation count
(n ⫽ 18) than the count (n ⫽ 33) in the input, 10 ng 0.2AGCU. These data are consistent
jvi.asm.org 7
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with the notion that mutation selection was against mutations that are not required for
virus life cycle processes. In contrast, Mutantl had a 2.7-fold-higher mutation count
(n ⫽ 11) than the count (n ⫽ 4) in the input, 50 ng 0.2AGCU. We do not rule out the
possibility that adaptive changes are gained during virus passages.
Mapping of putative adaptive mutations showed a distribution across the genomes
of the mutants and were predominant (ⱖ80%) in the nonstructural part (Fig. 5A).
We identiﬁed putative adaptive mutations mostly in regions of the NS2 to NS5A
genes, which represent ⬃60% of the entire genome. Mutanth had 26 out of 29
(90%), Mutantm had 15 out of 18 (83%), and Mutantl had 9 out of 11 (82%) mutations
in the nonstructural part of the genome. No nucleotide changes were found in the 5=
untranslated region (UTR) and core gene of the three mutants; this may be due to larger
functional and structural constraints in these regions (Fig. 5A).
One of the bases that drive genetic heterogeneity in vivo is selection of beneﬁcial
mutations with structural and functional advantages (17). The nonsynonymous-tosynonymous substitution ratio has been used as an indicator of selection pressure in
February 2020 Volume 94 Issue 3 e01327-19
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FIG 4 HCV infectivity and genome copy numbers during serial passages in cell culture and amino acid changes during serial passage of Mutanth. (A)
Huh7.5 cells were transfected with transcripts of the parent, Mutantl, Mutantm, and Mutanth. Extracellular HCV genome copy levels (quantiﬁed by
real-time RT-PCR) and infectious viral titers (TCID50) of the supernatants as a function of passage number are shown. (B) The ratios of nonsynonymousto-synonymous changes across the input genomes at passage 0 and the mutants at passages 17, 47, and 53 as determined by Sanger sequencing of 9
or 10 NS3 gene-positive clones (C1 to C10) are shown. Each bar represents a unique sequence or identical sequences. The gray bars represent the
sequence that was dominant at passage 53. Ts, transition; Tv, transversion; del, deletion.
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TABLE 2 Particle-to-FFU ratios for replication-competent mutantsa

Virus
Parentb
Mutanthc
Mutantmd
Mutantle

No. of genome
copies/ml
1.4 ⫻ 106
2.1 ⫻ 105
1.8 ⫻ 109
1.1 ⫻ 1010

Fold change in no. of
genome copies/ml
relative to parent
⫺6.80
1,307
7,852

No. of genome
copies/TCID50
1.2 ⫻ 103
2.5 ⫻ 103
3.3 ⫻ 103
4.6 ⫻ 103

aHuh7.5

cells were transfected with transcripts of parent and mutant libraries. Replication-competent viruses
were serially passaged. Infectious titers were determined by the TCID50 method. Genome copies were
measured by quantitative RT-PCR.
bPassage 53 virus.
cPassage 53 virus, derived from 10 ng 0.1A-0.2GCU library.
dPassage 53 virus, derived from 10 ng 0.2AGCU library.
ePassage 67 virus, derived from 50 ng 0.2AGCU library.
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RNA viruses (18). Nonsynonymous-to-synonymous substitution ratios for the three
mutants, Mutanth, Mutantm, and Mutantl, were 3.1 (22:7), 3.5 (14:4), and 1.8 (7:4),
respectively (Fig. 5A), higher than those predicted (Table 1). This provides evidence of
selection pressure on input genomes.
Moderate to high nonsynonymous mutations mapped to conserved regions of
the NS gene. Sixteen subtype 2a full-genome sequences were obtained from HCV
sequence databases, and sequence conservation was measured using Shannon en-

FIG 5 Analysis of sequence heterogeneity across the HCV subtype 2a genome identiﬁed several conserved regions, and amino acid changes are
distributed across the nonstructural part of the mutants’ genomes. (A) Amino acid changes (relative to the parent) in the polyprotein sequences of
Mutanth (passage 53 virus), Mutantm (passage 53 virus), and Mutantl (passage 67 virus). Nonsynonymous mutations identiﬁed in conserved regions are
colored red, and nonconserved regions are colored blue. Synonymous mutations are colored green. Amino acids are shown with the numerical position
and single-letter code for the change from the parent to the mutant. Amino acids are numbered consecutively relative to the JFH-1 polypeptide. NSt/St,
nonstructural/structural; nonsynonymous-c to nonsynonymous-nc, nonsynonymous conserved to nonsynonymous nonconserved. (B) An entropy plot
obtained from the analysis of 16 complete polyprotein sequences is shown. Each bar represents sequence heterogeneity at a single amino acid site. A
polyprotein region of a minimum of 10 consecutive amino acids and an entropy score of ⬍0.15 for a single amino acid site are considered conserved
(dotted red line). (C and D) Sequence alignments for Mutanth, Mutantm, and Mutantl corresponding to conserved (C) and nonconserved (D) coding
regions were identiﬁed in the parent by using Shannon entropy. Amino acids are numbered relative to the JFH-1 polypeptide (47). Numbered
nonsynonymous changes are in bold. A dot indicates that the amino acid within a sequence is identical to that of the parent.
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tropy. The topography of the measurements (Fig. 5B) was consistent with a previous
report for subtype 3a sequences (19). We deﬁned coding regions with a minimum
stretch of 10 amino acids with an entropy score of ⬍0.15 as conserved, and those with
an entropy score of ⱖ0.15 as nonconserved. In all, 96 distinct conserved regions with
an average length of 19 amino acids were identiﬁed (Table 3) (the entropy score
measured with the above-described cutoff criteria identiﬁed 92 conserved regions for
18 HCV subtype 3a sequences reported by Humphreys et al. [19]; data not shown). The
longest of these was in the NS4B region and was 89 amino acids long. NS3 and NS5B
proteins consisted of 23 and 18 conserved regions, respectively. Across all conserved
genome regions, NS3 conserved regions had more putative adaptive mutations. Mutanth had 6 out of 9, Mutantm had 2 out of 6, and Mutantl had 3 out of 4 nonsynonymous changes. Mutanth NS5B had a single nonsynonymous change (T2782A) in conserved regions; the other two mutants had no mutations in the NS5B region, which
indicates structural and functional constraints. The ratios of nonsynonymous mutations
in conserved regions to nonsynonymous mutations in nonconserved regions for the
three mutants Mutanth, Mutantm, and Mutantl were 2.7 (16:6), 0.75 (6:8), and 0.75 (3:4),
respectively (Fig. 5A). Nonsynonymous changes identiﬁed in conserved and nonconserved regions along with parent and 16 subtype 2a protein alignments are shown in
Fig. 5C and D, respectively. These data indicate that the HCV genome can tolerate
mutations in conserved regions of the nonstructural part of the HCV genome. Our
BLAST search found 2 of 22 nonsynonymous mutations of Mutanth in subtype 2a
natural isolates, K370R (E1 conserved region; sequence deposited in GenBank under
accession no. GQ290832) (data not shown) and T2782A (NS5B conserved region;
GenBank accession no. AY746460) (Fig. 5A and C) and MG891162 (data not shown).
N1771S (NS4B conserved region), 1 of 18 nonsynonymous mutations of Mutantm, was
found in one natural isolate deposited in GenBank under accession no. KY620321 (data
not shown). Two of 11 nonsynonymous mutations of Mutantl, K1152R (NS3 conserved
region; GenBank accession no. HQ639943) (Fig. 5A and C) and S2357P (NS5A nonconserved region), were found in 11 natural isolates (Fig. 5A and D).
Enhanced virus protein synthesis correlates with alternations of host translation initiation factors. The replicative capability of viruses is often determined by
comparative quantitation of virus expression products. On day 5 postinfection, Mutantm and Mutantl produced signiﬁcantly higher numbers of genome copies (P ⬍ 0.01
and P ⬍ 0.001, respectively) than the parent. The number of genome copies produced
by Mutanth was comparable to that of the parent (Fig. 6A). The immunoﬂuorescence
signal in Mutantl was higher than that of the parent, while signal intensities were similar
for Mutanth and the parent (Fig. 6B). On densitometry analysis, the immunoﬂuorescence signal (anti-NS5A) from infection with Mutantl was signiﬁcantly higher than that
from Mutanth and parent infections (P ⬍ 0.001) (data not shown). Cells infected with
Mutantl and Mutantm showed increased levels of core and NS3 protein expression
compared to cells infected with the parent (Fig. 6C). Mutanth expressed virus proteins
at levels similar to those for the parent. In previous studies, HCV genome translation has
been shown to shut off host protein synthesis, which is 5= cap dependent without
affecting internal ribosome entry site (IRES)-dependent viral protein synthesis (20). In
the case of Mutantl and Mutantm virus infections, expression levels of eIF2␣ and eIF3␤
and host translation initiation factors decreased (Fig. 6D). In agreement with previous
studies, a decrease in eIF2␣ level was associated with an increase in phosphorylated
eIF2␣. No difference in eIF2␣ or eIF3␤ levels was found for Mutanth or the parent virus
at day 5 postinfection (Fig. 6C). The enhanced growth kinetics of mutant viruses in
hepatoma cells was associated with decreased host cell protein synthesis and increased
eIF2␣ phosphorylation, as reported by other studies (20).
Rearrangement of noncovalent interactions in mutant structures compensates
for loss of short-range interactions. Predictive structural analysis of NS3 protein was
used as a proof of concept to understand how selected, putative adaptive mutations
beneﬁtted the virus and how mutant viruses remained viable and productive. The
predicted structures of NS3 of three mutants obtained from Robetta were of high
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TABLE 3 Conserved regions identiﬁed in JFH-1 polyproteina
Amino acid sequence

Location in polyproteina

Length (aa)

MSTNPKPQRKT
FPGGGQIVGGVYLLPRRGPRLGVR
RRQPIPKDRRSTGK
PWPLYGNEGLGWAGWLLSPRGSRPSWGP
GKVIDTLTCGFADLMGYIPVVGAPL
FSIFLLALLSCIT

1–11
24–47
61–74
82–109
120–144
174–186

11
24
14
28
25
13

E1
7
8
9
10
11

AAVLHVPGCVPCE
CSALYVGDLCGGVMLAAQ
ITGHRMAWDMMMNWSPT
MRVPEVIIDI
GAHWGVMFGLAYFSMQGAWAKV

218–230
272–289
313–329
338–347
350–371

13
18
17
10
22

E2
12
13
14
15
16
17
18
19
20
21
22

NGSWHINRTALNC
VTNPEDMRPYCWHYPP
SVCGPVYCFTPSPVVVGTTD
GVPTYTWGENETDVF
GSWFGCTWMNSTGFTKTCGAPPCR
RADFNASTDLLCPTDCFRKHP
KCGSGPWLTP
YPYRLWHYPCT
PLLHSTTEWAILPC
SDLPALSTGLLHLHQNIVDVQYMYGL
LLFLLLADARVCAC

417–429
478–493
503–522
525–539
549–572
574–594
600–609
615–625
668–681
684–709
725–738

13
16
20
15
24
21
10
11
14
26
14

E2 and P7 junction
23

WMLILLGQAEAALEKLV

740–756

17

NS2
24
25
26
27
28
29
30

LWWLCYLLTL
FCPGVVFDITKWLLA
VPYFVRAHAL
ALLALGRWTGTYIYDHL
GLRDLAVAVEPIIFSPMEKKVI
WGAETAACGDILHGLPVSARLG
LLGPADGYTSKGW

847–856
884–898
913–922
941–957
967–988
990–1011
1015–1027

10
15
10
17
22
22
13

NS2 and NS3 junction
31

LLAPITAYAQQTRGLLG

1029–1045

17

NS3
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

GVLWTVYHGAGNKTLAG
RGPVTQMYSSAEGDLVGW
CGAVDLYLVTRNADVIPARRRGDKRGALLSPRP
STLKGSSGGPVLCPRGH
CSRGVAKSIDFIPVE
PPAVPQTYQVGYLHAPTGSGKSTKVPVAYA
QGYKVLVLNPSVAATLGFGAYL
KAHGINPNIRTGVRTV
ITYSTYGKFLADGGC
GAYDIIICDECH
LGIGTVLDQAE
AGVRLTVLATATPPGS
IKGGRHLIFCHSKKKCDELAAALR
MGLNAVAYYRGLDVS
QGDVVVVATDALMTG
TGDFDSVIDCNVAV
VDFSLDPTFTI
TQTVPQDAVSRSQRRGRTGRGR
YRYVSTGERASGMFDSV
NTPGLPVCQDHLEFWEAV

1080–1096
1098–1115
1129–1161
1163–1179
1189–1203
1220–1249
1251–1272
1274–1289
1295–1309
1312–1323
1331–1341
1343–1358
1389–1412
1414–1428
1433–1447
1449–1462
1466–1476
1478–1499
1503–1519
1548–1565

17
18
33
17
15
30
22
16
15
12
11
16
24
15
15
14
11
22
17
18

(Continued on next page)
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TABLE 3 (Continued)
Amino acid sequence
AYQATVCARAKAPPPSWD
GPTPLLYRLG
TKYIATCMQADLE

Location in polyproteina
1592–1609
1624–1633
1646–1658

Length (aa)
18
10
13

NS3 and NS4a junction
55

MTSTWVLAGGVLAA

1660–1673

14

NS4a
56

AAYCLATGCVSIIGRLH

1675–1691

17

NS4a and NS4b junction
57

VVAPDKEVLYEAFDEMEECAS

1697–1717

21

QRIAEMLKSKIQGLLQQASKQAQD
QASWPKVEQFWA
HMWNFISGIQYLAGLS
LPGNPAVASMMAFSAA
TSPLSTSTTILLNI
GGWLASQIAPPAGATGFVVSGLVGAA
GLGKVLVDILAGYGAGISGALVAFKIMSGEKPSMEDV
NLLPGILSPGALVVGVICAAILRRHVGPGEGAVQWMNRLIAFASRGN
HVAPTHYVTESDASQRVTQLLGSLTITSLLRRLHNWITEDCP

1726–1749
1755–1766
1768–1783
1785–1800
1802–1815
1817–1842
1847–1883
1885–1973

24
12
16
16
14
26
37
89

NS5
66
67
68
69
70
71
72
73
74
75
76
77

GSWLRDVWDWVCTILTDFKNWLTSKLFPK
TRCPCGANISGNVR
GSMRITGPKTCMN
WQGTFPINCYTEGQC
TAIWRVAASEYAEVT
PSPEFFSWVDGVQIHRFAPTPKPFFRDEVSF
AARRLARGSPPSEASSS
SQLSAPSLRATC
WARPDYNPPLVE
VAGCALPPPK
SSMPPLEGEPGDPDLE
SDSGSWSTCSEE

1978–2006
2031–2044
2046–2058
2060–2074
2084–2098
2121–2151
2190–2206
2208–2219
2288–2299
2311–2320
2390–2405
2424–2435

29
14
13
15
15
31
17
12
12
10
16
12

NS5a and NS5b junction
78

VCCSMSYSWTGALITPC

2440–2456

⬘17

NS5b
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

LSNSLLRYHNKVY
YDSVLKDIKLAASKVSAR
LTPPHSARSKYGFGA
QTPIPTTIMAKNEVFCV
ARLIVYPDLGVRVCEKMALYD
SYGFQYSPAQRVE
DPMGFSYDTRCFDSTVTERDIRTEE
CGYRRCRASGVLTTSMGNTITCYVKALAACKAAGIVAPTMLVCGDDLVVISESQG
EEDERNLRAFTEAMTRYSAPPGDPPRPEYDLELITSCSSNVSVA
RRYYLTRDPTTP
ARAAWETVRHSP
NSWLGNIIQYAPT
QDTLDQNLNFEMYG
ALRKLGAPPLR
WKSRARAVRASLIS
CGRYLFNWAVKTKLKLTPLPEAR
LDLSSWFTVGAGGGDI
VGVGLFLLPAR

2468–2480
2506–2523
2533–2547
2573–2589
2599–2619
2632–2644
2655–2679
2716–2770
2772–2815
2822-2833
2835–2846
2848–2860
2878–2891
2930–2940
2942–2955
2963–2985
2987–3002
3023–3033

13
18
15
17
21
13
25
55
44
12
12
13
14
11
14
23
16
11

NS4b
58
59
60
61
62
63
64
65

aAmino

acid numbering according to JFH-1 polyprotein (49).

quality, as the sequence identity between the parent sequence and mutants was
97.94%. Among the ﬁve models provided by Robetta, the ﬁrst model (Model1) was used
for comparison, as the error per residue (in angstroms) was below 0.5 Å. The quality of
the model was reassessed by plotting Ramachandran plots, and the models were found
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FIG 6 Mutanth (passage 53 virus), Mutantm (passage 53 virus), Mutantl (passage 67 virus), and parent RNA
(passage 53 virus) expression product proﬁles and their effect on host translation initiation factors upon
infection. Huh7.5 cells were mock infected or infected with mutants and parent at an MOI of 0.04. (A)
Extracellular HCV genome copy levels (quantiﬁed by real-time RT-PCR). Signiﬁcant differences in genome
copy levels between mutants and parent are indicated with asterisks (**, P ⬍ 0.01; ***, P ⬍ 0.001). n.s., not
signiﬁcant. (B) Cells were ﬁxed with 4% PFA and stained with mouse monoclonal NS5A antibody, followed by
secondary staining with goat anti-mouse antibody 568 and with DAPI. Scale bar, 50 m (all panels). (C) Cell
lysates normalized to the amount of cellular protein were resolved on SDS-PAGE gels and stained by Western
blotting using anti-core and anti-NS3 antibodies. (D) Cell lysates on Western blots were stained with
anti-eIF3␤, anti-eIF2␣, and anti-eIF2␣-phospho antibodies.

to have 99.8% of the residues generally allowed in regions of the plot. PROCHECK
analysis was performed for all the predicted models, and the quality of the model
obtained was comparable to that in the range of a medium- to high-resolution X-ray
crystal structure. The resultant structures (Fig. 7) show the positions of mutations in the
conserved regions (residues colored red) and in the nonconserved regions (residues
colored blue) of NS3 (Table 4).
Plaxco and coworkers showed that contact order (CO) is a ﬁrst-principle-based
method to quantify the global protein topology, where the values obtained are
correlated with folding rates in proteins (21). In other words, CO measures the stability
of a protein by capturing long-range and short-range interactions. It has been shown
that CO values in mutant structures are signiﬁcantly higher than those in native
structures (22). In the case of NS3 proteins of the native and mutants, we used a similar
approach to quantify the changes in the structure by analyzing short-range interactions such as main chain-main chain hydrogen bonds and ionic interactions and
long-range interactions such as hydrophobic interactions (Table 5). CO values of the
NS3 protein of all three mutants were similar to (or slightly higher than) that of
native NS3. This correlated with existing reports (23, 24) that to compensate for the
loss of short-range covalent interactions, there is rearrangement of noncovalent
interactions (short range and long range) to maintain the stability of the protein to
function optimally.
February 2020 Volume 94 Issue 3 e01327-19
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DISCUSSION
The experimental genome-wide mutation rate for HCV has been shown to range
between 10⫺3and 10⫺4 nucleotide substitutions per base per replication (25–27). The
genetic heterogeneity and complexity of the resultant mutant clouds of HCV are
dynamic, though they collectively contribute to traits of the virus, such as chronic
infection and adaptation to the evolving host immune response and other adverse
conditions, such as the presence of an antiviral drug (9, 28, 29). Mutant libraries, which
contain a heterogeneous mixture of viral genomes, such as those generated in this
study, are useful tools to understand the role of the sequence space available to HCV
in adaptation and evolution. Using our chosen method, FL-MRS, through a stepwise
reduction in template amount or one nucleoside triphosphate, we induced mutations

TABLE 4 Spatial location of putative adaptive mutations in NS3 protein
Mutant
Mutanth

Mutantm

Mutantl

Residue change in conserved
regions (aa position in polyprotein)a
F238L (1268)
I286T (1316)
D290G (1320)
K373R (1403
D396G (1426)
V567A (1597)

Residue change in nonconserved
regions (aa position in polyprotein)b

I17T (1047)
D25N (1055)
D296G (1326)

Location
D1 domain
D1 domain
D1 domain
RNA entry site
RNA entry site
D3 domain
D1 domain
Protease domain
Protease domain

S188G (1218)
V295A (1325)
T505A (1535)
R514G (1544)

D1 domain
D2 domain
D1-D3 connecting region
D1-D3 connecting region
D3 domain
D1-D3 connecting region

V511A (1541)

Protease domain
Protease domain
D1 domain
D1-D3 connecting region

C292Y (1322)
I426T (1456)

A78T (1108)
K122R (1152)
C289R (1319)

aColored

red in Fig. 5A and 7.
bColored blue in Fig. 5A and 7.
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FIG 7 Mutant structures and locations of the putative adaptive mutations in NS3 protein. The predicted model structures of Mutanth, Mutantm, and Mutantl
are in cartoon representation showing the conserved (residues colored red) and nonconserved (residues colored blue), where the mutations are located in
D1, D2, D3, and protease domain. Some mutations in Mutantm and Mutantl are located in the D1-D3 connecting region. Details of mutations are given in
Table 4.
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TABLE 5 Contact order of short-range and long-range interactions in NS3 native and
mutant structures
CO value for:
Protein
Native
Mutanth
Mutantm
Mutantl

Main chain-main chain hydrogen
bond interactions
16.70365
18.01585
18.03011
18.02536

Ionic
interactions
5.05713
5.538827
6.022187
7.019017

Hydrophobic
interactions
35.81775
37.85895
38.99208
37.22979
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at proportions of 0.4 to 66 per 10,000 bp. The mutant libraries provided us an overview
of genetic ﬂexibility in the HCV genome and its encoded proteins for virus replication.
Our ﬁndings suggest that the HCV genome may readily tolerate mutations even at a
high proportion and that the majority of putative adaptive mutations are in the
nonstructural region of the viral genome. The mutants allowed us study their phenotypic characteristics, such as replication rate, in vitro infectivity, and host protein
synthesis.
The FL-MRS technique reduces the ﬁdelity of Taq DNA polymerase in a controllable
fashion to induce random mutations during the synthesis of full-genome templates and
virus transcripts (15). The products of EP-PCR are ideal for the synthesis of transcripts
of a deﬁned length, since EP-PCR uses a forward primer located upstream of the T7
promoter and a reverse primer that ends precisely at the last nucleotide of the HCV
genome in the cDNA clone. Genome-wide insertional mutagenesis has been widely
applied in recent years to understand genome tolerance in ss(⫹) RNA viruses, such as
HCV (30), dengue virus (31), and Venezuelan equine encephalitis virus (32). These
studies revealed insights of functional proﬁling of HCV as a demonstration of genome
tolerance (30) and discovered tolerant sites for insertion of a reporter tag (31). However,
insertional mutagenesis leads to a net increase in length of the gene of interest, a
sequence heterogeneity alien to ss(⫹) RNA virus genomes. Insertional mutagenesis is
also laborious and time-consuming, involves bacterial transformation and ligation of
plasmids, and is difﬁcult to iterate. In comparison, our FL-MRS method provides a
simple, rapid, and bacterium-free approach, except that it requires careful primer
design and initial optimization of EP-PCR conditions for ampliﬁcation of the target
genome of interest.
The generated full-genome mutant libraries allowed us decipher the relationship
between the proportions of mutations and viability. Parent virus established infection
in ⬎90% of cells upon transfection (day 3), whereas the few FFU yielded by the
genomes of libraries that were closest to the parent sequence suggest that most new
mutations impose structural and functional constraints on the genome (33, 34). The
correlation between the increase in proportions of mutations among libraries that are
genetically closer to the parent (i.e., libraries with low proportions of mutations) and the
decrease in their viable-genome fractions suggests increased deleterious/lethal effects
of mutations on genome viability. The fact that genomes of libraries not closely similar
to the parent genome (i.e., libraries with high proportions of mutations) are replication
competent despite high proportions of mutations indicates that the HCV genome (i) is
capable of overcoming lethal/deleterious mutational effects, (ii) can tolerate a high
mutation count, and (iii) can retain viability. Initial failures to rescue viable Mutanth and
Mutantm variants reﬂect deep structural and functional constraints imposed by the
mutations in these hypermutated genomes.
HCV causes chronic infection and is constantly exposed to immune pressure in the
infected individual. Therefore, the virus genome needs to ﬁx beneﬁcial amino acids in
order to escape from the host immune pressure and antiviral exposure but also remain
viable and infectious. We identiﬁed putative adaptive mutations mostly in regions
of the NS2 to NS5A genes, which represent ⬃60% of the entire genome. High
nonsynonymous-to-synonymous substitution ratios for the mutants signify the strong
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selection pressure for nonsynonymous mutations over synonymous mutations. Earlier,
serially passaged wild-type murine hepatitis virus (WT-MHV) acquired 17 nonsynonymous changes out of 23 mutations (35). In our study, the experimental determination
of the nonsynonymous-to-synonymous substitution ratios was possible due to not only
the extreme supply of mutations but also the mutational tolerance in protein regions,
which may impart a large adaptation potential along with conservation of phenotypic
traits. Viruses develop mutations, termed second-site compensatory mutations, to
compensate for and restore phenotypic traits such as infectivity and replication (36).
The putative adaptive mutations found in mutants might be compensatory and
conferred phenotypic traits. To identify conserved and nonconserved regions in the
sequence space of the HCV genome, we considered 16 genotype 2a full-genome
sequences, which may not have captured sufﬁcient sequence diversity. The absence of
a majority (90%) of putative adaptive mutations (found in genomes of all three mutants
at the last passage) in natural subtype 2a isolates indicates that these mutations are
unlikely to be generated in a replication cycle with the parental sequence. Genomes
with artiﬁcially increased mutations away from parental sequence may remain viable by
the selection of random, beneﬁcial mutations.
Mutantm and Mutantl variants were associated with increased replicative capability
evidenced by enhanced levels of genome copy and viral proteins, while Mutanth
expression levels were comparable to those of the parent. HCV proteins are multifunctional and interact with each other and multiple host proteins (37). Enhanced replication in association with beneﬁcial mutations may beneﬁt IRES-dependent viral RNA
translation and substantially subverted cap-dependent host RNA translation, and this
subversion has been associated with increased phosphorylation of the ␣ subunit of
eukaryotic initiation factor 2 (eIF2␣) (17, 37) and decreased levels of eIF2␣ and eIF3␤.
Random, beneﬁcial mutations might contribute to differences in core and NS3 expression levels of mutants and modulation of host protein synthesis. We do not rule out the
possibility of gaining adaptive changes and translational efﬁciency during passages of
the three mutants. Mutants were blocked from entry by anti-CD81 and anti-Claudin-1
(at 5.0 g each; data not shown), which indicates that the mutant viruses followed the
classical HCV entry pathway.
Mutants from the libraries of proviral HIV plasmids with random mutations in the
envelope (Env) gene when subjected to viral growth in cell culture were shown to
undergo strong purifying selection against stop codons and many nonsynonymous
mutations; portions of the Env protein shown to gain beneﬁcial mutations and virus
remained infectious (33). We also made similar observations, purging out stop codons
and deletion-containing genomes and nonsynonymous changes that may not have
functional beneﬁts during serial passages of the Mutanth population. Insertional mutagenesis revealed that genes coding for hemagglutinin (HA) and NS1 proteins of
inﬂuenza virus (38) and the NS1 protein of dengue virus (31) are more tolerant than
other parts of their genomes. We identiﬁed mutations in the genomes of mutants other
than those in the 5= UTR and the core and NS5B genes (except one mutation in
Mutanth). However, in complete contrast, these three regions were shown to have high
tolerance for 15-nucleotide (nt) insertions (30).
To understand the impact of putative adaptive mutations on virus protein structure
and function, we chose the NS3 protein and performed predictive structural analysis.
NS3 contains a helicase domain and an appended serine protease domain, playing a
critical role in virus replication that makes it an important drug target (3). Proteins upon
mutation undergo subtle rearrangements of interactions, which can be short range
(main chain-main chain interactions and ionic interactions) or long range (hydrophobic
interactions), which may impose functional and structural constraints (39, 40). To
remain functional, these new interactions must compensate for the loss of interactions
due to the mutation. Similar quantitated data of long-range and short-range interactions for native (parent) and mutant structures suggest that selected random, beneﬁcial
mutations in the NS3 sequence space restored NS3 protein function and stability.
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Similarly, deep mutational scanning effectively selected for beneﬁcial mutations with
long-range changes that led to functional Env (33, 41).
The full-genome mutant libraries used in this study represent artiﬁcial genetic tools;
nevertheless, libraries enabled cross dissection of spatially resolved sequence information for comprehensive analysis of mutational tolerance in the HCV genome. The data
presented in this study were derived from a limited number of viable variants but
certainly reﬂect variant selection strategy for adaptation. Future studies involving
endpoint dilution and infection strategy (42) for the isolation of multiple single variants
may help us better understand the mutational tolerance in the HCV genome; however,
that is unlikely to alter the overall stance of our study ﬁndings.
In summary, this paper documents the ability of the HCV genome to overcome
deleterious/lethal mutations by selection of random, beneﬁcial mutations and to
remain viable because of a high reproduction rate. Our ability to experimentally
increase the mutations in the HCV genome and infect cells in vitro with the genomes
so generated, combined with advanced sequencing technologies, has given rise to new
opportunities to study the evolution of HCV and direct antiviral resistance.
MATERIALS AND METHODS
Plasmids and Huh7.5 cell culture. Plasmid pJFH-1, encoding an HCV genotype 2a strain (13), and
pJFH-1/GND, a replication-deﬁcient GND control (GDD catalytic motif of NS5B mutated to GND) were
kind gifts from Takaji Wakita, University of Tokyo. Huh7.5 cells and pJ6/JFH-1 were obtained as a kind gift
from Charles Rice, Rockefeller University (14). Huh7.5 cells were cultured at 37°C in 5% CO2 using
Dulbecco’s modiﬁed Eagle medium (DMEM; Invitrogen) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Invitrogen), 100 U/ml penicillin, and 100 g/ml streptomycin.
Synthesis and sequencing of full-genome mutant libraries. The full-length (FL) JFH-1 or J6/JFH-1
genome was randomly mutagenized using error-prone PCR (EP-PCR) to create full-genome mutant
libraries. A 9,737-bp-long fragment consisting of the FL HCV genome was ampliﬁed in a 50-l reaction
mixture containing primers J-For (5=-GTTTTCCCAGTCAGCACGTTGTAAAACGACGGC-3=) (33 mer; located 8
nt upstream of the T7 promoter sequence) and J-Rev (5=-CATGATCTGCAGAGAGACCAGTTACGGCACTCT
C-3=) (34 mer; located at the end of the 3= UTR of the HCV genome) at 0.2 M (each), 1.5 mM MgCl2, 2 l
KB Extender, 2 U Platinum Taq DNA polymerase (Invitrogen), dNTPs at a ﬁnal concentration of 0.2 mM,
and 100-, 50-, 25-, and 10-ng amounts of template. The resultant full-genome libraries were designated
100 ng 0.2AGCT, 50 ng 0.2AGCT, 25 ng 0.2AGCT, and 10 ng 0.2AGCT. EP-PCRs with 10 ng template were
further imbalanced with ﬁnal concentrations of dATP at 0.15 and 0.10 mM and the other three dNTPs at
a ﬁnal concentration of 0.2 mM. The resultant full-genome libraries from these reactions were designated
10 ng 0.15A-0.2GCT and 10 ng 0.10A-0.2GCT. The cycling conditions were as follows: 1 cycle of 2 min at
94°C; 30 cycles of 30 s at 94°C, 25 s at 60°C, and 8 min at 72°C; and 1 cycle of 10 min at 72°C. The EP-PCR
products were separated using a 0.8% agarose gel, and yields were measured against known amounts
of a 1-kb DNA ladder. The 100 ng 0.2AGCT, 50 ng 0.2AGCT, and 25 ng 0.2AGCT libraries (from pJFH-1)
synthesized from three independent EP-PCRs were pooled and digested with restriction enzymes EcoRI
and NotI and released 2.96-kb fragments cloned into a compatible vector, and bacterial colonies positive
for the insert were subjected to Sanger sequencing. A total of 50,000 nt of sequence data per library was
obtained. The parent was also subjected to Sanger sequencing. The 10 ng 0.2AGCT, 10 ng 0.15A-0.2GCT,
and 10 ng 0.10A-0.2GCT libraries (from pJ6/JFH-1) synthesized from three independent EP-PCRs were
pooled and puriﬁed using a MinElute PCR puriﬁcation kit (Qiagen) and submitted for Illumina-based
next-generation sequencing (NGS) at the Xcelris Genomics, Ahmedabad, India. Insertion of pJ6/JFH-1
(released by digestion with EcoRI and XbaI) was subjected to NGS to assess background errors imparted
by the Illumina platform. Trimmomatic-0.30 was used for quality ﬁltration to generate high-quality data,
and the quality value (QV) was set to ⱖ20. Raw reads from all four conditions were processed using an
NGS QC toolkit (43) to exclude those with an average Phred quality score below 30. For each condition,
1,000,000 read pairs were extracted randomly 4 times, resulting in 16 subsets. Read pairs in each subset
were aligned against the J6/JFH-1 sequence using a BWA aligner (44). Reads that did not align with the
parent were ﬁltered out. The resulting SAM alignment ﬁles were converted to BAM format and
subsequently sorted and indexed using SAMtools (45). Base counts at individual positions were done
using the bam-read count tool (https://github.com/genome/bam-readcount), with a minimum mapping
quality of 20 and a minimum base quality of 20. Proportions of reads with A, G, C, and T at each location
under each of the four conditions were tabulated, and the rates of misincorporation of individual bases
were assessed.
Viral RNA synthesis. One microgram of column-puriﬁed (10 ng of the 0.2 AGCT library was vacuum
concentrated) EP-PCR products and XbaI-linearized plasmid DNA (pJFH-1 and pJFH-1/GND) were subjected to in vitro transcription per the instructions of the manufacturer (RiboMAX large-scale RNA
production system; T7) (Promega). RNase-free DNase-treated transcripts were then puriﬁed using an RNA
cleanup procedure, and their integrity was analyzed in a 0.8% 3-(N-morpholino)propanesulfonic acid
formaldehyde-denaturing agarose gel.
Transfection of Huh7.5 cells. To determine the relative replicative capabilities of six mutant
libraries, Huh7.5 cells at 70% conﬂuence (achieved 16 h after seeding) in 35-mm culture dishes were
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transfected with 5 g of normalized viral FL transcripts using Lipofectamine 2000 (Invitrogen) and
incubated in complete DMEM supplemented with 3% FBS. At 3 days posttransfection, virus-infected foci
were determined using a focus-forming assay (FFA) and results were expressed in number of focusforming units (FFU) per 100,000 target cells. Anti-NS5A monoclonal antibody (9E10) was used for
detection of FFU as described below. Parent RNA (pJFH-1) was the positive control, and JFH-1/GND was
the negative control of replication. One FFU was deﬁned as 1 or more NS5A-positive cells, separated from
other NS5A-positive cells by at least 2 NS5A-negative cells. Posttransfection, percentages of NS5Apositive cells were indicated in cases of virus spread reaching ⬎50%.
Isolation of mutants with altered HCV growth. To isolate HCV mutants, serial passage of HCV was
initiated on Huh7.5 cells at 70% conﬂuence in a 35-mm cell culture dish. Cells were transfected with selected
libraries, i.e., 10 ng 0.10A-0.2GCU, 10 ng 0.2AGCU, 50 ng 0.2AGCU, parent, or mock. Multiple transfections of
mutant libraries were done; however, transfected cells did not survive due to cytotoxicity induced by rapid
virus spread, especially between passages 7 and 10. All virus passages and sequence data shown are from a
single transfection experiment where cells supported sustained virus replication. Cells transfected with 50 ng
0.2AGCU and parent were passaged at 1:3 split for 67 and 53 passages, respectively. Cells transfected with
10 ng 0.1A-0.2GCU and 10 ng 0.2AGCU libraries were scaled up as shown in Fig. 3A. Before cell split, virus
supernatants were harvested and stored at –80°C for further analysis. At 3 weeks prior to the last passage
(passage 53 for 10 ng 0.1A-0.2GCU, 10 ng 0.2AGCU, and parent libraries, and passage 67 for 50 ng 0.2AGCU
library), viral RNA was isolated using a QIAamp viral RNA minikit (Qiagen) from all virus passages, cDNAs were
synthesized using Superscript III reverse transcriptase (Invitrogen), the NS3 gene was ampliﬁed (coding nt
3080 to 4796) using high-ﬁdelity PCR, and products were column puriﬁed, with an “A” overhang added,
followed by another round of puriﬁcation, ligated with TA vector, and used to transform Escherichia coli DH5a.
The NS3 gene was ampliﬁed and cloned as described above from virus passages 0 (input), 17, 47, and 53 of
the 10 ng 0.10A-0.2GCU library. Before the last virus passage, transfected cells were expanded; large volumes
of virus supernatants were collected and stored. Virus supernatants were concentrated, as indicated, using
100-kDa-molecular-size-cutoff centrifugal ﬁlters. Virus titers were determined using the 50% tissue culture
infectious dose (TCID50) method, and the complete genome sequence of the predominant variant was
determined by Sanger sequencing. In parallel, mock-transfected cells were maintained to monitor contamination of cells with virus.
Infectious virus titer determination. For titration of infectious HCV, an FFA was performed on
Huh7.5 cells as described previously (14). Brieﬂy, serially diluted virus supernatants applied to 6.5 ⫻ 103
Huh7.5 cells were plated in a 96-well plate (seeded 16 h prior to infection). Three days postinfection, the
cells were washed twice with phosphate-buffered saline (PBS), ﬁxed, permeabilized with ice-cold
methanol, washed three times again, and incubated in blocking solution (PBS-T containing 1% bovine
serum albumin and 0.2% skim milk) for 30 min at room temperature. Endogenous peroxidase activity was
blocked by incubating the cells with 3% H2O2 in PBS for 5 min. The cells were then incubated for 1 h
with 1:20,000-diluted anti-NS5A mouse monoclonal antibody (MAb) 9E10 (stock was 1 mg/ml; a gift of
Charles Rice, Rockefeller University), washed three times in PBS-T, and incubated with horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG (1:4,000 dilution), followed by incubation with 3,3=diaminobenzidine (DAB) substrate. FFU were visualized using a light microscope, and the TCID50 was
determined (46).
Huh7.5 cell infections. Naïve Huh7.5 cells, 0.4 ⫻ 106, were mock infected or infected with mutant
viruses or the parent at a ﬁxed TCID50 of 16,000 (multiplicity of infection [MOI] of 0.04). Cells and
supernatants were collected on day 5 postinfection.
Quantiﬁcation of HCV genome using qRT-PCR. Quantitative reverse transcription-PCR (qRT-PCR)
was carried out to quantify genome copies in virus supernatants. Viral RNA was isolated using a QIAamp
viral RNA minikit (Qiagen) and subjected to qRT-PCR using a TaqMan RNA-to-CT 1-step kit (Invitrogen),
per the manufacturer’s instructions, and previously described primer (R6-130-S17 and R6-290-R19) and
probe (R6-148-S21FT) sequences (47). Run conditions were as follows: 48°C for 20 min, 95°C for 10 min,
and then 40 cycles of 95°C for 15 s and 60°C for 1 min. A standard curve was obtained with known
amounts of HCV transcripts used for quantiﬁcation. Negative controls (without template RNA and RNA
from mock-infected cells) were run in parallel with each reaction to ascertain the absence of contamination with undesired templates.
Western blotting. At day 5 postinfection, cells were pelleted by centrifugation and lysed in
radioimmunoprecipitation assay buffer at 4°C for 15 min. The protein concentration was estimated with
the Bradford assay reagent (Pierce), and the lysates were resolved by electrophoresis on 12% SDS
polyacrylamide gels and then electroblotted onto polyvinylidene diﬂuoride membranes (Millipore,
Billerica, MA). Viral and cellular proteins were detected by overnight incubation at 4°C with one of the
following primary antibodies: mouse MAb core (C7-50; diluted 1:3,000), mouse MAb NS3 (1:2,000), rabbit
polyclonal Ab eIF3␤ (1:1,000), mouse MAb eIF2␣ (1:200), and rabbit polyclonal Ab eIF2␣ phospho speciﬁc
(Invitrogen) (1:500). After washing, the blots were exposed to 1:3,000-diluted appropriate secondary
antibodies conjugated with HRP for 1 h at room temperature. The reaction products were visualized
using enhanced chemiluminescence reagent (Bio-Rad) according to the manufacturer’s instructions. The
loading control was ␤-actin.
Immunoﬂuorescence assay. At day 5 postinfection, cells were ﬁxed in 4% paraformaldehyde and
permeabilized with PBS containing 0.1% Triton X-100 for 5 min and washed three times for 5 min each
in PBS. Nonspeciﬁc antigens were blocked (3% bovine serum albumin and 10% normal goat serum in
PBS), and the cells were incubated with anti-NS5A MAb (1:25,000) (9E10) at room temperature for 2 h and
then washed three times for 5 min each in PBS. This was followed by incubation with secondary antibody
conjugated to Alexa Fluor 568 for 30 min and counterstaining with 1 g/ml 4=,6-diamidino-2jvi.asm.org 19
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phenylindole (DAPI). After washes, the coverslips were mounted on slides, which were then analyzed by
ﬂuorescence microscopy, using a Nikon A1 spinning-disk confocal microscope. Densitometry analysis of
immunoﬂuorescence staining was performed on digitized images using ImageJ.
Blocking of HCV entry. Anti-CD81 (clone M38) and anti-Claudin-1 (clone 2H10D10) MAbs were
purchased from Invitrogen. Huh7.5 cells seeded in 48-well plates 16 h earlier were mock treated or
treated with 0.5, 1.0, 2.5, and 5.0 g of anti-CD81 and anti-Claudin-1 for 30 min at 37°C and 5% CO2 with
intermittent shaking (twice) for 2 min and then infected at an MOI of 0.04 with parent or mutant viruses.
Infection was quantiﬁed 3 days later by an FFA.
HCV genome sequencing. Genomes of HCV mutants from the last passages of all libraries and the
parent were isolated from 140 l of cell culture supernatant using a QIAamp viral RNA extraction kit
(Qiagen). cDNAs were synthesized from 5 l of undiluted or 1:5-diluted eluates using Superscript III
(Invitrogen), and the complete genome was PCR ampliﬁed in 12 overlapping fragments. Primer sequences have been described previously (48). Carryover contamination was monitored using negative
controls. Chromatograms were processed, sequences were assembled, and contigs were generated using
the CLC Main Workbench.
Shannon entropy. Sequence conservation among 16 full-length HCV subtype 2a sequences (derived
from the HCV sequence databases of the LANL and euHCVdb) was measured using entropy. The entropy
score for each amino acid site was calculated by using the Shannon Heterogeneity In Alignments Tool
v1.0 (http://evolve.zoo.ox.ac.uk/Evolve/SHiAT.html) (19). Amino acids are numbered relative to the JFH-1
polyprotein (GenBank accession number AB047639) (49).
Mutant structure prediction and CO calculations. The three-dimensional (3D) structures of the NS3
proteins of Mutanth, Mutantm, and Mutantl were determined using the Robetta method (http://new
.robetta.org) to obtain high-quality structures (50). For the three mutants, the template used was the
native structure, JFH-1, whose coordinates were retrieved from the Protein Data Bank (PDB ID 5WDX). By
use of a comparative modeling approach, a sampling of 1,000 models was obtained. Contact order (CO)
calculations were performed as described previously (21). Speciﬁcally, the total list of noncovalent
interactions was taken and the distance between interacting residues (in terms of sequence numbers)
was calculated. The sum of all distances was divided by the total length of the NS3 protein (631 residues)
for normalization. The Protein Interactions Calculator (http://pic.mbu.iisc.ernet.in/job.html) tool (51) was
used to identify main chain-main chain hydrogen bonds, ionic interactions, and hydrophobic interactions
in the NS3 structures of the parent and mutants.
Statistical analysis. All statistical analyses were performed by using GraphPad Prism7. The KruskalWallis test followed by post hoc analysis by Dunn’s test was used for multiple comparisons.
Data availability. The models are deposited in ModelArchive (Mutanth, https://www.modelarchive
.org/doi/10.5452/ma-o9v3l; Mutantm, https://www.modelarchive.org/doi/10.5452/ma-r30z5; Mutantl,
https://www.modelarchive.org/doi/10.5452/ma-3ybvk).
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