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ABSTRACT Previous studies documented that long-term hepatitis C virus (HCV) replica-
tion in human hepatoma Huh-7.5 cells resulted in viral fitness gain, expansion of the
mutant spectrum, and several phenotypic alterations. In the present work, we show that
mutational waves (changes in frequency of individual mutations) occurred continuously
and became more prominent as the virus gained fitness. They were accompanied by an
increasing proportion of heterogeneous genomic sites that affected 1 position in the ini-
tial HCV population and 19 and 69 positions at passages 100 and 200, respectively.
Analysis of biological clones of HCV showed that these dynamic events affected infec-
tious genomes, since part of the fluctuating mutations became incorporated into viable
genomes. While 17 mutations were scored in 3 biological clones isolated from the initial
population, the number reached 72 in 3 biological clones from the population at pas-
sage 200. Biological clones differed in their responses to antiviral inhibitors, indicating a
phenotypic impact of viral dynamics. Thus, HCV adaptation to a specific constant envi-
ronment (cell culture without external influences) broadens the mutant repertoire and
does not focus the population toward a limited number of dominant genomes. A retro-
spective examination of mutant spectra of foot-and-mouth disease virus passaged in cell
cultures suggests a parallel behavior here described for HCV. We propose that virus di-
versification in a constant environment has its basis in the availability of multiple alter-
native mutational pathways for fitness gain. This mechanism of broad diversification
should also apply to other replicative systems characterized by high mutation rates and
large population sizes.

IMPORTANCE The study shows that extensive replication of an RNA virus in a con-
stant biological environment does not limit exploration of sequence space and
adaptive options. There was no convergence toward a restricted set of adapted ge-
nomes. Mutational waves and mutant spectrum broadening affected infectious ge-
nomes. Therefore, profound modifications of mutant spectrum composition and con-
sensus sequence diversification are not exclusively dependent on environmental
alterations or the intervention of population bottlenecks.

KEYWORDS RNA virus evolution, viral quasispecies, sequence space, adaptation,
mutant spectrum, mutational waves

March 2020 Volume 94 Issue 6 e01856-19 Journal of Virology

Citation Gallego |, Soria ME, Garcia-Crespo C,
Chen Q, Martinez-Barragan P, Khalfaoui S,
Martinez-Gonzélez B, Sanchez-Martin |,
Palacios-Blanco |, de Avila Al, Garcia-Cehic D,
Esteban JI, Gémez J, Briones C, Gregori J, Quer
J, Perales C, Domingo E. 2020. Broad and
dynamic diversification of infectious hepatitis C
virus in a cell culture environment. J Virol
94:€01856-19. https://doi.org/10.1128/JVI
.01856-19.

Editor J-H. James Ou, University of Southern
California

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Celia Perales,
cperales@cbm.csic.es, or Esteban Domingo,
edomingo@cbm.csic.es.

Received 30 October 2019

Accepted 13 December 2019

Accepted manuscript posted online 18
December 2019

Published 28 February 2020

jvi.asm.org


https://doi.org/10.1128/JVI.01856-19
https://doi.org/10.1128/JVI.01856-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:cperales@cbm.csic.es
mailto:edomingo@cbm.csic.es
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01856-19&domain=pdf&date_stamp=2019-12-18
https://jvi.asm.org

Gallego et al.

uasispecies dynamics is a key determinant of virus adaptability to changing

environments. High mutation rates and large population sizes convert viral pop-
ulations in ample reservoirs of continuously changing mutant spectra, also termed
mutant swarms or mutant clouds, that include phenotypic variants among their
minority components (a recent overview is given in reference 1). The involvement of
quasispecies dynamics in virus adaptation has often been approached by determining
fitness variation of the viral population in response to gradual or abrupt environmental
changes, in some cases with conflicting results (for examples, see references 2 and 3
and references quoted therein). When the underlying variations in mutant spectrum
composition have been studied, the results point to virus adaptation being associated
with the replacement of mutant clouds by others, with a critical contribution of high
mutation rates and intramutant spectrum interactions among genomes or their ex-
pression products (4-14).

We are interested in understanding the molecular basis of the quasispecies dynam-
ics of hepatitis C virus (HCV) due to its ranking among the most variable pathogens and
the several implications of its genetic variation for clinical practice. Indeed, quasispecies
features of HCV in vivo have been related to disease progression, response to antiviral
agents, and treatment failures through selection of inhibitor-escape mutants (15-21).
The availability of cell culture systems for the sustained multiplication of HCV (22-25),
rendered genome variation, and adaptive mechanisms of this important human patho-
gen are amenable to experimental analysis under controlled (constant or changing)
environments.

In a previous study on genotypic and phenotypic HCV evolution, we subjected HCV
rescued from a molecular clone encoded in plasmid Jc1FLAG2(p7-nsGluc2A) (26) to 100
serial infections of human hepatoma Huh-7.5 cells in the absence or presence of
different amounts of interferon alpha (IFN-«) (27). We obtained IFN-a-resistant popu-
lations associated with alternative mutations at multiple genomic sites (27). Unexpect-
edly, IFN-a resistance was also observed in parallel lineages of HCV passaged in the
absence of IFN-a. This result was extended to show resistance of the same HCV
populations to additional antiviral agents and led to the conclusion that a multidrug
resistance phenotype was acquired by HCV while gaining fitness in Huh-7.5 cells
(27-30). The observation alerted us to a remarkable change in virus population com-
position and behavior only as a consequence of monotonous replication in cell culture
without perturbations derived from external selective constraints or bottleneck events.
When infection in the absence of any drug was extended to 200 passages (equivalent
to about 700 days of continuous virus replication), the viral population did not
approach a steady mutant spectrum, since comparison of the populations at passages
45, 100, and 200 revealed variations in mutant frequency that we termed mutational
waves (defined as individual mutations whose frequency increased or decreased be-
tween the populations under comparison) (30). This observation raised two questions:
(i) how soon in the course of HCV passaging can mutational waves be detected, and (ii)
what is their biological role in the diversification of viable HCV genomes. The latter is
a relevant issue given the generation of defective HCV genomes during virus multipli-
cation (31, 32) and their effective propagation in Huh-7.5 cells (33).

Here, we provide evidence that the process of HCV adaptation to Huh-7.5 cells
results in a remarkable increase of mutant spectrum amplitude (average number of
mutations per genome), with mutational waves discernible even between successive
passages. Adaptation was also associated with a diversification of the consensus
sequence that includes viable genomes with altered phenotypes. The results imply that
replication conditions that could favor a focused selection of limited sets of genomes
adapted to a specific cellular environment may have the opposite effect of generating
a large repertoire of divergent sequences. We consider two main possibilities to explain
this class of viral genome diversification: host cell heterogeneity as a fine-grained
environment that provides a mosaic of nonidentical selective constraints in cell culture
experiments, and availability of multiple adaptive pathways even in a constant cellular

March 2020 Volume 94 Issue 6 e01856-19

Journal of Virology

jviasm.org 2


https://jvi.asm.org

HCV Diversification

A B HCV po BC1 W HCV p100 BC1 B HCV p200 BC1
B HCV po BC2 B HCV p100 BC2 B HCV p200 BC2
M HcV po BC3 M HcV p100 BC3 M HcV p200 BC3
Initial ‘
HCV  HCV po HCV p100 HCV p200
Oo—e —-------- —Q—> -——-- — 0

I : :HCV PO, p1 ® ® ® HCvp100,p1 @ @ @ HCV p200, p1
@ @ @ HCV po, p4 ® ® ®HCVp100,p4 @ @ @ HCV p200, p4
(@) (b) (c) (a)(b) (c) (a) (b) (c)
B —@- HCV po0 (a) - HCV p100 (a) —A— HCV p200 (a)
—O- HCV p0 (b) —I1- HCV p100 (b) —/X— HCV p200 (b)
—O-HCV p0 (c) —[F HCV p100 (c) —/X— HCV p200 (c)
= 10°
E 10
a 10°
2 q0°
2 10°
o 10°
E 0% -
T 10
s

\“Q

\<‘Q

Passage number Passage number Passage number

FIG 1 Experimental scheme and infectious progeny production of HCV populations. (A) Passage history and origin
of HCV populations (filled circles) and biological clones (filled squares) used in the present study. The initial HCV
(gray square) was derived by transcription of plasmid Jc1FLAG2(p7-nsGluc2A). Virus passages are indicated by
arrows; p denotes passage number; and (a), (b), and (c) indicate three replicate passages. (B) Extracellular infectious
viral titer produced by the triplicate populations shown in the box above the panels. Procedures and infection
conditions are detailed in Materials and Methods.

environment, with critical dependence on HCV high mutation rates and large popula-
tion sizes.

RESULTS

Time frame of mutational waves. To investigate if changes of mutant frequencies
(mutational waves) were observed in successive infections in human hepatoma cells,
triplicate populations of HCV p0, HCV p100, and HCV p200 (p indicates passage
number, and pO refers to the initial population obtained as described in reference 27)
were subjected to four passages in Huh-7.5 cells (Fig. 1). The mutant spectra of the
triplicate series [termed (a), (b), (c)] were analyzed by deep sequencing of three NS5B
amplicons, and the mutations were ranked according to their change in frequency (Fig.
2 and Fig. S1 and S2 at http://babia.com.uam.es/~lab121/SupplMatGallego3). Muta-
tional waves were observed even in successive passages of each population, and
the three replicas exhibited similar dynamic behavior, albeit with differences in
some of the participating mutations. Taking replica (a) for a description of mutant
spectrum dynamics, the total number of mutations (counted relative to
JC1FLAG2[p7-nsGluc2A]) identified in the course of the four passages was 25, 41,
and 70 for HCV p0, HCV p100, and HCV p200, respectively (Table S1 [http://babia
.cbm.uam.es/~lab121/SupplMatGallego3]). The majority of them (100% for HCV p0, all
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FIG 2 Mutant spectrum dynamics of HCV p0, HCV p100, and HCV p200 during four passages in Huh-7.5 reporter cells. Frequency variation of
mutations (color and symbol code in the upper box) identified by deep sequencing of amplicons from the NS5B-coding region (residues 7649
to 8653). The results correspond to replica (a) of Fig. 1. Genomic residues are numbered according to HCV reference isolate JFH-1 (GenBank
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replicas; 93% to 95% for HCV p100, all replicas; 100% for HCV p200, all replicas)
exhibited a read frequency that varied by more than 0.5% (the cutoff-validated mutant
frequency) in any of the four passages. Mutations with such read frequency variations
are defined as participating in mutational waves (Fig. 2 and Table S1 at http://babia
.cbm.uam.es/~lab121/SupplMatGallego3). For each population, mutations that partici-
pated in waves were divided into three levels: level L, (mutations whose mutant
frequency did not exceed 1% but that, at some passage, attained a frequency above the
0.5% cutoff value), level L, (mutations whose mutant frequency did not exceed 10%),
and level L, (mutations whose mutant frequency reached, at some passage, a fre-
quency higher than 10%) (Fig. 2). Replicas (b) and (c) exhibited a parallel behavior to
replica (a) regarding the number of mutations that participated in mutational waves
and their level distribution (Fig. 2; Fig. S1 and S2 and Table S1, S2, and S3 at
http://babia.com.uam.es/~lab121/SupplMatGallego3).

The level distinction revealed an increase of L, and L, mutations in HCV p100 and
HCV p200 relative to HCV p0. The average wave amplitude between HCV passages 200
and 204 was significantly larger than between passages 100 to 104 for the 15 mutations
shared by HCV p100 and HCV p200 (a 5.2-fold difference, P = 0.0039; t test); similar
results were obtained for replicas (b) and (c) (Fig. S3 [http://babia.com.uam.es/~lab121/
SupplMatGallego3]). The total number of mutations found in HCV p0, HCV p100, and
HCV p200 was 141, 131, and 143 for replicas (a), (b), and (c), respectively (compare Fig.
2 and Fig. S1 and S2 at http://babia.com.uam.es/~lab121/SupplMatGallego3); the num-
ber of different mutations (counting each mutation only once despite being present in
different haplotypes) was 114, 108, and 110, respectively. Of these, 87 were found in the
3 replicas and 13 in 2 replicas, while 23, 9, and 13 mutations were present only in
replicas (a), (b), and (c), respectively. When mutations common to HCV p100 and HCV
p200 were compared, 47%, 50%, and 42% of them in replicas (a), (b), and (c), respec-
tively, changed significantly in frequency between the two populations (Fig. S3 [http://
babia.com.uam.es/~lab121/SupplMatGallego3]). Of the different mutations that partic-
ipated in waves along the virus passages (average of the three replicas), 35% were
nonsynonymous, and 65% were synonymous; for mutations in level L, waves, the
corresponding values were 59% and 41%, respectively. The possible significance of
these differences is under study. Thus, dynamics of mutant frequency change occurs in
successive HCV passages in human hepatoma cells, and wave amplitudes were larger
for high-fitness HCV.

Heterogeneity points in the consensus genomic sequences. To investigate if the
amplitude of molecular waves found in the NS5B gene was associated with multiple
dominant or nearly dominant genomes in the high-fitness HCV populations, the
number of heterogeneity sites in the complete consensus sequences previously deter-
mined for HCV p0, HCV p100, and HCV p200 using real-time PCR (RT-PCR) amplification
and Sanger sequencing (30) was reevaluated. Each genomic site where two peaks were
present in the sequence pattern was ranked according to the frequency level of the
mutant nucleotide in the mixture, expressed as a percentage. The results show a
remarkable increase in the number of heterogeneous genomic positions in HCV p100
and HCV p200 with respect to HCV pO0 at all frequency levels (Fig. 3). For HCV p200, a
significantly larger number of heterogeneity points was noted in the nonstructural
protein-coding than in the structural protein-coding region (P = 9.2 X 10~7; proportion
test); no such difference was seen for HCV p100 (P = 0.356; proportion test), and the

FIG 2 Legend (Continued)

Journal of Virology

accession number AB047639). Color lines join the mutation frequency values determined for the initial virus (described in reference 80) and
subsequent passages 1 to 4. Mutational waves have been divided into levels L, (with the cutoff frequency limit of 0.5% delimited by the
discontinuous horizontal lines), L,, and L,, according to the mutant frequency range indicated in ordinates. For completeness, at each level,
mutations belonging to lower levels are maintained. The three thick horizontal lines below the frequency panels represent the consensus
sequence of the region covered by the NS5B amplicons of each virus; mutations written in black or gray on top of the lines correspond to the
mutations present or absent, respectively, in the consensus sequence of each population; and the color of the vertical lines represents the level
at which the mutations belong: green, L,; red, L,; black, L,. Deep sequencing procedures and data processing are described in Materials and

Methods.
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FIG 3 Heterogeneities in the consensus sequence of HCV p0, HCV p100, and HCV p200. (A) Schematic of the HCV
p0, HCV p100, and HCV p200 genomes. In HCV pO, the RNA residue numbers (reference isolate, JFH-1) that delimit
the encoded proteins are indicated. Mutations (relative to the HCV sequence in plasmid Jc1FLAG2[p7-nsGluc2A])
are identified by vertical lines below the genome. Mutations at sites with no evidence of heterogeneity are
indicated by short black lines. A caret at the tip of a line represents heterogeneity at that nucleotide position (two
peaks in the same sequence position). The percentage range (length and color code given in the box at the
bottom) indicates the proportion of the mutant in the chromatogram sequence, estimated by triangulation, as
explained in Materials and Methods. The total number of heterogeneity points per genome is indicated in the circle
at the right of each genome. (B) Examples of nucleotide positions (shown at the top) where heterogeneities have
been found. For simplicity, below each panel, the nucleotides are written in lowercase letters; heterogeneities are
depicted by two nucleotides separated by a slash. Frequencies (percentage) are written next to the relevant peaks.
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increase in the number of heterogeneous sites at the nonstructural protein-coding
region upon evolution of HCV p100 to HCV p200 was also significant (P = 0.017;
proportion test). Thus, multiple dominant or nearly dominant individual mutations
were present in HCV p100 but not in HCV p0, and the number increased 3.6-fold from
HCV p100 to HCV p200.

To examine the stability of genome sites displaying heterogeneity, the complete
consensus nucleotide sequence of HCV p0, p4; HCV p100, p4; and HCV p200, p4 was
determined by Sanger sequencing. The results show that 0%, 61%, and 72% of the
heterogeneous genomic sites present in the parental HCV p0, HCV p100, and HCV p200
populations, respectively, were maintained after the four passages. In addition, there
were sites at which the heterogeneity was lost (100%, 18.4%, and 17.8%, respectively)
or gained (0%, 20.4%, and 10.1%, respectively) (Fig. S4 [http://babia.com.uam.es/
~lab121/SupplMatGallego3]). Therefore, despite dynamics of altered mutation domi-
nances, the prevalence of genome heterogeneity sites in high-fitness HCV was main-
tained upon further viral replication.

Sequence divergence among molecular clones. The increased genetic heteroge-
neity of high-fitness HCV anticipated a higher divergence among molecular clones
sampled from the corresponding populations. This prediction was confirmed by Sanger
sequencing of the NS5A-coding region of 27, 29, and 30 molecular clones from HCV p0,
HCV p100, and HCV p200, respectively. The percentage of NS5A sites without mutations
(counted relative to the consensus of HCV p0) was 98%, 94.3%, and 90.3% for HCV p0,
HCV p100, and HCV p200, respectively (Fig. S4 and Table S6 [http://babia.com.uam.es/
~lab121/SupplMatGallego3]); these differences are all highly significant (P = 4.1 X 10~7
for HCV p0 versus HCV p100; P < 2.2 X 10~ "6 for HCV p0 versus HCV p200; and P =
3.5 X 10~ for HCV p100 versus HCV p200; proportion test). The number of mutations
that are repeated in more than 50% of the clones, and that consequently are respon-
sible for a modification of the consensus sequence, amount to 0%, 7.6%, and 13.9% of
the sites with mutations in HCV p0, HCV p100, and HCV p200, respectively. The
divergence among clones from HCV p0 represented a minimal mutation frequency
(Mf i) Of 7.4 X 10=% substitutions per nucleotide (s/nt) and a maximum mutation
frequency (Mf,,,,) of 7.9 X 10~* s/nt; the corresponding values for HCV p100 were
Mf i, = 1.8 X 1073 s/nt, and Mf_,, = 5.0 X 1073 s/nt, and the values for HCV p200
were Mf,,,, = 2.8 X 1073 s/nt, and Mf_,, = 52 X 10732 s/nt. The increase reached
statistical significance (P = 5.2 X 10~ "2 and P < 2.2 X 106 for the increase of Mf,;,
and Mf, . between HCV p0 and HCV p200, respectively; proportion test).

Sequence divergence among biological clones. Genome heterogeneities quanti-
fied in consensus sequences or in molecular clones are not necessarily present in
infectious genomes. Defective genomes—defined as those that in isolation cannot
produce infectious progeny—are increasingly recognized as present in RNA virus
populations, including HCV, with multiple biological implications (34-36). To ascertain
that the mutant spectrum broadening affected viable HCV genomes, three biological
clones (BC1, BC2, and BC3) were isolated from each HCV p0 and HCV p200 population,
minimally amplified in Huh-7.5 cells (from the initial focus on the monolayer to about
14 £ 0.1 X 10% 50% tissue culture infective dose [TCIDs,] for the HCV p0 clones and
1.5 £ 1.5 X 107 TCID,, for the HCV p200 clones), and their complete genomic
nucleotide sequence was determined by RT-PCR amplification and Sanger sequenc-
ing (Fig. 4 and 5 and Table S7 and S8 at http://babia.com.uam.es/~lab121/
SupplMatGallego3).

Comparison of the number of mutations and their distribution among the three
biological clones derived from HCV p0 and the three clones derived from HCV p200
revealed significant differences. The total number of mutations (counted relative to the
genomic HCV sequence in plasmid Jc1FLAG2[p7-nsGluc2A] [26]) found in the three
biological clones from HCV p0 was 17; of those, 16 were not present in the parental HCV
pO population, some were unique to one clone, and others were shared by two clones
(Fig. 4). In contrast, the total number of mutations found in the HCV p200 biological

max
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FIG 4 Consensus genomic sequence of the HCV pO population and three biological clones isolated from the
population. (A) Schematic of the HCV genome divided into two parts, with the genome under study indicated on
the right (population is the uncloned HCV p0; BC1, BC2, and BC3 are three biological clones from HCV p0). A caret
at the tip of a line represents heterogeneity at that nucleotide position (two peaks in the same sequence position,
with the frequency range given in the bottom box). The NS3 mutation indicated by a vertical green line present
in BC1 and BC3 is the result of segregation of a nucleotide mixture in the uncloned population. Mutations in the
biological clones that were not detected in the corresponding parental population are indicated by vertical gray
lines below the genome. (B) Venn diagram of mutations (counted relative to the plasmid Jc1FLAG2[p7-nsGluc2A]
sequence) that are shared among the biological clones. (C) Diagram of mutations (counted relative to the
consensus sequence of HCV p0 population) that are shared among the biological clones. (D) Diagram indicating
new mutations (those that were not found in the parental HCV p0 population) that are shared among the biological
clones.
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FIG 5 Comparison of the consensus sequence of the HCV p200 population and three biological clones isolated
from the population. (A) Schematic of the HCV genome divided into two parts, with the genome under study
indicated on the right (population is the uncloned HCV p200; BC1, BC2, BC3 are three biological clones from HCV
p200). Mutations relative to the sequence of Jc1FLAG2(p7-nsGluc2A) are indicated by vertical black lines below the
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points of heterogeneity yield mutations in individual biological clones. (B) Venn diagram of mutations (counted
relative to the plasmid Jc1FLAG2[p7-nsGluc2A] sequence) that are shared among the biological clones. (C) Diagram
of mutations (counted relative to the consensus sequence of HCV p200 population) that are shared among the
biological clones. (D) Diagram indicating new mutations (those that were not found in the parental HCV p200
population) that are shared among the biological clones.
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clones reached 72, and of those, 50 were not present in the parental HCV p200
population, some were unique to one clone, and others were present in two or three
clones (Fig. 5). The eight mutations shared by the three biological clones from HCV
p200 participated in level L, mutational waves, with identical results in replicas (a), (b),
and (c). In addition, in replica (c), a mutation that fluctuated al level L, was present in
one of the biological clones from HCV p200 (see Fig. S2 and Table S3 and S8 the URL
mentioned above). Five and 28 points of heterogeneity present in HCV p100 and HCV
p200, respectively, contributed mutations that were fixed in the three biological clones
from HCV p200. As expected, the only heterogeneity found in the population of HCV
p0 was segregated in the biological clones from HCV pO0.

Mf .in and Mf, ..., calculated for the entire genome, were 6.1 X 10~* s/nt and 6.7 X
10~ s/nt, respectively, for clones derived from HCV p0, and 3.9 X 1073 s/nt and 9.4 X
1073 s/nt, respectively, for clones derived from HCV p200. These comparisons evidence
a broadening of the mutant spectrum among viable genomes. The Mf,,;, and Mf, ..
values for the NS5A-coding region were slightly larger for biological clones than for
molecular clones (Table S9 [http://babia.com.uam.es/~lab121/SupplMatGallego3]), in-
dicating that the mutant spectrum broadening in the evolution from HCV p0 to HCV
p200 involved viable genomes.

Phenotypic differences among populations and clones. HCV fitness is a deter-
minant of drug resistance (27, 28, 33). To explore if a phenotypic difference could be
identified among biological clones, the responses of molecular clones derived from
HCV p0, from HCV p100, and from HCV p200 to telaprevir, ribavirin, and sofosbuvir were
determined. Significant differences were quantified between some clones within a
population and between some populations and biological clones (Fig. 6). Examination
of amino acid substitutions in NS5B of HCV populations and biological clones (Table S4,
S7, and S8 [http://babia.com.uam.es/~lab121/SupplMatGallego3]) does not provide an
interpretation of differences in drug sensitivity; such differences might relate to
changes elsewhere in the genome or to fitness differences, as previously documented
for uncloned HCV populations (28, 29). The mutational dynamics of HCV and the
diversification of the mutant spectrum affected infectious viral genomes and entailed
at least a phenotypic variation.

DISCUSSION

Environmental modifications generally alter the composition of mutant spectra of
viral populations toward genomes that can improve survival in the new environment
(see references 6 to 8, 12, and 37 to 39, among other studies). Prolonged viral
replication in the same noncoevolving cellular environment, as is the case with our
experimental design with HCV, might have focused the mutant spectrum toward a
subset of viral genomes that best multiply in such a cellular environment as a result of
stabilizing selection (40, 41). However, the genomic analyses reported here, based on
standard molecular cloning and Sanger sequencing, as well as on deep sequencing,
denote an expanding mutant spectrum as the virus gained fitness, achieved through
continuous mutational waves. Mutant spectrum expansion was such that each of the
NS5A molecular clones analyzed from HCV p100 and HCV p200 exhibited a unique
constellation of mutations. A total of 508 different mutations have been scored in all
the analyses reported here, and we are currently analyzing their presence in HCV
genomic sequences compiled in data banks.

Neither mutational waves nor coexistence of alternative dominant mutations can be
attributed to defective genomes known to be present in HCV populations (35) because
genomic divergence affected biological clones similarly to molecular clones sampled
from the same populations. Our approach to analyzing molecular and biological clones
solved one of the deficiencies of deep sequencing when applied to bulk RNA isolated
from viral populations: the incapacity to distinguish mutations belonging to defective
genomes from those present in viable genomes. In addition, the analysis of biological
clones permitted the assignment of a constellation of mutations to the same HCV
genomic molecule. This partially solved the problem of mutation linkage that could not
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FIG 6 Response of biological clones to antiviral agents. The origin of the populations and biological clones is depicted in Fig. 1.
Infectious progeny production upon infection of Huh-7.5 reporter cells with HCV p0, HCV p100, HCV p200, or the three biological
clones derived from each population (indicated on the left of the panel groups, with symbols given at the top box) at an MOI of
0.03 TCIDsy/cell, in the absence of any drug (No drug) or the presence of 600 nM telaprevir (TPV), 100 uM ribavirin (Rib), or 800
nM sofosbuvir (SOF). The statistical significance of pairwise differences is given in the boxes below the corresponding virus
progeny production plots; they are based on the three progeny titer values using the ANOVA test (*, P < 0.05; ns, not significant).

Procedures for infection in the absence and presence of drugs are given in Materials and Methods.
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be established for other mutations that participated in mutational waves whose
quantification is based on short genomic reads. Noticeably, mutant spectrum expan-
sion is not the only possible outcome of RNA virus replication; a mutant spectrum
compression was previously observed in foot-and-mouth disease virus (FMDV) under
ribavirin treatment (42).

The diversifying selection of HCV in human hepatoma cells described here is
different from other types of positive selection such as stabilizing, directional, or
disruptive selection, previously described in general genetics (40, 41, 43). Two main
nonexclusive possibilities could explain the observed HCV diversification: (i) the Huh-7.5
cells may provide a nonevolving but heterogeneous environment, inherent to trans-
formed cells in culture (44-46), in such a way that the individual nonidentical cellular
environments may favor replication of different HCV variant sets; environmental het-
erogeneity in the cell culture could also arise from nutrient depletion, pH decrease,
waste product accumulation, or differences in the cell cycle stage of individuals cells;
and (ii) even if cellular heterogeneity were not relevant to HCV replication parameters,
the virus may be able to explore multiple mutational pathways to reach comparable
fitness levels in the Huh-7.5 environment. As the exploration of sequence space
increases with passage number, additional mutational pathways are open to scrutiny
for fitness gain. An increased choice of mutational pathways can have an effect akin to
relaxation of purifying selection. The possibility of a virus to follow multiple pathways
for fitness gain has been previously documented with other virus-host systems (47-49).
We favor a more important contribution of alternative mutational pathways [model (ii)]
than of cellular heterogeneity [model (i)] for the observed HCV diversification. The main
reason is that both mutational waves and points of genome heterogeneity were far
more prominent during the infections with HCV p100 and HCV p200 than with HCV pO0.
As yet another possibility, population bottlenecks may be also considered as promoters
of virus diversification. However, bottlenecks alone cannot explain mutational waves in
our experiments because bottleneck intensity did not increase from early to late
passages (see Materials and Methods). We cannot exclude participation of HCV recom-
bination in the observed wave dynamics, genome diversification, and fitness gain;
examination of the possible involvement of recombination would require comparative
analyses of longer sequence reads derived from the HCV populations at different
passages.

Retrospective examination of consensus genomic sequences of FMDV subjected to
240 serial passages in BHK-21 cells, which eventually resulted in FMDV genome
segmentation (50-52), revealed 0, 1, 11, and 9 genomic sites of heterogeneity (equiv-
alent to the double nucleotide peaks described here for HCV) at passages 0, 100, 200,
and 260, respectively (derived from the sequences published in reference 53). Thus,
there is evidence of broad diversification in a constant cellular environment at least for
another virus-host system.

Additional observations previously made with HCV are also consistent with mutant
spectrum broadening as a source of viral adaptability: (i) IFN-« resistance was associ-
ated with alternative mutations in different genomic regions (27); (ii) for IFN-free,
direct-acting antiviral (DAA) treatments, alternative combinations of mutations have
been attributed to resistance to the same inhibitor combination (19, 20, 54); (iii) there
is no evidence that long-term adaptation of HCV to a specific human liver decreases the
probability of reinfection of the grafted liver following liver transplantation (55); and (iv)
the potential phenotypic flexibility associated with sequence space exploration was
illustrated by the selection of HCV mutations that permitted viral replication in the
absence of the microRNA miR-122 (56). The different responses of some biological
clones to anti-HCV inhibitors described here adds to previously reported phenotypic
alterations (increased cytopathology, virion density, and capacity to shut off host cell
protein synthesis) that accompanied HCV adaptation to the Huh-7.5 cells (30).

In contrast to multiple pathways for fitness gain, other studies involving different
viruses have documented the acquisition of identical mutations during adaptive pro-
cesses in parallel viral lineages (57-65). Parallel genome modifications as a repeatable
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and predictable trait in viral evolution (66) appear contrary to the proposals of broadly
diversifying selection in a constant cellular environment reported here with HCV. To
reconcile the two groups of evidence, it should be considered that the nature of the
selective constraint and the population size of the virus that participates in the
response to the constraint may influence the number of alternative evolutionary
outcomes. Also, the nucleotide sequencing methodology at the time of some of the
early reported studies may have restrained the identification of possible nearly domi-
nant sequences in the relevant populations in the absence of clonal analyses.

According to our evidence and models, broad diversification should operate in
biological systems characterized by high effective population sizes and elevated mu-
tation rates, and it implies that environmental constancy does not impair prospects for
adaptation. Such requirements are not exclusive to viruses; they are, at least, also
fulfilled by cancer cells in large tumors (67), as well as in large microbial populations,
in particular by their mutator versions (68). For multicellular organisms with their usual
population sizes, low mutation rates, and characteristic functional constraints, broad
diversification is not attainable. The standard diversifying selection depicted as a single
fitness peak evolving toward two or a few peaks (42, 43) would be the counterpart for
differentiated organisms of the broadly diversifying selection characterized in our
study.

MATERIALS AND METHODS

Cells, viruses, and infections. The origin of Huh-7.5, Huh-7-Lunet, and Huh-7.5 reporter cell lines
and procedures for cell growth in Dulbecco’s modified Eagle’s medium (DMEM) have been previously
described (27, 69, 70); cells were cultured at 37°C and 5% CO,. Huh-7.5 cells were used for titration of
virus infectivity, while Huh-7.5 reporter cells were used for standard infections and serial passages of HCV.
Cells were periodically thawed from a large frozen stock and passaged a maximum of 30 times at a split
ratio of 1:3 before use in the experiments.

The initial HCV was rescued from plasmid Jc1FLAG2(p7-nsGluc2A) (a chimera of J6 and JFH-1 from
genotype 2a) and amplified to yield HCV p0 as described (26), and from plasmid GNNFLAG2(p7-
nsGluc2A), termed GNN (which carries a mutation in the NS5B RNA-dependent RNA polymerase that
renders the virus replication defective) (26). GNN was used as a negative infection control. HCV p100 and
HCV p200 resulted from population HCV p0 passaged 100 and 200 times, respectively, in Huh-7.5
reporter cells, as described (28, 30). To control for the absence of contamination, the supernatants of
mock-infected cells, which were maintained in parallel with the infected cultures, were titrated; no
infectivity in the mock-infected or GNN-infected cultures was detected in any of the experiments.

Biological clones were isolated from HCV populations by limiting dilution followed by growth in Huh
7.5 cells. Briefly, HCV p0, HCV p100, and HCV p200 populations were treated with sodium deoxycholate
(0.01%) for 10 min at room temperature to minimize particle aggregation (71). Dilutions (10-3 to 10~7)
were used to infect Huh-7.5 cells in 96-well plates; at 72 h postinfection, supernatants were collected, and
the infected cells were visualized by immunostaining with an anti-NS5A antibody (9E10) (22). Viruses
collected from wells containing a single infected cell focus were passaged twice on fresh Huh-7.5 cells,
yielding clonal populations; each clonal preparation was then subjected to another round of mild
detergent treatment and limiting dilution as above to maximize clonality, yielding infectious virus stocks
with titers of about 10° to 10¢ TCID,,/ml. These clonal preparations were amplified to a total of about
1 X 10% to 1 X 107 TCID,, for genotypic and phenotypic (drug resistance) analyses.

For titration of infectious HCV, cell culture supernatants were serially diluted and applied to Huh-7.5
cells that had been seeded in 96-well plates at 6,400 cells/well 16 h earlier. Three days postinfection, cells
were washed with phosphate-buffered saline (PBS), fixed with ice-cold methanol, and stained to detect
NS5A using an anti-NS5A monoclonal antibody 9E10, as described previously (22, 27). Virus titers are
expressed as TCID;,/ml (72).

Serial passage of HCV. Serial passages of HCV pO were carried out as previously described (27).
Briefly, 4 X 10° Huh-7.5 reporter cells were infected with HCV p0 at a multiplicity of infection (MOI) of
0.03 TCID,/cell; after a virus adsorption period of 5 h at 37°C, the inoculum was removed, and 2 ml of
medium was added to the cell monolayer. The infected cells were further incubated at 37°C for 72 h or
96 h; for each subsequent passage, 4 X 10°> Huh-7.5 reporter cells were infected as indicated above using
0.5 ml of cell culture supernatant from the previous passage.

RNA extraction, cDNA synthesis, and PCR amplification. Intracellular viral RNA was extracted from
infected cells using the Qiagen RNeasy kit according to the manufacturer’s instructions (Qiagen, Valencia,
CA, USA). RT-PCR amplification was carried out using AccuScript (Agilent), as specified by the manufac-
turer. Amplification products were analyzed by agarose gel electrophoresis, using Gene Ruler 1 KB Plus
DNA Ladder (Thermo Scientific) as a molar mass standard. Negative controls without template RNA were
included to ascertain the absence of contaminating templates. Oligonucleotide primers used in the
present study are listed in Table S10 (http://babia.com.uam.es/~lab121/SupplMatGallego3).

Sanger sequencing and determination of genomic sites with mixed nucleotides. Amplified DNA
was sequenced using the 23 ABI 3730 XLS sequencer (Macrogen, Inc.). The oligonucleotide primers used
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for nucleotide sequencing are listed in Table S10 (http://babia.com.uam.es/~lab121/SupplMatGallego3).
The proportion of a mutant nucleotide at a given genomic position was calculated by triangulation and
approximation to the triangle height (73).

Deep sequencing and mutational waves. For lllumina deep sequencing, PCR products were
purified (QIAquick gel extraction kit; Qiagen), quantified (Qubit dsDNA assay kit; Thermo Fisher Scientific),
and tested for quality (Bioanalyzer DNA 1000 LabChip; Agilent). Three amplicons of NS5B spanning
genomic residues 7626 to 7962, 7941 to 8257, and 8229 to 8653 were analyzed from intracellular viral
RNA using the lllumina MiSeq platform, with the 2 X 300-bp mode with v3 chemistry; the fastq files were
processed as previously described (74-76) to obtain the forward and reverse consensus haplotypes with
abundances at or above 0.1% and median coverage of 99,694 reads per amplicon. Procedures for read
cleaning, as well as controls for reliable mutant detection, and to ensure that two different amplifications
of the same sample yield comparable read compositions, have been described (74, 76-78). The cutoff
value for mutant detection was set at 0.5%, and only mutations found in two DNA strands were
considered. The resulting median coverage was of 89,398 reads per amplicon.

Quantification of HCV RNA by real-time RT-PCR. Prior to any amplification, viral RNA was
quantified by real-time quantitative RT-PCR (qRT-PCR) using the Light Cycler RNA Master SYBR green |
kit (Roche) (27). The 5" untranslated region (UTR) of the HCV genome was amplified using as prim-
ers oligonucleotides HCV-5UTR-F2 and HCV-5UTR-R2 (Table S10 [http://babia.com.uam.es/~lab121/
SupplMatGallego3]). Quantification was relative to a standard curve obtained with known amounts of
HCV RNA synthesized by in vitro transcription of plasmid GNNFLAG2(p7-nsGluc2A) (26). The specificity of
the reaction was monitored by the denaturation curve of the amplified DNAs. Negative controls (without
template RNA, and using RNA from mock-infected cells) were run in parallel with each amplification
reaction to ascertain the absence of contamination with undesired templates.

Phenotypic assays. Drug resistance assays with populations and biological clones were carried out
as previously described (27, 28).

Statistical analyses. The statistical methods to quantify the significances of differences in RNA or
infectivity values have been described (30, 79). In brief, to determine the statistical significance of
differences in infectivity and RNA, two-way analysis of variance (ANOVA) was carried out using Prism 7
software (GraphPad). The statistical significance of differences between mutation frequencies or muta-
tion types was evaluated by the proportion test. The statistical significance of differences in wave
amplitude was evaluated by the t test.

Data availability. The consensus genomic nucleotide sequences of HCV p0, HCV p100, and HCV
p200 have been deposited in GenBank with accession numbers KC595606, KC595609, and KY123743. The
lllumina data have been deposited in the NCBI BioSample database under accession numbers
SAMN13531332 to SAMN13531367 (BioProject accession number PRINA593382).
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