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Single-cell genomics is emerging as an important tool in cellular biology. We describe for the first time a system to investigate
RNA virus quasispecies diversity at the cellular level utilizing hepatitis C virus (HCV) replicons. A high-fidelity nested reverse
transcription (RT)-PCR assay was developed, and validation using control transcripts of known copy number indicated a detec-
tion limit of 3 copies of viral RNA/reaction. This system was used to determine the cellular diversity of subgenomic JFH-1 HCV
replicons constitutively expressed in Huh7 cells. Each cell contained a unique quasispecies that was much less diverse than the
quasispecies of the bulk cell population from which the single cells were derived, suggesting the occurrence of independent evo-
lution at the cellular level. An assessment of the replicative fitness of the predominant single-cell quasispecies variants indicated
a modest reduction in fitness compared to the wild type. Real-time RT-PCR methods capable of determining single-cell viral
loads were developed and indicated an average of 113 copies of replicon RNA per cell, correlating with calculated RNA copy
numbers in the bulk cell population. This study introduces a single-cell RNA viral-sequencing method with numerous potential
applications to explore host-virus interactions during infection. HCV quasispecies diversity varied greatly between cells in vitro,
suggesting different within-cell evolutionary pathways. Such divergent trajectories in vivo could have implications for the evolu-
tion and establishment of antiviral-resistant variants and host immune escape mutants.

More than 170 million people worldwide are chronically in-
fected with hepatitis C virus (HCV) and at risk of developing

liver disease (1). The virus has a long, relatively asymptomatic
period of infection, following which a proportion of patients
develop sequelae, including chronic liver disease, cirrhosis, and
hepatocellular carcinoma (2). Whereas the incidence of newly ac-
quired HCV infection is decreasing (3), the mortality rate associ-
ated with HCV secondary liver disease is growing rapidly (4).
There is no vaccine against HCV, and the current standard-of-
care therapy (pegylated alpha interferon and ribavirin) is effective
in only approximately 40 to 50% of cases (5–7). The recent intro-
duction of two protease inhibitors, telaprevir and boceprevir, can
improve the rates of sustained viral response (SVR) to drug ther-
apy by a further 20 to 30% (6, 7), but the development of resis-
tance to these and other HCV-specific direct-acting antivirals re-
quires only a single-nucleotide polymorphism within the viral
genome (8).

HCV is an enveloped positive-strand RNA virus that replicates
via a negative-strand intermediate. The viral genome, which is
9,600 nucleotides in length and includes flanking, short untrans-
lated regions, encodes a polyprotein that is posttranslationally
cleaved to form 10 proteins. The error-prone nature of the RNA-
dependent RNA polymerase (RdRP) combined with short gener-
ation times and a large population size leads to extensive genetic
and antigenic heterogeneity within the viral population. The co-
existence of this complex group of closely related genomes, known
as a quasispecies, allows rapid adaptation in response to environ-
mental perturbations. Disease progression, viral persistence, and
treatment response are all influenced by HCV quasispecies hetero-
geneity (9). Studies have shown that HCV compartmentalizes
within the host, with quasispecies compositions differing between
different organs (10, 11). The primary target of HCV is the liver,
where it forms distinct foci of infection (12), but it also infects
extrahepatic sites, including the brain (10, 11).

While diverse sequences are detected within mixed cell popu-

lations in an organ, ultimately, maintenance of the quasispecies
pool requires persistence at the single-cell level. In an era of in-
creasing molecular precision, single-cell analysis is an emerging
technique for investigating cell heterogeneity (13, 14). This tech-
nique, however, has been used in only a limited number of studies
investigating viral diversity to date. An early study examined the
sequence diversity of HIV DNA amplified from single splenocytes
containing 3 or 4 proviruses (15). More recently, similar studies
have quantified and explored the genetic relationship of HIV-1
provirus DNA in infected CD4� T cells (16) and unintegrated
HIV-1 DNA molecules in the nuclei of spleen cells (17). The first
application of single-cell quantitative-PCR (qPCR) methods to
viruses was to determine the DNA copy number and cellular dis-
tribution of latent herpes simplex virus 1 and varicella-zoster virus
in human trigeminal ganglia (18). Since that time, a few research
groups have quantified an assortment of viruses in single cells,
including foot and mouth disease virus (19, 20), cauliflower mo-
saic virus (21, 22), and influenza A virus (23). From a cellular
perspective, a recent study has investigated alterations in innate
immune defense protein expression in individual murine small
intestine cells infected by rotavirus (24). To the best of our knowl-
edge, no studies have previously examined RNA viral quasispecies
diversity and evolution at the single-cell level.

Here, we establish single-cell analysis of viral RNA sequence
diversity by utilizing a model system for HCV replication. Our
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findings reveal that compartmentalization of HCV in vitro occurs
at the cellular level.

MATERIALS AND METHODS
Isolation of individual Huh7 cells. Huh7 cells from the cell line 2/1 (25)
constitutively expressing the subgenomic replicon (SGR) construct of the
JFH-1 genotype (gt) 2a strain (26) were used in this study. This replicon
contains a neomycin resistance gene, and addition of neomycin to the
culture medium ensures that only cells containing replicons can persist
within the culture. A single confluent flask (80 cm2) of cells at passage 15
was trypsinized after 6 days of culture, and an aliquot of cells was diluted
to yield approximately 1 cell per 100 �l. The diluted sample was pipetted
into a 96-well plate (100 �l/well), and wells containing nonclumping sin-
gle cells were identified by light microscopy. The contents of 2 wells with-
out any cells were used as negative controls; as expected, no amplification
products were observed from these samples. The undiluted cells were
retained and constituted the total cell (TC) population.

RNA extraction and nested RT-PCR. RNA was extracted from the TC
population (QIAamp Viral RNA Mini Kit; Qiagen) or individual cells
(RNeasy Micro Kit; Qiagen). Nested RT-PCR (nRT-PCR) was performed
using the SuperScript III One-Step RT-PCR high-fidelity system (Invitro-
gen) and a KOD hot-start kit (Novagen) sequentially according to the
manufacturers’ instructions but in a total reaction volume of 20 �l and
with an annealing temperature of 55°C. Following completion of the first-
round PCR, 1 �l of the reaction mixture was used as a template in the
second-round PCR. NS5B JFH-1-specific primers (see Table S1 in the
supplemental material) demarcating a 708-bp product were used in this
study. This region was selected for analysis because it is the most diverse
region within the JFH-1 SGR that does not contain structural genes, in-
cluding the hypervariable region of the E2 gene. The proofreading en-
zymes required for high-fidelity amplification generally result in reduced
reaction sensitivity; however, their use in this study was essential to dis-
criminate between highly similar sequences. The consensus sequence of
the TC population was obtained by direct sequencing of the PCR product.

Determination of quasispecies composition. NS5B amplicons were
ligated into pJET1.2/blunt cloning vectors (CloneJet PCR cloning kit; Fer-
mentas) and cloned into competent cells. Plasmids from randomly se-
lected clones were isolated (QIAprep spin miniprep kit; Qiagen), and the
inserts were directly sequenced using the inner antisense primer. To mon-
itor the fidelity of the nRT-PCR procedure, products amplified directly
from an aliquot of the JFH-1 transcripts were cloned and sequenced in a
similar manner. Potential PCR bias due to low template concentrations
was assessed by RT-PCR; cloning of the TC population RNA diluted to
320, 160, 80, 40, and 20 copies/reaction; and determining the quasispecies
composition. In total, 525 clones were sequenced: 20 clones derived from
each of the 16 single cells (SC), 80 clones from the TC population, 25
clones from the fidelity control, and 20 clones from each of the five dilu-
tions to assess the effect of low template concentrations. The sequences
were aligned in SSE version 1.0 (27), and bootstrapped maximum-likeli-
hood trees were generated in MEGA5 (28). Diversity was assessed by the
Shannon index and measurements of within-group genetic distances
(28). The compositions of the TC and SC replicon populations were ex-
amined by median-joining network analysis using Network 4.6.1.0 (29).

Preparation of control transcripts and PCR validation. Control
transcripts were prepared from a plasmid encoding the subgenomic rep-
licon (pSGR) JFH-1 and containing a neomycin resistance gene (pSGR-
JFH1-Neo) (26). Stock controls were generated by transforming the plas-
mids into Escherichia coli competent cells (NEB), overnight growth, and
plasmid preparation (PureLink HiPure Plasmid Filter Midiprep Kit; In-
vitrogen). The isolated plasmid was linearized, blunt ended, purified, and
used as a template for in vitro RNA transcription (T7 RiboMAX Express
Large Scale RNA Production System; Promega). RNA transcripts were
treated with DNase I (Invitrogen) and purified (RNeasy minikit; Qiagen),
and the integrity of the resulting RNA was assessed by agarose gel electro-
phoresis. The RNA concentration was determined using a Nanodrop

spectrophotometer and converted to genome copies per �l as described
previously (30), and 10-fold dilutions were prepared (31). The sensitivity
of the RT-PCR was assessed by performing eight parallel amplifications of
suitable transcript dilutions and subsequent probit analysis (31).

Real-time RT-PCR. Real-time (q)RT-PCR was performed essentially
as previously described (32) with pan-HCV primers and a probe targeting
a conserved region within the 5= untranslated region (UTR). The ampli-
fication efficiency of the qRT-PCR assay was determined by utilizing 10-
fold dilutions of control transcripts (104 to 101 copies/�l RNA) on three
separate occasions. Six of the SC viral populations were quantified and
compared to the viral loads calculated from dilutions of the TC popula-
tion.

Variant fitness assays. Site-directed mutagenesis (Quikchange light-
ning kit; Agilent) was used to introduce mutations into pSGR-Luc-JFH-1
(26), which was identical to the replicons described above for quasispecies
analysis but contained a luciferase gene in place of the neomycin resis-
tance gene. Plasmids were generated and transcribed into RNA as de-
scribed above for controls, and the resulting replicons were electroporated
into Huh7 cells to assess the fitness of three of the major SC variants
(V421A, Q436R, and Q441R) compared to the wild type (wt) in transient
luciferase assays (26). The luciferase activity in cell lysates was determined
after 4, 24, 48, 72, and 96 h using the luciferase assay system (Promega)
according to the manufacturer’s instructions. qRT-PCR was subsequently
performed on RNA extracted from cell lysates sampled at each time point
in the luciferase assays as described above. Statistical analysis was per-
formed using analysis of variance (ANOVA) for the 48-h to 96-h period.

RESULTS
Sensitivity, fidelity, and PCR bias of nRT-PCR. First, the sensi-
tivity of high-fidelity nRT-PCR amplification with primers spe-
cific for HCV NS5B sequences from strain JFH-1 was tested using
a dilution series of in vitro-synthesized viral transcripts around the
assay endpoint (see Table S2 in the supplemental material). The
results indicated a 90% detection frequency of 3 copies/reaction
(95% confidence interval [CI95], 1 to 13 copies). The system’s
fidelity was determined by sequencing clones of amplified viral
transcripts diluted to 80 copies per reaction; 96% (24/25 clones)
were wt. Unlike the clones derived from the cell population in this
study, the fidelity control clones were subjected to the potential
effect of T7 transcription-induced nucleotide misincorporation
events, and therefore, the 96% fidelity rate represents the mini-
mum fidelity of the system. As 20 clones/cell of the SC population
were sequenced, there is a low probability that any of these clones
contained amplification- or sequencing-induced nucleotide mis-
incorporation errors, whereas the TC population (80 clones se-
quenced) likely contains errors in �3 clones. Genetic diversity
within a quasispecies can be underestimated in populations with a
low number of target molecules through the occurrence of resam-
pling during amplification (32). To assess this effect, we se-
quenced 20 cloned amplicons generated from each of five dilu-
tions of the TC population RNA and assessed the diversity of the
populations by within-group p-distances and the Shannon index
(Fig. 1). A reduction in diversity by both measures was observed at
20 TC RNA copies per reaction, which was consistent with a “jack-
pot” effect. This effect was not detected at less dilute RNA concen-
trations, including copy numbers analogous to those observed in
single cells (84 to 160 RNA copies per reaction).

Quantification of SC and TC populations. The viral-RNA
abundance within individual cells was determined and, in concert
with the sensitivity of the nRT-PCR obtained from the assay vali-
dation, was used to determine the appropriate number of clones
to sequence. The real-time (q)PCR method (33) was first validated
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using the transcript controls; the mean calculated amplification
efficiency of the control dilution series was 101% (range, 91 to
116%), and the correlation coefficient was �0.99 (data not
shown). Using this validated assay, the RNA copy number of a
proportion of the SCs was determined (Fig. 2), and the results
revealed an average viral-RNA copy number per cell of 113 (range,
84 to 160). As the viral load in the individual cells was lower than
expected, the TC population was quantified using a range of dilu-
tions (Fig. 2). The average copy number of viral RNA calculated
per cell was 111 (range, 79 to 133); therefore, there was no differ-
ence in the HCV RNA levels between the TC and SC populations.
In correlation with these results, a previous study (34) ascertained
that there were approximately 100 copies of JFH-1 replicons per
Huh7 cell in cultures maintained for more than 7 days. As the 90%
detection frequency of the nRT-PCR was 3 copies/cell and the
CI95-calculated minimum copy number for five SC populations
was 72 to 118, it was decided to sequence 20 clones/cell. This
allowed adequate exploration of diversity within cells containing
�60 viral copies. For one of the cells quantified, SC11, large stan-
dard errors were obtained due to inconsistent results between rep-
licate assays, and as a result, a CI95 minimum copy number of 25
was obtained. The possibility that this population was subjected to
PCR bias cannot be excluded, and this might explain why only this
cell population contained codominant sequences (V421A and the
wt). Alternatively, prior to the evaluation that this particular ali-
quot contained a single cell, the viral contents of another cell may
have been released due to cell death and unknowingly included in
the analysis. Other explanations include active adaptation to an
environmental change occurring at the time of sampling or a cel-
lular environment requiring both the wt and the V421A variant
for maximum fitness.

Quasispecies diversity. We hypothesized that HCV evolves
independently within individual cells. To test this, the existence of
quasispecies in 16 Huh7 cells harboring the JFH-1 subgenomic
replicon was determined, and the diversity was compared to that
of the TC population from which they were derived. For the 16
isolated cells, there was considerable intercell diversity in viral
sequences (Fig. 3A). Four single cells (SC8, SC13, SC15, and SC16)
were composed entirely of wt sequences. The wt predominated in
SC1, SC2, and SC18 (90%), SC3 (95%), and SC12 (65%), but
these cells also contained other variants as minor components of

the viral population. SC2 contained two variants with a double
amino acid insertion (PR) between positions 255 and 256, and one
of these variants also contained a single amino acid deletion (L) at
position 256. The variant V421A was the prevailing sequence for
SC5 (80%), SC6 (85%), and SC10 (80%), whereas SC11 consisted
of 45% V421A, 35% wt, and 20% with a synonymous mutation at
position 376 (syn376). Other dominant variants were Q436R
(SC14; 85%), T287A and syn272 (SC20; 90%), and Q441R (SC19;
90%); the last cell was the only one that did not contain any wt
clones.

The predominant sequence of the TC population was the wt
(32.5%) (Fig. 3B). This low frequency, however, did not alter the
consensus sequence of the TC population (data not shown). Indi-
vidually, the V421A mutation constituted 10% of the TC popula-
tion, but the variant appeared to form a subpopulation that, with
the additional mutations, comprised 16.2% of the complete TC
population. There were two other major variants in the TC pop-
ulation: T287A and syn272 (8.8%) and Q436R (6.2%). All indi-
vidual mutations were present at a frequency of �10% within the
population, explaining why the consensus sequence is wt despite
the low frequency of the wt within the quasispecies.

Overall, there were 48 sequence types from 400 clones, com-
prising 21 sequence types from 320 SC population clones (6.5%)
and 32 sequence types from 80 TC population clones (40%). The
complete list of variants is shown in Table S3 in the supplemental
material. The positioning of the mutations along the NS5B frag-
ment in the TC and SC populations followed similar distribution
patterns (Fig. 3C), with a higher proportion of mutations ob-
served at the 3= end of the fragment, in the thumb region of the
polymerase. From the 236-amino-acid (aa) region analyzed, there
were 61 mutations in 53 positions; in the TC population, this
constituted 24 nonsynonymous (NS) mutations and 16 synony-

FIG 1 Measures of population diversity for SC and TC populations. The
Shannon index is shown on the primary y axis, and the within-group p-dis-
tance is shown on the secondary y axis. The diversity of the SC and TC popu-
lations is shown, including that of the TC population diluted to 20, 40, 80, 160,
and 320 copies per reaction (T20, T40, T80, T160, and T320, respectively).

FIG 2 Replicon copy numbers per cell for the SC and TC populations, as
determined by qRT-PCR. The number of copies/cell for the TC population
was calculated from the dilutions shown on the x axis. The error bars show the
standard deviations of three replicates. The copy numbers calculated from
95% confidence intervals are shown above the graph, with shading to indicate
the relevant SC populations.
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FIG 3 Median-joining networks analyzed using Network 4.6.1.0 (18) for partial NS5B products of JFH-1 replicon TC (A) and SC (B) populations. The circle size is
proportional to the number of clones analyzed. The depiction of the TC population network represents only one potential version of the connectivity within the system;
several interpretations of the positioning of the variants containing the mutation H254R can be posited, and similarly for mutants expressing the synonymous
substitution at position 272. (C) Positions of mutations within the 236-aa genome fragment of NS5B analyzed in this study occurring in the TC and SC populations.
Nonsynonymous mutations are shown in gray, synonymous substitutions in black, and positions with both types of substitution in black and gray.
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mous mutations from 38 positions (Fig. 3C), whereas there were
19 NS and 9 synonymous mutations in the SC population at 26
different positions (Fig. 3C). Synonymous substitutions occurred
alone in only 13 clones analyzed (3.2%) but in 51 sequences
(12.8%) in conjunction with NS substitutions. The wt was the
most frequent type in both the SC populations (58.1%) and the TC
population (32.5%). Variants present in greater than 5% of the SC
populations were V421A (18.1%), T287A and syn272 (5.9%),
Q441R (5.6%), and Q436R (5.3%), and for the TC population,
V421A (10%), T287A and syn272 (8.8%), and Q436R (6.2%).
Discrepancies between the percentages of sequence types in the SC
populations and the TC population would be expected to decrease
with increased SC sampling.

The variant T287A was always associated with the synonymous
nucleotide substitution (A to G) at position 272 (27/27 se-
quences), either singly (24 sequences) or with other substitutions
(one sequence with Y346C, one with M343T, and one with
V421A, F430S, syn448). The syn272 mutation was also associated
with other variants (T232S plus syn350, A252T, A252T plus
H254R, D332G, and Q436R) and was observed as a single muta-
tion in two clones of the TC population. Synonymous substitu-
tions allow the exploration of genotypic space without amino acid
changes, and this aspect of the syn272 substitution was investi-
gated. Allowing one nucleotide change in either the first or second
codon position of the syn272 mutation (CAG) and the wt (CAA)
results in the same amino acids (P, R, L, K, E, and a stop codon).
Using the same criteria with the codons CAC/T at position 272,
which were not identified in the SC or TC quasispecies, leads to the
amino acids P, R, L, N, D, and Y, changing 50% of the potential
amino acid availability compared to the wt.

The diversity of the SC and TC viral populations was assessed
by within-group p-distances and the Shannon index (Fig. 1). The
viral diversity was substantially less in individual cells than in the
TC population by both measures. A maximum of four unique
sequences was found in any individual cell, whereas the TC pop-
ulation contained 32 different sequences.

Replicative fitness of variants. Prior to the production of the
variants used in this assay, the genetic background of the variants
was assessed by determining the consensus sequence of the entire
NS5B region of the TC population. Previously reported dominant
NS5B mutations (25) sited outside the genome region analyzed in
this study were absent (data not shown). To further assess repli-
cation fitness, three dominant SC variants (V421A, Q436R, and
Q441R) were compared to the wt replicon by transient-replica-
tion assays (Fig. 4). Mutations were inserted into the subgenomic
replicon containing a luciferase reporter using site-directed mu-
tagenesis, and replication was assessed by luciferase production
and qRT-PCR. Consensus sequencing of each variant at all time
points showed that the mutations were maintained throughout
the assay and that no other mutations within the NS5B fragment
emerged (data not shown). RNA synthesis peaked at 48 h (Fig. 4).
The wt subgenomic replicon displayed the greatest fitness, fol-
lowed by variants Q436R, Q441R, and V421A in descending order
of fitness in both the luciferase and qPCR assays; however, no
statistical differences were detected for the luciferase assay. Statis-
tical analysis of the data generated from the qPCR assay at the 48-,
72-, and 96-h time points showed that although no difference was
detected between the wt and the Q436R variant, the wt was fitter
than the V421A variant (P � 0.005) and the Q441R variant (P �
0.079) at the 10% level.

DISCUSSION

We report the establishment of a system for high-fidelity amplifi-
cation of viral RNA genomes and use this method to analyze qua-
sispecies diversity in individual cells. Consistent with our hypoth-
esis, HCV quasispecies compositions differed extensively between
cells, indicating cellular compartmentalization of replicon HCV
RNA with distinct sequences. It is likely that cells effectively form
discrete compartments in which viruses may evolve indepen-
dently. As Huh7 cells are known to be highly heterogeneous (25),
the cellular quasispecies composition probably reflects individual
cell environments.

The wt was the most prevalent sequence identified in both the
TC and SC populations. In addition, 3 major variants (�5% fre-
quency within the quasispecies) were determined from the SC and
TC populations (V421A, Q436R, and T287A plus syn272); the
major SC variant of one cell, Q441R, was only a minor variant in
the TC population (2.5%). Of all the major variants identified in
the current study, only V421A has been previously detected. This
variant was noted in HCV gt 2a clinical samples (35), other un-
published gt 2a sequences, and non-gt 2a sequences, including the
reference gt 1a strain H77. The HCV gt 2a J6 replicon (36) also
contains V421A, but as this variant occurs in the original patient-
derived sample HC-J6 (37) from which the J6 replicon was devel-
oped, it is unlikely to be a cell culture adaptation. Minor variants

FIG 4 Replication of the wt and variants Q441R, Q436R, and V421A as mea-
sured by transient luciferase assay (A) or qRT-PCR (B). The y axes show the
percent change in relative light units (A) and the percent increase in RNA copy
number (B). Both data sets are normalized to 100 at the 4-h time point values.
The actual copy numbers ranged from 2.8 � 105 to 2.7 � 106 copies/�l of RNA
(wt), 2.6 � 105 to 2.2 � 106 copies/�l of RNA (Q436R), 1.6 � 105 to 1.3 � 106

copies/�l of RNA (Q441R), and 3.3 � 105 to 2.0 � 106 copies/�l of RNA
(V421A). The error bars indicate standard deviations of the means.
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found in the current study have been reported in the literature,
including Y452H, associated with resistance to a nonnucleoside
inhibitor (38).

This study identified insertions in two sequences from the qua-
sispecies of a single cell (SC2). Insertions in the NS5B region of
HCV have not previously been reported in the literature, although
insertions in the 5= UTR (39), NS5A (30), and E2 (40) genome
regions are known to occur at low frequency, with the last insert
being correlated with HCV-associated cryoglobulinemia (41).
The possible role played by the NS5B insertions observed in this
study has yet to be determined.

The prevalence of a sequence within a quasispecies is known to
reflect its relative fitness (9). Accordingly, in the current study, the
wt was the most frequently encountered sequence and displayed
the greatest replicative fitness among the quasispecies. Despite
being the most frequently encountered variant within both the SC
and TC populations, V421A displayed the least replicative fitness
of the variants analyzed. Epistatic mutations occurring outside the
amplified region may have compensated for the apparently lower
replication efficiency of this variant. Alternatively, the predomi-
nant variants may be specifically adapted to minority cell types
within the heterogeneous Huh7 population, and achieving maxi-
mum replicative fitness for each of these variants would require
clonal selection of the specific cell type. Although perhaps requir-
ing a longer time to allow clonal selection, it would be expected
that the variant copy number would eventually match that of the
wt. This does not occur, perhaps because the growth rate of Huh7
cells in culture appears to decrease after approximately 48 to 72 h
(data not shown). It is possible that there is selective pressure for
reduced replication efficiency, as strong replication of JFH-1 is
associated with cytostatic effects. It should be noted that, as the
viral loads for the SC populations were determined from a con-
tinuous-culture system and replicative fitness was assessed using a
transient-replication assay, no direct correlations can be made
between the SC viral load and the fitness of the dominant variant
within each SC population. It might be preferable to assess variant
fitness in an assay designed to support persistent replication, such
as a colony formation assay; however, as there is very little differ-
ence between the replicative capacities of the wild type and vari-
ants in the transient system, it is unlikely that such insignificant
differences in replicative capacity would be observable in a colony
formation assay.

Synonymous substitutions mainly occurred in parallel with NS
substitutions, suggesting a compensatory role, although this was
not tested directly. This may be the case with the synonymous
transitional substitution at position 272 (an A-to-G nucleotide
change), which was particularly, although not exclusively, associ-
ated with the T287A mutation. Synonymous substitutions are as-
sociated with robustness within a quasispecies, allowing explora-
tion of sequence space without phenotypical changes and
increasing the potential for rapid adaptation (42). The silent sub-
stitution at position 272 did not alter the single-step mutational
availability of amino acids compared to the wt. The transitional
substitution represented by this mutation is more commonly ob-
served in genomes than the greater structural changes imposed by
transversions, perhaps explaining why the codon CAY is not ob-
served in this position but not why the syn272 substitution occurs
preferentially to the wt. An additional role of synonymous substi-
tutions is to increase RNA secondary-structure stability, and per-
haps the syn272 substitution plays a compensatory role in RNA

folding affected by other mutations. As syn272, with its A-to-G
nucleotide substitution, was associated predominantly with NS
mutations that were also A-to-G substitutions (data not shown), it
is unlikely to provide folding compensation within the sequenced
region but may be associated with long-range interactions.

HCV replication within infected cells occurs in membranous
webs (43) and replication complexes (RCs) (25), specialized struc-
tures created through the reorganization of cellular membranes
induced by the NS4B protein (44). RCs contain a negative-strand
RNA template of the genome that, through the action of the HCV
replicase proteins, produces the positive-strand progeny (45).
Like other members of the family Flaviviridae, HCV is thought to
utilize a stamping mechanism of replication where all progeny are
generated from the negative-strand template (46). Speculatively,
the dominant sequence within each cell population could repre-
sent the faithful copy of the template, whereas the minor variants
may be the consequence of random mutagenesis caused by the
error-prone RdRP. The existence of these low-level variants is
probably transient. In this proposed model, without evolutionary
pressure for further adaptation, the predominant sequence in
each cell would remain constant but the stochastic nature of the
production of the low-level variants would ensure they differed
over time. An error-induced variant would become fixed within
the population only if it conferred a replicative advantage (Fig. 5).
Fixation would first require production of the negative-strand in-
termediate variant and translation of the replicase proteins con-
taining the mutation from the variant genome, followed by coas-
sembly within an RC. If the variant conferred a replicative
advantage, more genome copies of the variant than of the wt
would be produced, leading to ever-increasing numbers of variant
replicase-template assemblies and eventual dominance of the
variant within the cell population. Bottlenecks may also play a role
in determining variant fixation through unequal partitioning of
RCs during cell division, resulting in daughter cells receiving only
a proportion of the RNA.

Huh7 cells are highly heterogeneous (25), including expression
levels of antiviral proteins (47). The results suggest that the
between-cell quasispecies variability is likely a consequence of ad-
aptation to these individual cell environments. Replicons lack the
structural genes required for productive virus construction, and
therefore, this model is a closed system at the cellular level as
regards viral spread, suggesting separate intracellular evolutionary
pathways. There is some evidence that a similarly closed system
operates within the HCV-infected liver. Spatial HCV distribution
within the liver is known to be focal (12), and local viral transfer is
thought to occur through division of infected cells or cell-to-cell
spread (48). Additionally, superinfection exclusion has been
shown to prevent viral infection of already-infected cells (49),
probably through strain competition at a postentry step (50). It is
possible that HCV infection of the liver is a closed system at the
focal level, similar to the cellular closed systems in cell culture, and
thus, the latter system may provide a good model for examining
HCV evolution in the liver. Investigation of cellular or focal evo-
lution occurring in vivo similar to the current study could improve
our understanding of the mechanisms involved in viral spread,
including variants circumventing host immune defenses and an-
tiviral treatment, and it would be informative to investigate qua-
sispecies partitioning within and between foci in vivo. Foci may
consist of infected cells enclosed by a barrier of cells expressing
antiviral factors, constraining local cell-to-cell proliferation of vi-
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rus. Infection of naive cells would thus require extracellular dis-
semination of productive virus.

We are currently investigating HCV quasispecies cellular com-
partmentalization in the liver to determine if evolution occurs at
the cellular level in a similar manner. The single-cell sequencing
system developed here is appropriate for empirical studies for the
evolution and spread of antiviral-resistant and host immune es-
cape variants and testing theoretical models of viral evolution.
Additionally, studies combining single-cell analysis of viral and
host RNAs of infected cells have the potential to become a power-
ful tool for investigating virus-host interactions.
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