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their analysis challenging. However, new deep-sequencing
and bioinformatics methods are well suited to analyzing this
problem. Using the 454/Roche technology, it is possible to
generate more than 108 bases of DNA sequence in a single
1-day run, albeit in fragments 200 to 500 bases in length (24).
In addition, many samples can be multiplexed in single experiments using DNA barcodes introduced in amplification primers to tag each sample (3, 12, 45, 46), allowing many viral
sequences to be characterized in a single experiment.
Here, we analyze HCV diversity by pyrosequencing a series
of representative viral regions contained within PCR amplicons, and we use methods from the environmental microbiology field for data processing and analysis. In both virology and
environmental microbiology, populations of interest commonly
consist of many related but nonidentical sequences (e.g., viral
lineages with related sequences or bacteria harboring related
16S rRNA gene sequences). Assembly of short pyrosequence
reads into longer scaffolds is quite difficult in such a setting,
because the related sequences present in the population can be
assembled in many different ways. Complicated data-processing methods yield at best complex probabilistic models of variants likely to be present in the population (6). For this reason,
in studies of bacterial 16S DNA from uncultured communities,
many groups have used simplified analysis of single 16S amplicons that query short regions of the 16S rRNA gene (5, 11,
14, 23, 25, 38, 44). Extensive simulations and practical applications show that analysis of such “sequence tags” can disclose
biologically meaningful clusters and gradients in collections of
samples. Here, we apply a similar approach, using sequence
tags for several regions of the HCV genome. This approach
has the disadvantage of losing linkage information between

Hepatitis C virus (HCV) is a positive-strand enveloped RNA
virus of the flavivirus family. HCV infects ⬃170 million people
worldwide with a high rate of persistence (1, 2) and is a major
etiological agent of chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma. The current standard of therapy is the
combined use of pegylated alpha interferon (IFN-␣) and ribavirin (9), although there are substantial limitations due to toxicity and resistance profiles (47). Recent development of various small-molecule inhibitors that specifically target HCV
offer some promise (13), but challenges still remain because
the size and diversity of viral populations promote rapid development of drug resistance (28, 42). In an infected individual, serum HCV RNA levels can reach 10 to 100 million IU/ml
(40). The viral RNA polymerase is estimated to make 1 error
per 10,000 to 100,000 bp copied (22), but the viral genome is
only 9,600 bases, resulting in diversification of the viral population, so that most viral genomes differ in sequence from the
population consensus (16, 20, 21). Thus, when antiviral pressure is exerted on a viral population, sequence variants with
reduced sensitivity may expand in the presence of the selective
pressure (30, 41) and cause resistance (37). Consistent with
this, differential sequence diversity in HCV populations has
been linked to clinical outcome (7, 8).
The size and complexity of HCV populations has made
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Hepatitis C virus (HCV) replication in infected patients produces large and diverse viral populations, which
give rise to drug-resistant and immune escape variants. Here, we analyzed HCV populations during transmission and diversification in longitudinal and cross-sectional samples using 454/Roche pyrosequencing, in
total analyzing 174,185 sequence reads. To sample diversity, four locations in the HCV genome were analyzed,
ranging from high diversity (the envelope hypervariable region 1 [HVR1]) to almost no diversity (the 5ⴕ
untranslated region [UTR]). For three longitudinal samples for which early time points were available, we
found that only 1 to 4 viral variants were present, suggesting that productive infection was initiated by a very
small number of HCV particles. Sequence diversity accumulated subsequently, with the 5ⴕ UTR showing almost
no diversification while the envelope HVR1 showed >100 variants in some subjects. Calculation of the
transmission probability for only a single variant, taking into account the measured population structure
within patients, confirmed initial infection by one or a few viral particles. These findings provide the most
detailed sequence-based analysis of HCV transmission bottlenecks to date. The analytical methods described
here are broadly applicable to studies of viral diversity using deep sequencing.
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amplicons, but it does allow the efficient analysis of large numbers of viral variants over many samples.
A major challenge, however, is distinguishing variations authentically present in viral populations from artifactual mutations introduced as a result of the isolation procedure or sequencing error. Sequence recovery involves PCR steps that can
result in base pair substitutions or artifactual chimera formation. The 454/Roche method, like any sequencing method, has
a characteristic error rate and particularly elevated error rates
at homopolymer runs (24). In this study, we took advantage of
improved methods for error control using the PyroNoise
program of Quince and colleagues, which was first used for
analysis of 16S rRNA gene sequences (29). The PyroNoise
program preclusters the raw light intensity data generated
during pyrosequencing by the 454/Roche method, which
removes most homopolymer errors. In reconstruction experiments, Quince and colleagues showed that 454/Roche sequence analysis of artificially constructed mock 16S rRNA
gene communities yielded greatly inflated numbers of sequence types due to error, but preclustering using PyroNoise
reduced the diversity to values much closer to the correct
value. Here, we used a two-stage clustering method to remove
noise. In the first stage, raw light intensity data were preclustered with PyroNoise (29); then, in the second stage, after
interpretation of the sequence as base calls, sequences were
clustered at 98.5% identity. The second step allowed us to take
advantage of redundancy in the reads to improve sequence
quality, though distinguishing genuine low-level variations in
the viral populations from error is a challenge.
We determined 174,185 high-quality HCV sequence reads
to characterize (i) longitudinal variation in HCV populations

following transmission, (ii) differences in HCV variation between HCV-monoinfected and HIV-HCV-coinfected subjects,
and (iii) variation in a control HCV genome cloned in a bacterial plasmid to quantify variation arising during the isolation
and analytical procedure. We developed amplicons to characterize four regions of the HCV genome (Fig. 1A) and found
that HCV sequence diversity ranged from almost nonexistent
to extreme depending on the region of the viral genome studied. Using the deep-sequencing data, we estimate that only one
or a few viral variants seeded initial infection, but after that,
viral variants could expand to ⬎100 in a single individual.
Thus, these data specify the numbers of particles seeding productive infection and provide a general framework for the use
of deep-sequencing data to characterize the structures of viral
populations.
MATERIALS AND METHODS
HCV RNA isolation and multiplex PCR amplification. HCV RNA from patient plasma samples was purified using the QIAamp viral-RNA mini kit (Qiagen, Valencia, CA). All samples were amplified using the OneStep RT-PCR kit
(Qiagen, Valencia, CA) following the manufacturer’s recommendations. The
RNase inhibitor RNasin (Promega, Madison, WI) was added to each reaction
mixture to a final concentration of 0.2 U/l. The reverse transcription (RT)-PCR
cycling conditions were as follows: 1 cycle at 50°C for 60 min, followed by 15 min
at 95°C; 40 cycles of denaturation at 94°C for 30 s, annealing at 54°C for 30 s, and
then extension at 72°C for 1 min; and final extension at 72°C for 10 min. The kit
was chosen in part because we needed the more robust polymerase to amplify
low-abundance samples. In a previous study (12), the RT step was found to be a
negligible source of error compared to other sources. In order to multiplex
samples in the downstream pyrosequencing procedure, barcoded primers, each
containing a unique 8-base sequence tag, were used during the RT-PCR (Fig.
2A), as previously described (12, 46). For primer design, representative genotype
1 and 2 HCV sequences from the Los Alamos HCV sequence database (19) were
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FIG. 1. HCV genome and characteristics of three subjects studied longitudinally during acute HCV infection. (A) The HCV genome and the
positions of amplicons studied. The amplicons are numbered 1 to 4 from left to right, and a letter is used to indicate the direction of sequence
determination. For the E1E2 HVR1 (3) and E2 (4) amplicons, two slightly different primers were used in each direction in an effort to maximize
the diversity of recovered sequence variants, and these are indicated by the two bars. (B) HCV load and ALT levels for patients 1 to 3 during acute
HCV infection. The x axis shows the number of weeks after clinical presentation, which for these patients was close in time to initial infection.
Further patient characteristics were as follows: patient 1, injecting drug user, anti-HCV negative on 18 June 2001, first ALT flare (ALT, 677) on
6 July 2001, anti-HCV positive on 11 October 2001; patient 2, possible medical exposure, anti-HCV negative on 16 May 2001, initial ALT flare
(ALT, 467) on 9 January 2004, anti-HCV positive on 22 April 2004; patient 3, injecting drug user, anti-HCV negative on 31 January 2006 (slightly
abnormal ALT, 73), initial ALT flare (ALT, 640) on 10 April 2006, anti-HCV positive on 11 April 2006.
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FIG. 2. Methods for pyrosequence acquisition: DNA barcoding and controlling error using PyroNoise. (A) The DNA barcoding strategy. For
each primer pair, an 8-base sequence (barcode) that indexed the patient and time point was included. (B) Controlling 454/Roche pyrosequencing
error using PyroNoise. Sequences from a control plasmid amplicon (5⬘ UTR 1A amplicon) were aligned using the left-hand primer sequence. The
x axis shows the base number in the read, and the y axis shows the cumulative number of sequence reads. The top sequence block shows the
unprocessed raw pyrosequence reads, which contain considerable homopolymer error. The bottom block shows the improved alignments after
application of the PyroNoise algorithm. (C) Comparison of the Shannon Diversity Index for OTUs from plasmid controls made by PyroNoise (x
axis) versus DNADist and Dotur (y axis). The correct answer for all amplicons is 0. Default parameters were used for each program. (D) Comparison of the Shannon Diversity Index for OTUs from HCV samples made by PyroNoise (x axis) versus DNADist and Dotur (y axis). The correct
answer for all amplicons varies from 0 (ultraconserved HCV regions) to higher values (hypervariable HCV regions). Default parameters were used
for each program. Dotur OTUs were generated at 97% identity.

aligned, and primers were designed to specifically amplify the 5⬘ untranslated
region (UTR), the core, or the E1 and E2 envelope regions.
Sequence determination. PCR products were separated by agarose gel electrophoresis, the bands of interest were excised, and DNA was extracted from the
gel slices using the Qiagen gel extraction kit (Qiagen, Valencia, CA). Gelpurified PCR products were pooled and subjected to pyrosequencing using the
454/Roche GS FLX platform (24). The initial sequence reads were processed
using the following criteria: (i) a perfect match to the barcode and primer
sequences, (ii) ⬎200 bases in length, and (iii) no undetermined bases (Ns). The
barcodes and primer sequences were trimmed from the sequences, ultimately
yielding a total of 174,185 high-quality sequences for downstream analysis. For

analysis, the reads were trimmed to remove primers, yielding a final length of 201
nucleotides (nt).
Bioinformatics analysis. All statistical analysis was carried out using R version
2.9.0 (http://www.R-project.org). All sequences were processed to remove reads
containing Ns, as called by the 454/Roche software, because sequence errors are
known to be autocorrelated in 454/Roche pyrosequencing data.
To control errors in the 454/Roche method, the data were further processed
using a two-stage implementation of PyroNoise (29). In the first stage, the raw
light intensity values generated from the 454/Roche instrument were clustered to
remove homopolymer errors; in the second stage, the sequences themselves were
clustered to remove base pair substitutions. The PyroNoise parameters were a
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cluster size of 1/20 and a 0.05 cutoff for initial hierarchical clustering. As a
control, a plasmid carrying the HCV genome, pFL-H77/JFH (26), was amplified
and processed in parallel.
After interpretation of flowgrams as base calls, alignments were generated
using Mosaik. Distances between sequences were quantified as the Levenshtein
distance. Indels were treated as mismatches (that is, a 1-base indel would be
scored as a 1-base mismatch). For a new operational taxonomic unit (OTU) to
be called under our analytical conditions, it needed to be represented by ⬎2
reads and to differ by ⬎5 positions out of ⬃210 nt. Homopolymers greater than
2 nt were not counted in the distance analysis. For the furthest neighborclustering method used, reads with fewer than 3 nucleotide differences were
grouped together. We chose 3 nt because, at an error rate of 1/1,000, if errors are
randomly distributed, one would expect 2 errors in 1.6% of the reads and 3 or
more errors in 0.1%. Thus, 3 nt represents a reasonable compromise for trying
to maintain some of the rare authentic variability while minimizing error-induced
variability.
We used a 3% OTU from Dotur (33) based on distances calculated by
DNADIST (default parameters) (http://www.med.nyu.edu/rcr/rcr/phylip/faqs
.html#citation) in the PHYLIP package for the analysis shown in Fig. 2. The
Chao1 method uses counts of rare species (represented by one or two individuals) to determine species richness. For the conservative analysis reported here,
in which OTUs supported by only one or two sequence reads were excluded, we
redefined the categories containing three or four reads as the one- or two-read
sets.
Nucleotide sequence accession numbers. All sequence reads have been deposited in NCBI under accession numbers SRA012580.

and diverse (envelope) regions. The amplicons were numbered
1 to 4. For the two envelope amplicons, two primer pairs were
used in an effort to minimize recovery biases possibly arising
due to mismatches in the primer binding sites (indicated as A
and B, with a and b indicating the direction of sequence determination). The primer sequences are shown in Table S2 in
the supplemental material. All primers were composites containing the required primer binding sites for the 454/Roche
sequencing procedure linked to the HCV-specific primers (Fig.
2A). An 8-base DNA barcode, which indexed the patient and
time point from which the sample was derived, was positioned
between the two (3, 12). This allowed PCR products to be
pooled for sequencing, and then reads were parsed into individual amplicons after sequence determination.
We analyzed 288 patient–time-point–amplicon combinations
(see Table S1 in the supplemental material). A total of 174,185
pyrosequence reads passed quality control (⬃40 million bases
of DNA sequence). The quality control criteria (14) included
(i) a perfect match to the barcode and primer sequences, (ii)
⬎200 bases in length, and (iii) no Ns. For HCV monoinfection,
69,825 sequences were recovered; for HIV-HCV coinfection,
73,656 sequences were recovered; and for the plasmid DNA,
30,704 sequences were recovered.
Data processing using PyroNoise. Sequencing error can artificially inflate the numbers of sequence variants. This is particularly severe at homopolymeric runs, where the 454/Roche
method can have difficulty calling the correct number of identical bases. Quince et al. have shown that improved accuracy
can be obtained by first clustering the quantitative data from
the initial light intensities generated during pyrosequencing
using a distance measure that models pyrosequencing noise.
The method has been implemented in the PyroNoise program
(29). In addition, in this study, we incorporated a second stage
of sequence clustering to remove PCR base pair substitutions,
in which denoised sequences are clustered into OTUs with
98.5% identity (accepting three differences over 200 nt). PyroNoise preclustering greatly suppressed inflation of OTUs due
to errors in published model studies (29), and similar results
were obtained here.
Figure 2B presents an example, using the data from amplification of the HCV-bearing control plasmid pFL-H77/JFH1.
At the top are the sequences after conventional processing and
alignment by the left PCR primer sequence. As can be seen,
many reads go out of alignment as the sequence extends from
left to right due to errors at homopolymers. At the bottom is
the alignment after error control using PyroNoise, which removed homopolymer errors.
The use of PyroNoise processing prior to formation of
OTUs was then compared to a widely used program for making OTUs (Dotur), which uses conventional percent identity of
the base calls as the basis for clustering sequence reads (33). In
this analysis, OTUs were (i) clustered by Dotur using a 97%
identity threshold or (ii) first preclustered using PyroNoise and
then clustered at 97% identity in a second step. To allow
comparison, the number of OTUs and the distribution of reads
within OTUs were summarized using the Shannon Diversity
Index for output from Dotur and PyroNoise. Values for the
Shannon Index are increased by either adding more species (in
this case, OTUs) to a community or distributing individuals (in
this case, sequence reads) more evenly among the species

RESULTS
HCV samples studied. Table S1 in the supplemental material summarizes the HCV samples studied and the numbers of
sequence reads determined for each. Three patients (P1 to P3)
diagnosed close to the time of initial infection were studied
longitudinally. Longitudinal HCV viral-load data are shown in
Fig. 1B, together with serum alanine aminotransferase (ALT)
levels, a marker for hepatic inflammation. These patients were
tracked from the time of clinical presentation, with newly diagnosed positive HCV RNA (all genotype 1) and elevated
ALT levels consistent with acute hepatitis C virus infection, as
previously defined (15). All had negative HCV tests preceding
diagnosis. Patients P1 and P2 developed apparently chronic
infection over 6 and 2 years of follow-up, respectively. The
long-term outcome is not known for patient P3, who was lost to
follow-up 10 weeks after clinical presentation.
For the cross-sectional study, eight HIV-HCV-coinfected
patients were studied. With the exception of one patient, all
patients had CD4 counts below 300 cells/l, enabling us to
investigate the consequences of decreased immune function
during HIV coinfection. As controls, the HCV populations in
two additional monoinfected patients were characterized.
We also analyzed plasmid DNA carrying the HCV genome
(pFL-H77/JFH1) (26), which provided a homogeneous control
template of known sequence. Any diversity detected in sequence reads from the plasmid template were due to either
mutation during PCR amplification or errors in the sequence
determination steps, providing data for optimization of our
error control procedures.
Pyrosequence data acquisition. HCV RNA was purified
from plasma, reverse transcribed, and then PCR amplified
using primers complementary to HCV sequences. Amplicons
were targeted to four regions (Fig. 1A): the 5⬘ UTR, the core
nucleocapsid protein-coding region, and two regions of the
envelope genes. Amplicons were chosen based on previous
literature to sample both highly conserved (5⬘ UTR and core)
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(OTUs) present. Figure 2C shows that Shannon values for
control plasmid sequence reads were much higher for the
OTUs made using Dotur than for OTUs made using PyroNoise. We also compared the two methods over the HCV
sequence data from patient samples, though unlike the case of
the plasmid control, we did not know the true number of OTUs
in the patient samples. Figure 2D shows that values were
higher with Dotur than with PyroNoise, particularly for low
Shannon values, which we infer to be erroneous inflation of the
diversity values in the OTUs generated with Dotur. This
general conclusion was not sensitive to variations in the
parameters used in each program for data processing (data
not shown). Thus, subsequent analyses were carried out on
the data after PyroNoise processing.
Diversity along the HCV genome. Variation in the HCV
sequences is summarized in Fig. 3. Each base is color coded,
and all 174,185 sequences are shown as “stacks” aligned on the
HCV genome. The x axis indicates the position on the HCV
genome, corresponding to the indicated positions on the genetic map. The y axis indicates the number of sequence reads,
showing a cumulative sum over all samples and amplicons. The
samples were analyzed separately for reads from the plasmid
control (top), HCV-monoinfected (bottom), and HCV/HIVdual-infected (middle) subjects.
For the plasmid control, each of the four amplicons showed
almost exclusively continuous vertical colored bands. This indicates that the same base was found in each position in almost
every read after PyroNoise processing.
For the two sets of HCV samples, corresponding to HCV
monoinfection and HIV-HCV coinfection, the results varied
similarly by amplicon. For the leftmost 5⬘-UTR amplicon, little
diversity in sequence was seen. Previous literature has established that this region is extremely highly conserved. For the

core amplicon, the sequence composition was generally similar, though some variation could be discerned. For the two
amplicons in the envelope region (rightmost in Fig. 3A), much
more variation was observed. The variation was higher throughout the read but was particularly high around base position 1500,
in HVR1 of the E2 envelope. Both the HCV monoinfection and
HIV-HCV coinfection samples showed a high degree of variation
in this region (discussed further below).
Longitudinal sequence variation in early HCV infection. We
next investigated longitudinal trends in sequence diversity for
patients 1 to 3. Samples from each time point were condensed
into OTUs after PyroNoise processing, and the diversity was
summarized using the Shannon Index. Figure 4 shows longitudinal plots for each of the amplicons for patients 1 to 3. Each
subject is shown by a single color. The raw numbers of sequence reads for each sample, and the Shannon values for
each, are presented in Table S1 in the supplemental material.
The Shannon values for the 5⬘-UTR (1) and core (2) regions
were low (⬍0.3) and did not increase significantly over time.
These findings provide a critical control for other amplicons
with greater diversity. Mutation during RT-PCR or errors in
sequence determination could falsely inflate diversity, but results with the 5⬘-UTR and core amplicons show that the magnitude of such errors was comparatively small.
Shannon Index values for the envelope amplicons were
much higher than for the 5⬘ UTR and core (P ⬍ 0.02 for
pairwise comparisons) and tended to increase over time (P ⬍
0.05 for comparison of the first and last points of any amplicon). Patient 1 showed the most extreme behavior, with a high
Shannon Index value (up to 2.5) for the envelope HVR1 amplicon at 215 weeks, indicating either diversification of the
envelope sequences or a second infection. Patient 2 also
showed a notable increase in diversity in HVR1 over time,
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FIG. 3. Sequence variation across the HCV genome. Shown is a summary of sequence data. The x axis shows the position on the HCV genome,
and the y axis indicates the cumulative numbers of sequences analyzed. Each DNA base is colored as indicated at the bottom right. Amplicons are
numbered as in Fig. 1.
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reaching values up to 2.0. Patient 3, who was sampled over the
shortest time (from 1 to 10 weeks following the initial clinical
presentation), showed a longitudinal increase in diversity for
some but not all the envelope amplicons.
Changes in sequence diversity were not strictly linked between amplicons. While the envelope-coding regions varied,
the 5⬘-UTR and core regions did not. Even within the envelope-coding region, patterns of diversity varied. For example,
in the HVR1 amplicon (3Aa) for patient 1, there was a sharp
increase in diversity over time, whereas in the 4Aa amplicon,
the diversity increased much less. Evidently different parts of
the genome, or even different parts of the envelope region,
diversified at different rates after infection.
The longitudinal patterns of PyroNoise-processed OTUs
were analyzed further using phylogenetic trees. The analysis of
diversity using the Shannon Index presented above is not sensitive to rare sequence variants, such as those due to mutation
from PCR error or chimera formation. However, the phylogenetic survey, which emphasizes rare variants, would be. For
that reason, in this and subsequent studies, we excluded variants supported by only one or two sequence reads. Control
experiments showed that these reads were enriched in sequences with low sequence similarity to a collection of all
available HCV sequences. Inspection of individual sequences
indicated that several were apparent chimeras of HCV sequences with unidentified sequences. After being processed by
this approach, 11 of 12 plasmid control samples showed single
OTUs, with the 12th showing two (see Table S1, column K, in
the supplemental material).
For the 5⬘-UTR amplicon (Fig. 5A), all the sequences clustered in a single OTU. In the figure, each rectangle indicates a

single sequence variant, and the extent of the black bar indicates the percentage of the total population contributed by that
variant. The plasmid control also formed a single OTU. Longitudinal analysis of the core amplicon showed similar highly
conserved structure with only rare variation (data not shown).
In contrast, the amplicons for the envelope region showed
much greater variation (Fig. 5B). For patient 1, three related
OTUs predominated for the first three time points sampled (5
to 40 weeks after clinical presentation). Over this time period,
the principal OTUs differed by about 5 base substitutions out
of ⬃200 total. By 215 weeks after infection, a different branch
of the lineage predominated, separated from the earlier OTUs
by an edit distance of at least 12 substitutions. For patient 2,
the population was relatively stable for the first 17 weeks,
dominated by a single OTU. Diversification was seen at 34
weeks, and by 107 weeks, the population had changed over to
a divergent lineage. Patient 3 was sampled over only 10 weeks,
and relatively little diversification was seen. Similar patterns
were seen for the three patients for the other envelope amplicons analyzed (data not shown).
HCV diversity during HIV-HCV coinfection. Approximately
one-third of HIV-infected patients are coinfected with HCV
(35), and HIV coinfection increases HCV-related liver diseases (10), raising the question of how HIV coinfection affects
the structure and evolution of HCV populations. One possibility is that immune impairment due to advanced HIV infection results in reduced immune pressure on HCV populations
(4, 18) and thus in diminished HCV diversity. To investigate
this issue, we compared HCV sequence diversities in HIVHCV-coinfected and HCV-monoinfected patients. We analyzed plasma HCV RNAs from eight HIV-HCV-coinfected
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FIG. 4. Longitudinal trends in sequence diversity analyzed using the Shannon Index. Data for each amplicon and read direction are shown
separately. Each patient is indicated by a color. Times after diagnosis for the samples are shown on the x axis, and Shannon Diversity Index values
are shown on the y axis. The data are shown in tabular form in Table S1 in the supplemental material. Data are shown for PyroNoise-processed
amplicons (OTUs formed from one or two sequence reads were retained in this analysis). Patient 1, yellow; patient 2, purple; patient 3, green. All
pairwise comparisons between pooled data from each amplicon achieved P values of ⬍0.02 (t test). Analysis using a generalized linear model,
comparing the Shannon diversity to amplicon and time data while controlling for the patient, showed that diversity significantly increased with time.
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subjects. For HCV monoinfection, we analyzed the last time
points for patients 1 to 3 described above and two additional
chronically infected HCV subjects, providing five HCVmonoinfected patients for comparison.
The monoinfected and coinfected individuals were compared over each genomic region to identify reproducible differences between the two patient groups. The Shannon Index
value was calculated for each subject individually, and then the
mean Shannon Index values for the two groups were compared
(Fig. 6). For the 5⬘-UTR amplicon, almost no diversity was
detected, and there was no difference between monoinfected
and coinfected subjects. Higher diversity levels were seen for
the core and the E2 envelope (excluding HVR1) amplicons for
both groups, but there also were no significant differences in
the mean diversity values.
In contrast, significantly higher diversity was seen for the
monoinfected subjects in the HVR1 envelope region than for
coinfected subjects (P ⫽ 0.02616; Mann-Whitney comparison
of means for pooled 3Aa, 3Ab, 3Ba, and 3Bb). This is consistent with the idea that loss of immune function due to advanced HIV infection may diminish selective pressure on HCV
populations, so that the HCV population diversifies to a lesser
extent. However, the magnitude of the effect was modest, and
we note that there are possible complications in this analysis

FIG. 6. Comparison of HCV diversity in samples from HCVmonoinfected and HIV-HCV-coinfected subjects. Shannon Index values were calculated for each subject, and then mean Shannon Index
values were compared between monoinfected and coinfected subjects.
The error bars show the 95% confidence interval of the difference (so
that a lack of overlap of the error bars indicates a statistically significant difference in the means). The asterisk denotes a significant difference (P ⫽ 0.02616, Mann-Whitney comparison of means) between
the two groups indicated by the horizontal line.
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FIG. 5. Analysis of HCV sequence data on phylogenetic trees. (A) Diversification of 5⬘ UTR amplicons (1A) during HCV replication. The
relative abundance of a type is shown by the black shading, where the extent of the black region from left to right within the gray bar indicates
the proportion in the population. Trees were generated using neighbor joining. (B) Diversification of HVR1 sequences (3B) during HCV
replication. The plasmid control is shown for comparison on each tree.
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that could influence the outcome. We return to these issues in
the Discussion below.
Estimating the number of OTUs in an HCV population. We
investigated how close we were to completely sampling the
HCV sequence populations using rarefaction analysis. In this
method, random subsamples of sequences are drawn from the
sequence pool for each amplicon from each individual, and the
numbers of OTUs found in the subsample are plotted (Fig. 7A
to D). The numbers of OTUs are then plotted for many different subsample sizes. If the curve reaches a plateau at values
below the total number of sequences in the sample, it indicates
that further sampling would yield few or no new OTUs. For
this analysis, we chose the conservative approach of excluding
variants supported by only one or two sequence reads.
For the 5⬘-UTR sequences (Fig. 7A), no samples from any
subject showed more than four OTUs, even at a sampling
depth of 1,500 sequences per sample. For most of the samples,
the values were near saturation at low sampling depths. We
thus concluded that most or all of the variation in the 5⬘-UTR
sequence pool had been sampled. For the core region (Fig.
7B), all of the samples appeared to be near plateau, with the
highest OTU value ⬍20.
For the envelope region, many of the OTU values were
much higher (Fig. 7C and D), with a maximum value of ⬃100.
Nevertheless, the curves all reached clear plateaus, indicating
that most or all of the variants in the sample were detected.
How many undetected OTUs are there in the HVR1 se-

quence populations? We investigated this using the Chao1
estimator for species richness, which allows the total number of
species in a population to be inferred from counts of individuals from that population. If many species (OTUs) are represented by low counts of individuals (sequences), then it is likely
that further sampling will yield new species (OTUs). Conversely, if most OTUs are represented by many sequences,
then few additional OTUs will be recovered by further sampling. The Chao1 method uses such frequency of isolation
information to estimate of the number of unseen species.
The Chao1 values for all HCV amplicons studied are shown
in Table S1 in the supplemental material. When Chao1 was
used to analyze the data in Fig. 7 (after PyroNoise clustering
and removal of OTUs supported by 1 or 2 sequences), there
were only slightly higher estimates. The highest value for any of
the HVR1 samples was 124, only slightly higher than the measured number of OTUs.
The number of virions transmitted early during infection.
For HIV, exhaustive sequencing effort has suggested that typically only one or a few virions initiate infections during initial
transmission (17, 32). Our data allow us to address this for
HCV. Although we do not know the precise time of transmission for the patients studied longitudinally here, ALT values
indicated that infection was probably close to the time of diagnosis. We thus assessed the diversity, and hence the number
of virions transmitted, at the earliest available time points for
patients 1 to 3.
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FIG. 7. Collector’s curve (rarefaction) analysis of HCV sequences from each subject. Repeated sampling of sequence subsets was used to
investigate whether additional sampling would likely yield additional OTUs. The numbers of sequences in sequence subsets are shown on the x
axis, and the numbers of OTUs in the subset are shown on the y axis. OTUs supported by only one or two sequence reads were removed prior
to rarefaction analysis. The amplicons studied were as follows: UTR (1A) (A), core (2A) (B), E1E2HVR1 (3A) (C), and E2 (4A) (D).
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FIG. 8. Calculation of the probability of transmission of a single
viral variant given the measured HCV population structures. The x axis
shows the number of viruses modeled to be involved in functional
HCV transmission. The y axis shows the probability of detecting only
one type of viral particle in the recipient in the donor-recipient transmission pair. Each of the subjects studied here was modeled individually as a potential donor and is shown as a single curve. The E1E2
HVR1 amplicon was used for this analysis. For subjects for whom
multiple time points were available, the last time point was analyzed.
Probabilities were calculated as described in the text. The dashed line
indicates a P value of 0.05.

the probability of obtaining only one OTU given the numbers
of virions transmitted. Data for each HCV donor (modeled as
individuals from our study) are shown by a separate curve on
the graph.
Inspection of the graph shows that most curves fall quickly,
indicating that transmission of even small numbers of virions
would result in the appearance of multiple sequence variants in
the recipient. For most subjects, transmission of 20 functional
viral particles would likely result in accumulation of more than
one HVR1 variant. However, there is clearly also considerable
variation among the subjects studied. The most extreme case
(the rightmost curve in Fig. 8) is patient 8, 96% of whose viral
population was made up of a single sequence variant. Thus, in
general, the measured structures of the HCV populations in
the subjects studied were sufficiently complex that transmission
of ⬎20 particles would be unlikely to result in a single OTU
appearing in the recipient, but the variation among subjects
was considerable.
DISCUSSION
Analyzing the structure and dynamics of HCV populations
in patients presents a considerable challenge. HCV population
sizes can be very large (⬎107/ml), and HCV replication is quite
error prone, so that many different variants accumulate during
viral replication. A deeper understanding of population genetics is critical to effective HCV treatment and prevention. Here,
we used the 454/Roche pyrosequencing technology to quantify
HCV population structure and dynamics, allowing a quantitative analysis of transmission bottlenecks.
A major challenge in studies of viral populations using massively parallel sequencing is the potential artifactual inflation
of variants due to mutation during sample preparation and
errors in sequence determination. Without careful filtering,
these errors lead to an erroneous proliferation of sequence
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For this, we used the HVR1 amplicons (3Ba and 3Bb), since
they are the most diverse and so are most suited to reporting
the number of HCV variants. We used the conservative Chao1
analysis described above to estimate population sizes (see Table S1 in the supplemental material). For the two HVR amplicons, the numbers of sequence reads ranged from 148 to
551, but the numbers of OTUs ranged from only 1 to 4 for the
first time points. The higher numbers of OTUs were from
patient 2, who was first sampled the longest time after diagnosis (9 weeks). For all three patients, OTU numbers were higher
for the HVR1 amplicons at the last time point than for the first
time point (see Table S1 in the supplemental material). Thus,
these data indicate that during transmission or shortly after
infection, the HCV sequence population was comprised of
only one or a few OTUs.
The viral population structure strongly affects estimation of
the size of the transmitted inoculum. In previous literature,
detection of low viral sequence diversity immediately after
transmission has been taken as evidence that only one or a few
viral particles seeded the initial infection. However, this conclusion is highly dependent on the structure of the viral population in the individual virus donor. For example, in the extreme case in which the viral population in the donor is
homogeneous, finding a single variant in the recipient does not
establish transmission of only a single virion. Conversely, if the
donor harbors a highly diverse viral population and only a
single viral variant is observed in the recipient, then a single
particle probably initiated the productive infection. Here, we
developed a quantitative framework to analyze the probability
of transmitting one viral sequence variant given known structure of the donor population and used the pyrosequence data
to model the size of the initial HCV inoculum transmitted in
the patients studied here.
The probability of receiving only one OTU from the donor
is as follows: Prtotal ⫽ p1n ⫹ p2n ⫹ … ⫹ pin, where p1, p2, … pi
are the proportions of OTU1, OTU2, … OTUi in the donor,
Prtotal is the total probability of transmission of a single variant,
and n is the number of virions transmitted initially. For example, if OTU1 comprises 90% of the population in the donor,
then the first virion transmitted to the recipient has a 90%
chance of being OTU1. The probability of transmission of two
virions belonging to OTU1 is thus 0.9 ⫻ 0.9, or 0.81. The
squares of each probability are then summed over all OTUs in
the sample to yield the total probability of transmission of a
single variant given infection by two particles. If three viral
particles started the infection, the probability would be the
proportion of each OTU cubed, and so forth for larger numbers of virions transmitted initially. Thus, either increasing the
diversity of the viral population in the donor or increasing the
numbers of viral particles transmitted decreases the probability
of obtaining a single variant in the recipient.
We used the HVR1 amplicon (3Ba) to represent proportions of OTUs in experimentally measured HCV populations
(see Table S1 in the supplemental material). For subjects for
whom multiple time points were available, the last time point
was studied. Figure 8 shows the calculated probability of obtaining a single OTU from a single transmission of n virions
from the viral populations in the subjects studied. The x axis
shows the number (n) of virions in hypothetical transmission
events, comparing n values of 1 to 100 virions. The y axis shows
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variants. However, comparison to control data sets showed
that denoising with PyroNoise followed by clustering in OTUs
removed most pyrosequencing errors. Another source of error
was mutation accumulation during sample preparation. Judging by the results with the plasmid controls and the 5⬘-UTR
and core amplicons, sporadic base changes introduced during
reverse transcription or PCR were effectively suppressed as
well, since mostly single OTUs were recovered in these samples.
For control plasmid amplicons, most were reduced to single
OTUs, while HVR1 samples ranged from 3 to 118 OTUs, indicating good retention of biological sequence variation while controlling false proliferation of variants due to error.
We developed a method for modeling the number of virions
initiating productive HCV infection and applied it to the filtered HVR1 pyrosequence data. We first devised a method for
calculating the probability of transmitting a single viral variant
given any population structure in the individual virus donor.
Using this method, and given the observed population structures in the donor and single variants in the recipient, we then
calculated the probabilities for transmitting different numbers
of particles initially. In this approach, each infected subject
studied is treated as a candidate infection donor. We found
that the observed HCV populations are sufficiently diverse that
it would be unlikely for an infection to be founded by a single
variant after transmission of even a modest number of infectious particles (⬎20). Thus, we conclude that the low diversity
seen early after HCV infection is a result of transmission of
one or a few virions and is not due to viral populations in the
donors having low diversity at the time of transmission. The
conclusion that one or a few virions were transmitted applies
only to the virions that seeded productive infection—nothing
in our data rules out the possibility that many additional particles were in the initial inoculum but did not replicate in the
new host. We also note that the numbers of virions initiating
HCV infection could well differ with different routes of infection, and it would be of interest to use this method to analyze
samples early after transmission by various means.
In the HIV field, diversity estimates have been generated by
using single-genome amplification, in which PCR templates
are serially diluted until only a minority of dilution wells show
amplification, allowing single variants to be collected and sequenced one by one (17, 32). The reason for this laborious
approach is that falsely low diversity can be seen if PCR mixtures contain only small numbers of initial templates, so that
amplification results in many products with relatively homogeneous sequence composition. This is a particular challenge for
studies of HIV latency, where relatively few template molecules are typically available. However, for the HCV samples
studied here, the viral-load values were ⬎50,000 copies per ml,
suggesting that low diversity at early time points was not simply
a result of low template abundance.
HIV-HCV coinfection was associated with reduced HVR1
diversity compared to monoinfection, and our data help us to
understand why this point has been controversial in previous
literature (4, 27, 31, 34, 36, 39, 43). There was considerable
variation in HCV diversity among subjects within each group,
which is particularly evident thanks to the depth of the pyrosequencing data, suggesting that factors in addition to HIV
coinfection also affect diversity. Analysis of Shannon diversity
in the context of a generalized linear model, including the

HCV load, the HIV load, and time after infection, showed that
all these variables influence diversity significantly (P ⬍ 0.05;
data not shown). In addition, methods for quantifying diversity in viral populations are still under development, and
the Shannon Index used here may not be ideal for this application. We found in the longitudinal analysis of viral envelope
sequences that diversification was not a homogenous process
across the full sequence tree. Over time, particular branches
tended to bloom with multiple variants, while others withered
away. This is what would be expected if an immune response to
particular HVR1 variants eliminates those members of the
population, allowing other HVR1 sequences to grow out. The
timing of sampling relative to this process may affect the diversity ultimately measured. Alternative approaches to quantifying sequence variation may better capture this underlying
biology, and such methods are under ongoing development.
Intense efforts are presently focused on developing therapeutics for HCV, and it is already clear that viral drug evasion
mutations are a severe problem. Similarly, there is considerable interest in studying how HCV evades host immune responses. The methods described here should be useful for
studying the dynamics and nature of HCV responses to these
selective pressures.
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