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A B S T R A C T   

The viral genome quasispecies composition of hepatitis C virus (HCV) could have important implications to viral 
pathogenesis and resistance to anti-viral treatment. The purpose of the present study was to profile the HCV RNA 
quasispecies. We developed a strategy to determine the full-length HCV genome sequences co-existing within a 
single patient serum by using next-generation sequencing technologies. The isolated viral clones were divided 
into the groups that can be distinguished by core amino acid 70 substitution. Subsequently, we determined HCV 
full-length genome sequences of three independent dominant species co-existing in the sequential serum with a 
7-year interval. From phylogenetic analysis, these dominant species evolved independently. Our study demon
strated that multiple dominant species co-existed in patient sera and evolved independently.   

1. Introduction 

Hepatitis C virus (HCV) infection is a global health threat and is a 
major cause of chronic liver diseases [1]. HCV possesses a 
positive-strand RNA genome. The HCV genome replicates at an 
extraordinarily high level by the virus RNA polymerase without proof
reading mechanisms and accumulates substitutions termed “quasispe
cies” during persistent infection [2]. The resultant viral variability in 
infected individuals contributes to viral pathogenesis, decreased sensi
tivity to treatment, and the generation of escape mutants from anti-viral 
agents. It is thus important to discover responsible virus genome vari
ations for such phenotypic changes. However, most HCV studies use a 
consensus sequence, which is a series of combinations of dominant 
nucleotide sequences; particular substitutions against the consensus 
sequence are associated with virus phenotypic changes [3]. 

To understand the virus quasispecies, we amplified regions of in
terest and analyzed them by cloning or next-generation sequencing 
(NGS) technologies [4]. NGS technologies are powerful tools for analysis 
of virus diversity because they can generate large amounts of sequencing 
data and detect minor variations [5,6]. It is unclear how virus quasis
pecies co-exist in the patient. The polymorphism in HCV core amino acid 
70 substitution (core 70) is associated with not only susceptibility to IFN 
therapy but also hepatic steatosis and oxidative stress [7–9], and poly
morphisms in the core protein are related to human genetic variations in 
the IL28B locus [10]. Furthermore, it is likely that polymorphism in core 
protein is a marker and that the other regions of viral genome are also 
involved the phenotypic differences. Interestingly, it was reported that 
some patients have a mixture of core 70; wild (arginine: R) and mutated 
(glutamine: Q) types [11]. 

Here, we sequenced the HCV genome in a pair serum sample from a 
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HCV carrier with a mixed type at core70 at 7-year interval to analyze 
relation between the core70 polymorphism and quasispecies phenotype. 
Surprisingly, the isolated viral clones were divided into groups that can 
be distinguished by core70. We then identified three independent 
dominant species co-existing in the sequential sera with a 7-year interval 
from one of the patients. Interestingly, the full-length sequences were 
quite different among the species. 

2. Materials and methods 

The detailed materials and methods are available in supplementary 
information. 

3. Patients 

In this study, viral genome sequences were analyzed in serum sam
ples from a chronic hepatitis patient (Pt1) who was infected with HCV 
subtype 1b. Two serum samples (sPt1-98 and sPt1-05) were obtained in 
1998 and 2005 from Pt1, respectively. This patient had not been treated 
with IFN and showed mixed types at core 70 Q and R in the previous 
analysis (data not shown). HCV RNA titers in Pt1-98 and Pt1-05 were 
determined as 1.2 × 106 and 1.1 × 107 copies/ml, respectively. 

3.1. Amplification and sequencing of the core region for population 
analysis 

Complementary DNA (cDNA) was synthesized from total RNA puri
fied from patient serum. A core to E1 region (480–1072) was amplified 
from each cDNA molecule. The primer sequences are shown in Supple
mentary Table 1. The amplified products were cloned and 12 clones 
from each sample were sequenced. The sequences from each clone were 
aligned, and the positions having variety in more than 10% of the clones 
were selected in the determined region (500–1040). The positive strand 
sequences were aligned, and were grouped according to the non- 
synonymous substitution patterns. 

3.2. Short-read DNA sequencing with the illumina Genome Analyzer IIx 

The flow of the computational method for determining the consensus 
sequences using reads from Illumina GAIIx analysis is summarized in 
Supplementary method and Supplementary Figs. 2 and 3. Double- 
stranded cDNA was prepared from total RNA to generate the Illumina 
library. An approximately 300-bp length library was subsequently 
generated from 50 ng double-stranded cDNA. All sequencing runs were 
performed with Genome Analyzer IIx (Illumina, San Diego, CA). The 
human genome–derived sequences were excluded from Illumina reads. 
Sequence data were analyzed by using MAQ software (ver. 0.7.1) [12] 
and Edena software (ver. 2.1.1) [13]. Alignment of the Illumina reads 
was performed by using MAQ [the number of maximum mismatches 
(-n): 3]. De novo sequence assembly was performed by using Edena 
software in assembler mode. 

3.3. Long-read DNA sequencing with the 454 FLX or 454 jr 

PCR primers were designed to exclude the positions that were 
determined to have variety by the Illumina analysis. The library pro
duced from the PCR amplicon was sequenced in both the forward and 
reverse directions by using the 454 GS FLX or 454 GS Jr. platform 
(Roche Diagnostics Japan). After the tag sequences were trimmed, the 
reads were aligned against the consensus sequence by using BWA-SW 
(ver. 0.5.9) [14] allowing 5 to 10 nucleotide mismatches within the 
read sequence. The results of the analysis were displayed by using 
Integrative Genomics Viewer (IGV; ver. 1.4.2) [15]. 

3.4. Determination of the multi-dominant viral genome sequence by using 
species specified PCR 

To selectively amplify each species from the cDNA, the primers were 
designed to include the substitutions, as shown in Supplementary Fig. 4 
and Supplementary Table 1. The determined sequences of the PCR 
products were compared with Illumina reads to distinguish the sequence 
diversity and PCR error. The 5′ and 3’ terminal end sequences of viral 
RNA was determined by the method described previously [16]. 

3.5. Phylogenetic analysis 

The phylogenetic tree was constructed by using the neighbor-joining 
algorithm as described previously [17]. Bootstrap resampling (2000 
replicates) was used to measure the statistical support for each node in 
the phylogenetic trees. 

4. Results 

4.1. Population analysis in Core70 and the surrounding regions 

In this study, we analyzed 2 serum samples (sPt1-98 and sPt1-05) 
with 7-year interval from the patient Pt1 who have both wild (R) and 
mutated (Q) types of core70 amino acids. First, we sequenced the core70 
polymorphisms and a part of the E1 region of the HCV genome in both 
samples to analyze the relationship between the substitutions at core 70 
and other positions by using conventional PCR, cloning and capillary 
sequencing. We amplified each HCV genome with primers designed at 
the conserved regions in the sequences from the database. Twelve clones 
were isolated from each PCR product and sequenced. The sequence 
variations of each clone at the positions with variety in more than 10% 
of the total clone number. Partial viral genome sequences of sPt1-98 and 
sPt1-05 were analyzed in Fig. 1A and B, respectively. The white boxes 
represent the nucleotides of major clones with glutamine at core70 
(core70 Q, at position 550). The black boxes represent the different 
nucleotides from the major clones with core70 Q at each position. Every 
clone was aligned based on the core70 polymorphism. The clones with 
core70 Q mainly included the white boxes; however, some clones with 
core70 Q included different numbers of the black boxes. On the other 
hand, the clones with core70 R mainly included the black boxes and a 
few white boxes. Furthermore, some of these nucleotide substitutions 
induced non-synonymous substitutions, as shown in Fig. 1. The clones 
from sPt1-05 with core70 Q could be separated into two groups, 
depending on the pattern of the non-synonymous substitutions (Fig. 1B). 
These observations suggest that multiple dominant viral RNA species are 
present in each sample and that the species can be distinguished by using 
core70 Q or R as a marker. 

4.2. Determination of the full-length sequences in patient serum 

For further detailed analysis of the viral RNA species with different 
core70 polymorphisms, we attempted to determine the whole viral 
genome sequences of each dominant viral RNA molecule found in the 
patient serum. Detailed method to determine the full-length HCV 
genome sequence in patient serum is described in Supplementary Ma
terials and Methods. First, we listed the whole sequence diversity of the 
sample. Second, we estimated the combination of the determined sub
stitutions. Subsequently, we determined the lead sequences that 
included the definite substitution patterns in small regions for distinc
tion of each viral RNA molecule. Finally, we amplified each viral RNA 
molecule by using the specific primers designed at the lead sequences 
and determined the sequence of each viral RNA molecule. Our meth
odology to determine the full-length viral genome sequences is sum
marized in Fig. 2, and the detailed strategy to establish the Illumina 
consensus sequence is shown in Supplementary Figs. 2 and 3. 
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4.3. Sequence comparison of dominant species in a single patient 

By using the method described above and supplementary informa
tion, we identified three independent dominant species co-existing in 
sera collected from patient Pt1 at two time points (1998: pt1-98, and 
2005: pt1-05). The positions of substitutions against the consensus 
sequence determined by Illumina analysis are indicated by vertical lines 
in Fig. 3 (pt1-98_MUT and pt1-05_MUT, upper: nucleotide substitutions 
(nt), lower: amino acid substitutions (aa)), and the numbers of muta
tions were 231 nt positions and 48 aa positions in pt1-98_MUT, and 320 
nt positions and 73 aa positions in pt1-05_MUT. At both time points, the 
sequences with core70 Q or R were clearly distinguished. Almost all 
substitutions against the consensus sequence were independently 
distributed among the species, and the numbers and positions of the 
substitutions were indicated in Fig. 3 and Supplementary Table 2. 
Interestingly, diversity in the IRRDR region was only found in pt1-98_R 

and pt1-05_R but not in pt1-98_Q and pt1-05_Q, and there was no di
versity in the ISDR region. El-Shamy et al. reported that more than six 
substitutions against the standard sequence (HCV-J) in the IRRDR region 
is related to a favorable response for IFN treatment [18]. To compare 
with HCV-J, five substitutions in the core70 Q species and eight sub
stitutions in the core70 R species were found in the IRRDR. This result 
indicates that the polymorphisms in the different genome regions 
related to the favorable response to IFN were gathered in one species. 
We cloned each full-length species detected in the pt1-98 serum into 
plasmid. For confirmation of the selectivity of the primer sets used in 
Supplementary Fig. 4, we amplified the HCV genome on each plasmid by 
using each primer set as shown in Supplementary Fig. 6. 

Fig. 1. Population analysis of core70 and the surrounding region. Core70 (nucleotide position: 549–551) and a part of the E1 region (500–1040) were amplified. 
The PCR products were subjected to TA cloning. Twelve clones were isolated from each PCR product and sequenced. The sequences were grouped based on the 
core70 sequence. The top numbers show the nucleotide positions having variety in more than 10% of all clones, and the left numbers show the clone numbers. The 
nucleotides of clone 1 (which has core70 Q) are show in the top line of white boxes. The black boxes represent nucleotides different from clone 1. Non-synonymous 
substitutions are shown only if the nucleotides were completely different between two groups. (A) sPt1-98, (B) sPt1-05 

Fig. 2. Flowchart of the method for determining 
full-length sequences in patient serum, Pt1-98 
and Pt1-05. Ful-length HCV seuences were deter
mined by the method as described in this flowchart. 
Illumina GAIIx is suitable for determining consensus 
sequence and generating substitutions list because 
generating library for Illumina analysis does not need 
sequence specific amplification. 454 GS FLX is suit
able for identifying the combination of substitutions 
in small regions because the read length is relatively 
long (− 500 mer), though generating library for 454 
analysis needs sequence specific amplification. Using 
primers avoiding substitutions, we could amplify the 
viral sequence maintaining the diversity detected by 
Illumina analysis for generating 454 libraly. After 
identifying small regions in which reads can be 
separated to some groups depend on the substitutions 
pattern using 454 analysis, we designed species spe
cific primers including substitutions. Using these 
primers, we could amplify each viral sequence spe
cifically. The PCR products were sequenced using 
capillary sequencing. The determined sequences were 
verified using every data from Illumina and 454 
analysis, and then we determined the full-length viral 
genomic RNA sequences, pt1-98_Q1, Q2, R and pt1- 
05_Q1, Q2, R.   
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4.4. Phylogenetic analysis with Co-existent virus genome sequences in one 
patient 

We discovered co-existence of independent dominant species in the 
patient serum samples. For analysis of the relationship among the virus 
species, we constructed phylogenetic trees by using full-length, core, 
and NS5B sequences of each species. The sequences derived from the 
database that have more than 94% homology with pt1 were also 
included in the tree. If the patient had two independent infections, the 
sequences might be quite different and form different clusters. However, 
as shown in Fig. 4, all the species isolated from Pt1 formed one cluster, 
although the closed strains found in the database were included. The 
virus species with core70 Q and another species having core70 R formed 
different clusters sequentially. However, it is not clear the evolutional 
relations between Q1 and Q2 of pt1-98 and pt1-05. These results sug
gests that this patient was not infected twice and the species evolved 
independently in this patient. 

5. Discussion 

The HCV genome accumulates substitutions and forms quasispecies 
during persistent infection [2]. In the present study, we found multiple 
dominant species co-existing in each serum sample, and the sequences 
were quite unique based on the core70 amino acid sequence in the initial 
population analysis (Fig. 1). We thus developed a method to determine 
the dominant full-length HCV sequences co-existing in serum sample 
(Fig. 2). By using this method, we identified three independent domi
nant species co-existing in sequential serum samples with a 7-year in
terval from a single patient, Pt1 (Fig. 3). Interestingly, the 
polymorphisms related to the favorable response to IFN therapy (core70 
R and diversity in the IRRDR) were found in one species, and not found 
in two other species (Fig. 3). The full-length sequences were clearly 
distinguished among the species. From the phylogenetic analysis, the 
one species with core70 R and the two other species with core70 Q 
seemed to evolve independently during the 7-year period (Fig. 4). 

Several studies are published to determine whole HCV genome 

sequence using novel NGS methods including recently developed third 
generation sequencing technologies which generate long reads. For 
example, nanopore method offer the first opportunity to sequence whole 
viral genomes as single reads, thereby potentially enabling detailed and 
reliable characterization of viral variants. However, two studies with 
nanopore method have done with HCV cDNA samples amplified by long 
PCR method which may induce sequence deviation during the amplifi
cation step [19,20]. Another study using nanopore technology deter
mined the whole HCV genome without PCR amplification [21]. 
However, nanopore reads have a high error rate compared to paired-end 
short reads generated on the Illumina platform which limits the reli
ability and usefulness of its long reads. Further study will be necessary to 
discover the method how these third generation sequencing technology 
can apply for precise HCV genome characterization. 

The HCV genome accumulates substantial variations during its high 
level replication and establish its quasispecies nature during persistent 
infection [2]. It is thus difficult to identify the functionally viable 
consensus HCV viral genome sequence. For the virological analysis, 
however, it is important to discover the functional virus genome 
sequence. Previously, we have established JFH-1 strain which can 
replicate in the cultured cell line and produce infectious virus [22]. On 
the other hand, it has been difficult to isolate replication competent viral 
genome from chronic hepatitis patients. Since JFH-1 strain was isolated 
from a patient with fulminant hepatitis the virus was almost monoclonal 
in the patient [23,24]. On the other hand, we discovered the Illumine 
consensus full-length HCV genome and determined independent domi
nant species co-existing in the patient serum. For the virological studies, 
it is thus important to test the dominant species sequences found in this 
study for the replication if they are functional in cell culture. 

We discovered co-existence of independent dominant species in one 
patient serum sample. These species could be classified with two pre
diction factors for IFN therapy in the core and NS5A polymorphisms 
(Fig. 3). It is interesting that some viral species with different pheno
types appear to co-exist in one patient. There are three possible expla
nations for this observation: two species of viruses co-infected at the 
initial infection; one species of virus infected at the initial infection and 

Fig. 3. The position of substitutions in each 
dominant species against the consensus 
sequence. From each serum sPt1-98 (A) and sPt1- 
05 (B), we determined the positions of sub
stitutions (pt1-98_MUT and pt1-05_MUT) against 
the consensus sequence determined by Illumina 
analysis and three independent dominant species 
(pt1-98_Q1, Q2, R and pt1-05_Q1, Q2, R) by the 
method in Fig. 2. The upper and lower horizontal 
boxes show the nucleotide (nt) and amino acid (aa) 
sequence of open reading frame in HCV genome. 
The vertical lines show the positions of each sub
stitution against the Illumina consensus sequence. 
The red vertical lines indicate the positions of 
mutations in the species with core70 R, and the 
green and blue lines indicate the species with 
core70 Q (Q1 and Q2, respectively). Black vertical 
lines in pt1-98_MUT and pt1-05_MUT show the 
mutations not found in the species with core70 R, 
Q1 and Q2. Dotted lines are the borders for 
dividing each virus protein. pt1-98_MUT and pt1- 
05_MUT show every position of sequence varia
tion determined by Illumina analysis. *, position of 
core70; heavy black line, position of IRRDR re
gions. (For interpretation of the references to 
colour in this figure legend, the reader is referred 
to the Web version of this article.)   
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then evolved into two distinguished species of viruses; or, the patient 
had two separate infections with different species of viruses. From the 
phylogenetic analysis in Fig. 4, all the species from Pt1 formed one 
cluster and the results suggests that this patient was not infected twice 
and the species evolved independently in this patient. The patient P1 
had not been received IFN therapy, however, the infected virus popu
lation was consisted with different dominant species with IFN treatment 
resistant and favorable phenotype such as core 70 Q and R. It is inter
esting if this co-existence and co-evolution of different species may 
contributes for persistent viral infection or pathogenesis of chronic 
hepatitis. However, it is still unclear when this patient was infected with 
these two kinds of virus species, or with one virus that evolved into two 
species. 

The core70 polymorphism influences not only IFN sensitivity but 
also hepatic steatosis and oxidative stress [7–9]. Although the current 
standard therapy has been DAA therapy, IFN and RBV were used to treat 
HCV carriers. The presence of core70 Q in the patient before starting IFN 
and RBV combination therapy was associated with an increased risk of 
treatment failure [25]. Thus, the co-existence of virus species with 

different core70 sequences in one patient may contribute to treatment 
susceptibility, HCV replication, and pathogenesis. At least in the case of 
Pt1, entire sequences of species with core 70 Q or R were quite unique 
(Fig. 3), and each species seemed to evolve individually (Fig. 4). It is 
possible that the contributions of the mixed core70 polymorphism are 
not only by the core70 amino acid mutation but also from the full-length 
species with different characteristics. 

The ratio of core70 polymorphism was changed dramatically in the 
previous report [25].25 Therefore, it is considered that some dominant 
viral species that might be related within a patient play a prominent role 
in the pathogenesis or persistent infection of HCV. Further analysis with 
sequences of each species co-existing in patient serum samples may 
provide us additional information regarding the viral phenotypes. In the 
present study, we analyzed a single patient with variations at core 70. 
However, we also analyzed some patient sera with or without variations 
at core70. Their virus sequences also exhibited multiple dominant viral 
species. Interestingly, in virus species from without variation at core 70, 
there was no specified amino acid to separate the species (data not 
shown). Further analysis will be necessary to address this point. 

Fig. 4. Phylogenetic trees of subtype 1b strains 
estimated from (A) core, (B) NS5B, and (C) full- 
genome gene sequence. Bootstrap values based on 
2000 replicates each are shown for branches with 
more than 50% bootstrap support. The scale bars are 
in units of nucleotide substitutions per site. The trees 
were rooted with subtype 1a strains (H77; not 
shown). The red lines indicate the sequences identi
fied from serum samples sPt1-98 and sPt05. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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In conclusion, we found that the viral clones were divided into two or 
three groups clearly distinguished by core70 sequences in the analyzed 
serial patient serum samples. To generalize our finding to the full-length 
HCV genome, we constructed a method to determine the full-length viral 
genome RNA species from patient sera by a combination of next- 
generation sequencing and capillary sequencing. By using this 
method, we identified multiple dominant species co-existing in the pa
tient serum samples that evolved independently. Further studies are 
required to understand the contributions or roles of these co-existent 
viruses within patient serum with different characteristics in the virus 
lifecycle or pathogenesis. 
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