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Abstract 
Analysis of viral genetic data has previously revealed distinct within-host population 

structures in both untreated and interferon-treated chronic hepatitis C virus (HCV) 

infections. While multiple subpopulations persisted during the infection, each subpop-

ulation was observed only intermittently. However, it was unknown whether similar 

patterns were also present after Direct-Acting Antiviral (DAA) treatment, where viral 

populations were often assumed to go through narrow bottlenecks. Here we tested 

for the maintenance of population structure after DAA treatment failure, and whether 

there were different evolutionary rates along distinct lineages where they were 

observed. We analysed whole-genome next-generation sequencing data generated 

from a randomised study using DAAs (the BOSON study). We focused on samples 

collected from patients (N=84) who did not achieve sustained virological response 

(i.e., treatment failure) and had sequenced virus from multiple timepoints. Given 

the short-read nature of the data, we used a number of methods to identify distinct 

within-host lineages including tracking concordance in intra-host nucleotide variant 

(iSNV) frequencies, applying sequenced-based and tree-based clustering algorithms 

to sliding windows along the genome, and haplotype reconstruction. Distinct viral 

subpopulations were maintained among a high proportion of individuals post DAA 

treatment failure. Using maximum likelihood modelling and model comparison, we 

found an overdispersion of viral evolutionary rates among individuals, and significant 

differences in evolutionary rates between lineages within individuals. These results 

suggest the virus is compartmentalised within individuals, with the varying evolution-

ary rates due to different viral replication rates and/or different selection pressures. 

We endorse lineage awareness in future analyses of HCV evolution and infections to 

avoid conflating patterns from distinct lineages, and to recognise the likely existence 

of unsampled subpopulations.
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Author summary
Hepatitis C virus (HCV) remains prevalent globally, particularly straining healthcare 
systems in low- and middle-income countries. Despite huge efforts to develop an effective 
HCV vaccine, deployment is at best several years away. In the meantime, Direct-Acting 
Antivirals (DAAs), which can cure HCV in up to 95% of cases for some but not all HCV 
genotypes, are the gold-standard treatment. With the widespread use of DAAs in HCV-
infected individuals, the emergence and spread of DAA resistance is imminent. HCV has 
been observed to maintain a structured population within hosts, where distinct subpopu-
lations coexist and fluctuate in frequency. Using novel genomic methods, we demonstrate 
the continued presence of the unique within-host viral population structure of HCV after 
DAA treatment failure, meaning resistance-associated mutations may be present but not 
observed either before or after treatment failure. The distinct lineages exhibited significant-
ly varying evolutionary rates, suggesting either differential selective pressures acting upon 
the subpopulations, or the infection of different cell types. In light of these findings, we 
advocate a lineage-aware approach that recognises the complexity of within-host dynam-
ics of HCV since fluctuating subpopulations may harbour distinct genotypic features that 
could confer different phenotypes, such as drug resistance or high transmissibility. Unless 
the lineages are teased apart, within-host evolutionary studies risk reporting averaged and 
inaccurate properties of distinct sub-populations that may be evolutionarily divergent.

Introduction
Infections caused by the hepatitis C virus (HCV) are prevalent globally. While around 30% of 
infections clear spontaneously, the remaining become chronic if left untreated. Up to 30% of 
untreated chronic infections result in cirrhosis and liver cancer, leading to an increased risk  
of death, significantly damaging the health of the individual, and burdening health systems [1]. 
In recent years, a range of highly effective Direct-Acting Antivirals (DAAs) has proven effective, 
with efficacy rates up to 95% in some genotypes [2–5], although access to diagnosis and treat-
ment remains low in many low and middle income countries [1]. Without an effective vaccine, 
reinfections are common in highly affected areas and among at-risk populations [6].

Similar to other RNA viruses, HCV exhibits complex within-host dynamics. It often main-
tains a unique population structure [7,8], where multiple distinct viral populations coexist but 
are only observed intermittently across sampling time points [9–13]. Within-host phyloge-
nies have demonstrated the structured viral population of untreated and interferon-treated 
chronically-infected HCV patients [14–18]. Many biological mechanisms could support such 
population structure, including physical barriers such as cirrhotic liver tissues [19,20], or the 
infection of different cell types [21,22]. HCV also has a very low rate of recombination which 
acts to prevent the genetic mixing of different subpopulations [16], whilst compartmentalisa-
tion would prevent cells from being coinfected with different subpopulations, reducing the 
effective rate of recombination still further. Segregating populations could lead to differences 
in replication rates, generation times and/or rates of evolution.

Understanding viral disease dynamics is an indispensable part of the road toward the 
World Health Organisation’s 2030 target of eliminating viral hepatitis. The within-host pop-
ulation structure does not only affect drug resistance mechanisms but could also complicate 
studies looking at disease transmission, because genetically different populations could be 
circulating between the time of transmission and the time of sampling [23]. This phenomenon 
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will inevitably interfere with molecular epidemiology inferences and surveillance efforts, 
which can rely on previously curated consensus genetic data.

Studying subpopulations and compartmentalisation of HCV is not straightforward because 
most viral genetic data is from blood samples, so subpopulations can be mixed. With longi-
tudinal sampling, it has been found that sometimes a single population circulates the body, 
while at other times, multiple distinct populations coexist in the blood [15,16,18]. While com-
partmentalisation has been proposed as the mechanism underlying these dynamics, it is very 
difficult to investigate because it requires the isolation of viruses infecting the, yet unknown, 
compartments. These compartments could be different sections of the same liver or various 
candidate cell types spread across the body.

Without coordinated proactive measures, the high success rates of DAAs may be heavily 
challenged by emerging viral drug resistance in the future. Moderate to high prevalence of 
baseline resistance-associated substitutions (RASs) to DAAs have been found in publicly 
available sequences and treatment studies, occasionally coupled with lowered sustained 
virological response (SVR) rates [24–30]. Studies have found that the genetic barriers to 
DAAs are low across viral genotypes [29,31]. RASs that conferred cross-resistance to multiple 
DAAs sharing the same target were readily selected in vitro [32]. In addition, the detected 
RASs were naturally inherent to specific viral genotypes [26,29,33]. Different genotypes and 
demographics vary in their overall SVR rates with DAA treatment [24,25,33,34]. Detailed 
characterisations of RASs, especially in light of within-host population structure, are essential 
for treatment guidelines in resource limited regions as it will help to avoid an increase in drug 
resistance prevalence and to achieve high levels of SVR post treatment.

An important observation has been the maintenance of viral subpopulations after liver 
transplantation and treatment with ribavirin and interferon, with distinct subpopulations 
present prior to transplantation or treatment re-emerging months or years later [14,15]. Given 
the rapid and mass rollout of DAAs, which are highly effective at treating most HCV infec-
tions, a key question is whether distinct subpopulations are also maintained in the minority of 
individuals who fail treatment. To answer this question, we analysed whole-genome deep-
sequencing data from samples longitudinally collected from patients that failed DAA treat-
ment. Because of the short-read nature of the data, we used a variety of analytical methods to 
identify subpopulations, and if they were present to determine their rates of evolution. As a 
result of the findings, we suggest the within-host evolutionary analyses of HCV viral popula-
tions should be lineage-aware as standard.

Results

Subpopulation frequencies fluctuate across timepoints
Approximately 600 chronically infected HCV patients were enrolled in the BOSON study, 
which assessed the efficacy of different lengths of Sofosbuvir and Ribavirin treatment with 
or without Peginterferon-Alfa [35]. The three treatment arms were 12 weeks (Sofosbuvir + 
Ribavirin + Peginterferon-Alfa), 16 weeks (Sofosbuvir + Ribavirin), and 24 weeks (Sofosbu-
vir + Ribavirin) long. A total of 88 individuals from all three arms failed treatment. Plasma 
samples were collected before treatment (Baseline), during treatment, 12 weeks and 24 weeks 
post treatment. For 22 individuals, there were also samples collected before the start of their 
12 weeks of retreatment, and occasionally samples were available for 4 weeks, 12 weeks and 
24 weeks post retreatment. Of the individuals that failed treatment, two were infected with 
genotype 2 HCV and the rest were all infected with genotype 3 HCV. Given the specifics of 
data availability for each of the patients, not all individuals were in included in all analyses. 
For inclusion criteria see S1 Fig.
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Since HCV has been reported to have low rates of recombination [16], we hypothesised 
that if different subpopulations have genetic variants unique to them, then the dynamics of 
subpopulations could be observed by tracking frequency changes of intra-host Single Nucle-
otide Variants (iSNVs) through time. We generated frequency trajectories of genomic iSNVs 
that were below 50% at Baseline, above 50% at Post-Treatment 12 weeks (PT12) and below 
50% at Post-Treatment 24 weeks PT24 for 9 individuals with at least 4 such iSNVs (top panel, 
Fig 1). No frequency threshold was applied to samples after PT24. The majority of these 
iSNVs were synonymous changes. We then examined the genomic location of these iSNVs 
(bottom panel, Fig 1). The iSNV positions across the HCV genome did not show a specific 
genomic region responsible for segregating the subpopulations, and also supported the lack of 
recombination.

Next, we generated frequency trajectories for all fluctuating iSNVs present in 50 indi-
viduals with at least three samples available (S2 Fig). We observed highly concordant iSNV 
frequencies through time, highly suggestive of genetically distinct subpopulations changing in 
frequency, with different populations represented by unique haplotypes. To explore this fur-
ther, we reconstructed viral haplotypes for each sample using CliqueSNV [36], from which we 
generated haplotype phylogenies for each infection using IQ-TREE2 [37] [see Methods]. The 
iSNV trajectories were reflected in many individuals’ haplotype trees (Fig 2). For example, 
in Fig 2, patient J, the low frequency lineage was present at around 20% at Baseline, dropped 
to 0% at 12 weeks post treatment (PT12) and reappeared at around 20% at 24 weeks post 
treatment (PT24). This low frequency lineage was represented by one baseline haplotype and 
one PT24 haplotype, with both being on the same branch of the haplotype tree. Similar consis-
tencies of haplotype phylogenies with iSNV trajectories can be seen in other patients (Fig 2 
patient A, S3 Fig patient B). However, the correspondence between the allele trajectories and 
the haplotype trees was not always clear cut, which in some cases may be due to the presence 
of subpopulations not observed at baseline (S3 Fig patient C).

To visualise if the subpopulations exclusively harboured RASs, we plotted the resistance-
associated variant (RAV) frequency trajectories together with the iSNV frequency trajectories 
(S2 Fig). In most of the individuals, there was either a consistent presence (frequency above 
90%) or absence (frequency below 10%) of most RAVs throughout the sampling period. A 
median of 24 RAVs [range 5-28, mean 23.34] were present at equal to or above 50% frequency 
throughout the sampling period for the 50 assessed individuals. A median of 3 RAVs [range 
0-14, mean 4.22] were present below 50% frequency throughout the sampling period for 
the assessed individuals. For some positions in 20 individuals, we observed RAV frequency 
fluctuations (i.e., frequency changing from below 50% to above 50% or vice versa) suggesting 
complex resistance mechanisms. Specifically, NS5B: 150V, 66T, 120R, 180Q and NS3 67V fluc-
tuated in frequency in 4 individuals, NS5B 90A fluctuated in 5 individuals. In several patients, 
we observed dynamics suggesting a RAV may have been under selection as a result of the 
treatment, with a minor subpopulation containing the RAV at baseline becoming the major 
subpopulation after treatment (e.g., Fig 2 patient A). However, given the highly dynamic 
nature of within-host HCV subpopulations and the lack of recombination, we cannot say 
definitively whether the subpopulation became dominant because it harboured the RAV and 
these observations could also be explained by neutral processes, including drift facilitated by 
low population size or genetic hitchhiking.

Pretreatment population structure was retained post treatment
Although the iSNV frequency trajectories and haplotype phylogenies were suggestive of struc-
tured within-host populations, we are essentially assuming that iSNVs of similar frequencies 
are linked (on the same genome) and therefore that iSNV frequencies are representative of 
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sub-population frequencies. However, because we are using short-read sequencing data we 
cannot a priori make this assumption since most mutations will be on different reads. There-
fore, we produced the frequency trajectories for pairs of iSNVs that are closer than 150 bp on 
the genome (S4 Fig), further confirming that frequency concordant iSNVs were on the same 
genomic background.

Fig 1.  Frequency trajectories of iSNVs that fluctuated (Top) and their positions on the genome (Bottom) (patients A-I). The inclusion criterion was iSNVs that 
changed from below 50% at Baseline (i.e., 0 days post baseline), to above 50% at PT12 (12 weeks post treatment), and decreased to below 50% at PT24 (24 weeks 
post treatment). Patient B,D and G have a fourth sample after PT24. Synonymous changes are in blue, nonsynonymous changes are in orange and non-coding sites 
are in grey. The light peach colour shaded region indicates the duration of DAA treatment (variation in duration was due to the patients being in different treat-
ment groups in the original study, see Foster et al. 2015 for further details [33]).

https://doi.org/10.1371/journal.ppat.1012959.g001

https://doi.org/10.1371/journal.ppat.1012959.g001
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To further demonstrate the existence of subpopulations, we tested for population struc-
ture among sequencing reads spanning sliding windows along the genome, meaning linkage 
between iSNVs within a given window is known rather than inferred. The short reads meant 
low resolution in any given window, however, by scanning the entire genome and considering 
a large number of windows, we were able to build up an aggregate picture for each individual. 

Fig 2.  Haplotype phylogenies and iSNV frequency trajectories across sampling time points (patient A and J). All iSNVs with a frequency above 10% in at 
least one sample were traced across all sampling time points, with synonymous changes in blue, nonsynonymous changes in orange and non-coding in grey. All 
resistance-associated variants (RAV) trajectories are in red. The light peach colour shade indicates the duration of the DAA treatment. The coloured arrows on top 
of the trajectories and the coloured tips in the haplotype phylogenies represent the different sampling timepoints (light red: baseline; yellow: PT12 (12 weeks post 
treatment); green: PT24 (24 weeks post treatment).

https://doi.org/10.1371/journal.ppat.1012959.g002

https://doi.org/10.1371/journal.ppat.1012959.g002


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012959  April 1, 2025 7 / 18

PLOS Pathogens Lineage-aware analysis of hepatitis C virus

We used two cross-validating summary statistics to demonstrate the existence of within-host 
population structure across the entire genome of HCV.

For each window, we first used a Bayesian sequence-based approach (fastbaps) to deter-
mine if sequences showed evidence of population structure persisting through the infection. 
This population structure was then cross-validated using tree topology (Simmonds Associa-
tion Index (SAI)). The two summary statistics are very conservative in nature, and therefore 
a positive result is strongly supportive of population structure, but population structure may 
be present even if the result is negative. Given that the inclusion of baseline sequences in all 
clusters was enforced during the analyses, a positive result indicates that population structure 
was maintained following DAA treatment. Of the 80 individuals with samples that passed the 
analysis selection criteria, 47 (58.75%) had five or more non-overlapping windows showing 
evidence of structure, and 23 (28.75%) had five or more non-overlapping windows with the 
structure validated by both fastbaps and SAI (Fig 3, examples of structured topologies are in 
S5 Fig).

Lineages that are only intermittently observed across time are less 
divergent
We have presented multiple lines of evidence supporting the maintenance of subpopu-
lations after treatment in many individuals, and with the relative frequency of observed 
subpopulations often changing dramatically through time. Although the reconstruction of 
within-host haplotypes for virus populations can be challenging, the well-segregated subpop-
ulations within HCV infected individuals appear to favour reasonably accurate haplotype 
reconstruction.

The CliqueSNV [36] reconstructed haplotype trees in our dataset showed different topol-
ogies across individuals. Some individuals had only a single lineage throughout the sampling 
time frame (e.g., Fig 4, patient K), whereas others had more complicated structures. For exam-
ple, in some cases multiple lineages emerged from different baseline haplotypes (e.g., patient 
B in Fig 4), and often one or more of the lineages were observed at two sampling time points 
but missing from an intermediate time point (e.g., for patient B, lower lineage is missing time 

Fig 3.  Ocean plot of windows with strong evidence for the maintenance of population structure after treatment. For sliding windows within longitudinally 
sampled individuals, the windows are coloured purple when evidence that population structure was maintained is strong (supported by fastbaps and Simmonds 
Association Index), are coloured blue when population structure was supported by fastbaps only, are coloured light blue when the window was assessed and are 
coloured grey when the window was not assessed.

https://doi.org/10.1371/journal.ppat.1012959.g003

https://doi.org/10.1371/journal.ppat.1012959.g003
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point PT12). We also commonly observed cases where the order of lineage branching was 
not chronological (e.g., Fig 4, patient L and additional examples in S6 Fig). To further visual-
ise the complex within-host population structure, we generated several haplotype networks 
using the 1-step and k-step approach from Campo et al. 2014 [7]. The networks showed stably 
structured connectivity among haplotypes as we increased the maximum genetic distance 
threshold connecting the haplotypes. These animated networks are available to view online at 
https://github.com/lzhao-virevol/hcv_lineage-awareness.

We hypothesised that unobserved lineages may be periodically occupying different niches, 
and this may in turn affect their evolutionary rates. To test if there was evolutionary rate vari-
ation across the individuals, we fitted the number of synonymous mutations between haplo-
types in the individual trees to two different expected distributions (Fig 5A) using a maximum 
likelihood framework. We used synonymous mutations as these are more likely to be neutral 
than nonsynonymous mutations, and therefore less likely to be influenced by selection as a 
direct result of treatment. A Poisson distributed number of synonymous mutations would be 
expected, at any given time since baseline, if all viral populations evolve at a single shared rate.

Taking into account the time of sampling post baseline for all reconstructed haplotypes 
across all individuals in our dataset, we determined the most likely single mutation rate given 
the observed number of mutations on each haplotype compared to the most similar baseline 
haplotype. The expected 1000 bootstrapped distributions of mutations using the maximum 
likelihood rate (Poisson mean: 0.152) was significantly different from the observed distribu-
tion of synonymous mutations (Kolmogorov–Smirnov test: p<2.2✕10-16). We next introduced 
additional variation into the expected distribution by fitting a negative binomial distribution. 
(As well as its common interpretation as the distribution of the number of failures in a given 
number of equal-probability Bernoulli trials, the negative binomial distribution also arises as 
a mixture of Poisson distributions with gamma-distributed means.) The 1000 bootstrapped 
distributions generated with the maximum likelihood parameters (negative binomial shape 
parameter: 1.296, rate parameter: 0.874) were visually more similar to the observed distri-
bution of synonymous mutations, yet the two overall distributions were still significantly 
different (Kolmogorov–Smirnov test: p=5.386✕10-6). These results support variation in 

Fig 4.  Reconstructed haplotype trees showed different topologies across individuals. Trees showed single subpopulation within-host (patient K), multiple sub-
populations within-host (patient B), missing time point in one population (patient B: lower left lineage missing time point PT12), later sequences more similar to 
baseline (patient L). Baseline sequences are in red, PT12 (post treatment 12 weeks) sequences are in yellow, PT24 (post treatment 24 weeks) sequences are in green, 
BRT (baseline before re-treatment) sequences are in purple, PRT4 (post re-treatment 4 weeks) sequences are in light blue, PRT24 (post re-treatment 24 weeks) 
sequences are in light green. The size of the dots are relative haplotype frequencies.

https://doi.org/10.1371/journal.ppat.1012959.g004

https://github.com/lzhao-virevol/hcv_lineage-awareness
https://doi.org/10.1371/journal.ppat.1012959.g004


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012959  April 1, 2025 9 / 18

PLOS Pathogens Lineage-aware analysis of hepatitis C virus

evolutionary rates among individuals, with the right tail of the observed distribution indicat-
ing significant overdispersion among individuals, and we hypothesised this may be a conse-
quence of complex rate dynamics within individuals as well as among.

To investigate the evolutionary rate variation within individuals, we estimated evolution-
ary rates per within-host lineage using exhaustive model comparison of mixed-effect linear 
models. For individuals where a single-lineage rate model had the lowest BIC score, one rate 
was estimated. For individuals where a multiple-lineage rate model was the best model, we 
separated the lineage rates into ones that were estimated from lineages missing haplotypes 

Fig 5.  A. Distributions of the observed (red), 1000 Poisson (green) and 1000 negative binomial (blue) model generated expected counts of synonymous muta-
tions per genome per day. B. Estimated rates of lineages from single lineage individuals, and multi-lineage individuals, while distinguishing between lineages 
where sampling time point(s) was missing or not.

https://doi.org/10.1371/journal.ppat.1012959.g005

https://doi.org/10.1371/journal.ppat.1012959.g005
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from intermediate sampling timepoints and lineages that did not miss haplotypes from inter-
mediate sampling time points. By doing so, we assumed that if the intermediate haplotype 
was not observed, then the subpopulation it belonged to was at low or undetectable frequency. 
The estimated rates for the lineages fell within the expected range for HCV neutral evolution 
reported by previous studies (2.05-8.21✕10-5 s/s/d [16] and 1.11 - 1.13 ✕10-3 s/s/yr [38]), 
with lineages that had missing observations having rates significantly lower than the lineages 
not missing observations (Mann-Whitney U test: p = 1.868✕10-5) (Fig 5B). These lowered 
divergence rates suggest that when not present in circulating blood, subpopulations may be 
subject to lower selection pressures, and therefore there is less opportunity for synonymous 
mutations to hitchhike with selected-for mutations to high frequency. Alternatively, viruses in 
these subpopulations might have a longer viral generation time, perhaps due to infecting dif-
ferent cell types. This would reduce the rate at which new mutations are introduced into the 
population per unit time, resulting in a lower rate of neutral evolution [39]. The rate estimates 
from single-lineage individuals were intermediate between the multi-lineage individual rates 
for lineages with no missing observations, and those with missing observations. This may be 
because the haplotypes were not well-resolved within these individuals and divergence signals 
from lineages of differing rates were merged into the single lineage.

Discussion
Here, we have systematically demonstrated for the first time that HCV pre-existing within-
host population structure is often maintained after DAA treatment failure. Moreover, we 
found considerable variation in evolutionary rates among individuals, and between differ-
ent lineages within individuals, with lineages that are absent at intermediate time points 
tending to have lower rates of evolution. To do this we analysed whole-genome short-read 
virus sequences generated as part of the BOSON study, a randomised control trial to test the 
effectiveness of different treatment regimens of a second-generation DAA. We used a number 
of corroborating analyses, including tracking iSNV frequencies through time, scanning sliding 
window phylogenies across the genome, and haplotype reconstruction. This work has implica-
tions not only for our understanding of HCV biology, but also for how in the future to screen 
for DAA tolerance or resistance mutations before treatment and after treatment failure, which 
we argue should be “lineage-aware”.

Previous work has also demonstrated the presence of distinct viral lineages during HCV 
infections, but the question remains whether their existence poses a biological challenge for 
treatment efforts. Even in patients who ultimately experience viral rebound, DAA treatment 
induces a large reduction in the HCV viral population size, but not so large that viral diversity 
is not maintained; for sofosbuvir treatments at least [35]. Because the resistance landscape is 
affected by many environmental factors such as host HLA genotype, INFL4 reactivity, DAA 
resistance is almost never the result of a single specific drug resistant mutation in the virus 
that initiated the infection [34]. The genetic resistance mechanism has proven a challenge to 
tease apart [40]. While the cure rate of HCV infections by DAA is high, the undisrupted pop-
ulation structure in patients experiencing rebound after DAA treatment is concerning.

Others have characterised the mutational spectrum of HCV post DAA treatment and the 
development of (multi-)drug resistance from pre- to post-DAA treatment [30,41,42]. How-
ever, the role that structured populations have in the response to DAA treatment is unknown. 
It is possible that the presence of population structure makes the viral population more 
resilient to environmental disturbances caused by immunity or treatment, meaning immune- 
or drug-sensitive populations could be preserved within the human body, enabling them to 
re-emerge when immune or treatment pressures ease. One recent study showed differential 
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persistence of RASs after treatment failure among different genotype infected individuals [43], 
where high-level resistant RASs are less likely to persist compared to low- and medium-level 
resistant RASs. They also observed that RASs could disappear as early as 3 months after treat-
ment failure. If it proves to be the case that population structure facilitates DAA persistence, 
longer treatment duration and/or treatments that target both observed and unobserved sub-
populations may be advisable. If the population structure arises due to compartmentalisation, 
whether it be physical barriers caused by cirrhotic liver tissues or non-hepatic cells across the 
body, treatment strategies may need to consider the coverage of all compartments, as another 
study showed different RASs are present in different compartments in the liver [19].

Consideration of maintenance of HCV within-host population structure after treatment 
failure may also be critical in efforts to control the virus. In particular, we have seen time 
and time again that we should never be complacent over the emergence and spread of drug 
resistance, as witnessed by recent increases of rates of transmitted resistance to antiretrovirals 
in HIV infections [44], after decades where these rates were consistently low and considered 
relatively unproblematic. For HCV, there is still a large amount that is unknown, but the 
answers may be critical in our fight for its global eradication, which with the advent of DAAs 
should be our aspiration. For example, dynamic viral population structures were not seen 
within all the individuals we analysed, which could be because they did not exist, or because 
they existed but we did not observe them [45]. Important questions remain: how widespread 
is within-host HCV population structure, what is the mechanism underlying the structure, 
why do unobserved populations have a lower rate of evolution, and what role does the viral 
population structure have in treatment failure and ultimately the spread of drug resistant and 
tolerant mutations?

It would be sensible to hypothesise that the establishment and maintenance of structured 
populations is complex and dependent on the interaction between host, viral, and environ-
mental factors. Understanding the roles of these different factors could then feed into our 
decisions on how best to screen individuals for pre-existing virus resistance mutations, treat 
them, and to follow them up, so as to prevent onward transmission of resistant mutations. 
As a specific example, relying on the viral genome consensus at a single sampling time point 
for drug resistance testing risks not capturing resistant genotypes that are present but do not 
happen to be circulating in the blood or at sub-consensus frequency at the time of sampling. 
We therefore advocate for lineage awareness in evolutionary analysis of HCV infections.

Here, we analysed whole-genome short-read sequencing data. This has the advantage 
over previous studies looking at the within-host evolution of HCV since it covers the whole 
genome, rather than just the E1/E2 region that is more typically studied. However, the reliance 
on short Illumina reads, rather than on longer reads that are often used in this type of anal-
ysis, meant we could not directly test for population structure at each time point. We there-
fore used a sliding window approach that scanned across the whole genome, and tested for 
population structure within each window using two cross-validating statistics. This method-
ology ensured high specificity in the detection of population structure, but does mean there 
are likely many cases where population structure existed but we did not detect it with high 
confidence. Moreover, for part of the analysis we relied on a haplotype reconstruction tool, 
with the resemblance of the reconstructed haplotypes to the true haplotypes dependent on 
the power of the reconstruction tool and the diversity and composition of viruses within the 
samples. Using genuine haplotypes directly from long-read deep-sequencing data would be 
preferable, but while Illumina short-read sequencing is still the norm, our methods provide a 
roadmap for how to analyse this type of data.

Another drawback of our study is that we did not have samples pre-baseline. We there-
fore assumed that all subpopulations were observed at the first sampling time point. This 
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assumption will inevitably inflate evolutionary rate estimates for lineages that were present 
but not observed at baseline, but which were then observed later on, since they will have 
appeared to have diverged a large distance from the observed baseline population (S3 Fig, 
patient C). Future work may be able to resolve this limitation by incorporating the possibility 
of absent subpopulations at the first sampling time point.

In summary, we have demonstrated that within-host population structure is an important 
component of HCV within-host evolution in response to treatment, and we therefore advo-
cate for lineage awareness in future evolutionary analysis of HCV. A better understanding of 
the within-host dynamics of HCV infections would benefit future treatment strategies, drug 
resistance outlook and transmission mitigation.

Methods

Samples, sequencing and bioinformatics
Blood samples were collected from participating patients of the completed and published 
BOSON clinical trial [35] and permission was granted for the use of samples for further stud-
ies. The BOSON clinical trial (ClinicalTrials.gov ID: NCT01962441) took place at 78 locations 
in United States, Australia, Canada, New Zealand, and United Kingdom. For the patients 
that did not achieve sustained viral response (SVR) during the study, samples were collected 
before, during and post treatment. For several individuals, baseline and post treatment sam-
ples were also available as they underwent re-treatment. The mean HCV RNA measured for 
the enrolled individuals were around 6.2-6.3 log10 IU/mL, with a minimum titre of 4 log10 
IU/mL at enrolment.

RNA was extracted from 500 μl of plasma using the NucliSENS easyMAG system 
(bioMérieux) into 30 μl of water, of which 5 μl was processed with the NEBNext Ultra Direc-
tional RNA Library Prep Kit for Illumina (New England Biolabs) with published modifica-
tions to the manufacturer’s protocol [46]. A 500-ng aliquot of the pooled library was enriched 
using the xGen Lockdown protocol (Rapid Protocol for DNA Probe Hybridization and Target 
Capture Using an Illumina TruSeq Library [v1.0]; Integrated DNA Technologies) with a 
comprehensive panel of HCV-specific, 120-nucleotide DNA oligonucleotide probes (IDT), 
designed using a published algorithm [47]. The enriched library was sequenced on the Illu-
mina MiSeq v2 platform to produce paired 150-bp reads.

The reads were demultiplexed. Low-quality reads were trimmed using QUASR (v7.0120), 
and adapters were removed using Cutadapt (v1.7.1). Human reads were removed using Bow-
tie (v2.2.4). HCV reads were extracted by mapping to 162 ICTV reference sequences (tblastn) 
for de novo assembly with Vicuna (v1.3) and read mapping with shiver [48]. HCV genotypes 
were assigned by similarity to ICTV reference sequences. Consensus sequences were gener-
ated using shiver (v1.7.3) and used to construct a phylogenetic tree. Samples were removed 
from further analyses if they did not cluster with the other consensus sequences from the same 
individual. All phylogenetic tree reconstructions in this study were done using IQ-TREE2 
with the GTR+F+R6 model [37]. A flowchart illustrates the sample processing and filtering for 
the study (S1 Fig).

Baseline iSNV and resistance-associated variant (RAV) frequency 
trajectories
A total of 266 samples were mapped by shiver, which generated base frequency files (i.e., files 
containing base counts per genomic position) for tracking baseline iSNV frequencies for 84 
longitudinally sampled individuals. A iSNV position required a minimum depth of 100 reads 
and an iSNVs allele frequency of at least 10% for at least one time point, to be included in the 
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analysis. After quality filtering and sample availability selection, the iSNV frequency trajec-
tories were produced for 50 individuals with three or more samples. iSNVs that were fixed 
(increased to and remained at above 90%) or purged (decreased to and remained at below 
10%) after the first time point were not assessed. For 9 out of the 50 individuals, frequencies of 
pairs of iSNVs that are closer than 150 bp were also extracted from the same sequencing reads 
to confirm linkage between these iSNVs.

In addition, a list of 65 candidate resistance-associated variants (RAVs) was compiled from 
previous publications [26,49–51] including DAA resistant genotypes, DAA resistant geno-
types associated with HLA and INFL4 genotypes (S1 Table). Amino acid frequencies of RAVs 
in individuals of this study were directly extracted from mapped reads. No minimum fre-
quency threshold was applied for the RAVs, but frequency was only assessed when the RAVs 
were present on two or more mapped reads. All genomic positions are in reference to the H77 
genome (GenBank accession: NC_038882).

Haplotype reconstruction
We used CliqueSNV [36] to reconstruct haplotypes for the samples in our study (command in 
S1 Text). One phylogenetic tree per individual was constructed using the haplotypes (aligned 
with MAFFT (default settings)).

Population structure in sliding windows
The bam files (N=266) of individuals with two or more longitudinal samples with HCV reads 
mapped were processed using phyloscanner (phyloscanner_make_trees.py) [52]. Phyloscan-
ner generated alignments and trees for 210 bp sliding windows with 50 bp increments across 
the entire HCV genome. The window width was chosen through visual inspection of analysis 
results from a random subset of the samples to strike a balance between maximum window 
width (or read length) and read abundance spanning the window. Next, the k parameter in 
phyloscanner, determining the routines for identifying contaminant reads and multiple infec-
tions was optimised for HCV as described in S1 Text using sequencing reads from 570 patients 
from the BOSON study. The phyloscanner_analyse_trees.R script was used to remove possible 
contaminants within each sample.

After decontamination, fastbaps [53], a hierarchical bayesian clustering tool, was applied to 
divide the sequences into 2 clusters within each phyloscanner window (Dirichlet prior type = 
‘optimise.baps’, number of initial clusters = 2). For each individual patient, genomic windows 
containing a minimum of 2 sequences from at least 2 different samples were assessed. If both 
clusters contained sequences from the baseline (pre-treatment) sample and sequences from 
one or more later (post-treatment) samples, the window was deemed to have sequence-based 
support for a baseline structured population being maintained throughout treatment. To 
validate the sequence-based support for the maintenance of population structure, Simmonds’ 
Association Index (SAI) [54], a tree-topology-based statistic for compartmentalisation, was 
also calculated for the phylogeny constructed for each window. This step took the clusters 
assigned by fastbaps and tested how stable the clusters were by bootstrapping the phylogenetic 
trees. A SAI < 0.1 [55] indicates strong support for stable clustering.

Subpopulation divergence rate comparison
To estimate the neutral rate of evolution, the number of synonymous substitutions was 
counted for each non-baseline haplotype to its closest baseline haplotype. A maximum 
likelihood model with a Poisson distribution with one overall rate for all individuals in the 
study was fitted to the observed synonymous substitutions. To accommodate different rates of 
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evolution among individuals, a second maximum likelihood model with a negative binomial 
distribution was also fitted. Fitting to a negative binomial distribution relaxed the assumption 
that rates are identical amongst individuals, instead taking each to be drawn from a gamma 
distribution.

To determine if evolutionary rates vary among subpopulations within the same individuals, 
we estimated an evolutionary rate per subpopulation. For each individual’s haplotype tree, an 
exhaustive model comparison analysis was carried out to find the best model of evolutionary 
rates that explained the distribution of synonymous substitutions across time. Specifically, 
the non-baseline haplotypes were divided into different hypothetical subpopulations if their 
closest baseline haplotype and sampling time were different. Linear mixed-effect models were 
compared for all possible combinations of the hypothetical subpopulations and the best model 
was determined by the lowest BIC score (see S7 Fig for example). The sets of subpopulations 
and their rates were extracted and categorised into individuals with only one subpopulation, 
individuals with multiple subpopulations where some subpopulations are missing haplotypes 
from intermediate time points between the first and last time point of that lineage, and sub-
populations that were not missing haplotypes from intermediate time points between the first 
and last time point of that lineage.
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blue, nonsynonymous changes in orange and non-coding in grey. All relevant resistance-
associated variants (RAV) trajectories are in red. The peach-coloured shade indicates the 
duration of the DAA treatment. All variants that became fixed (frequency increased to and 
remained at above 90%) or were purged (frequency decreased to and remained at below 10%) 
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S5 Fig.  Phylogenies constructed from 210 bp windows of the HCV genome sequences from 
four different individuals.  The top two sets of phylogenies show structure maintenance 
while the bottom two sets do not show clear structure maintenance of the within-host viral 
population. The left side of each set is the molecular phylogeny, where branch length corre-
sponds to the number of substitutions. The right side of each set is the time-calibrated phylog-
eny, where branch length corresponds to sampling time. The tip labels indicate the sampling 
time point and the number of occurrences the sequence appeared within the window. Red: 
Baseline (B), yellow: 12 weeks post treatment (PT12), green: 24 weeks post treatment (PT24), 
and blue: baseline before retreatment (BRT).
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S6 Fig.  Six example patient haplotype trees where the order of lineage branching was not 
chronological.  Baseline sequences are in red, PT12 (post treatment 12 weeks) sequences 
are in yellow, PT24 (post treatment 24 weeks) sequences are in green, BRT (baseline before 
re-treatment) sequences are in purple, PRT4 (post re-treatment 4 weeks) sequences are in 
light blue, PRT24 (post re-treatment 24 weeks) sequences are in light green. The tip labels 
consisted of the sampling time point and the CliqueSNV-estimated frequency of the haplotype 
within the sample. Note the haplotype frequencies from the same sample might not sum up to 
1 as the minimum frequency to call a haplotype was set to 0.05.
(DOCX)

S7 Fig.  An example of the exhaustive model comparison using linear mixed-effect mod-
els for one patient’s haplotype tree. The first column lists all combinations of post Baseline 
haplotype grouping, as indicated by coloured tip labels. The second column shows the fitting 
of the linear mixed-effect models with the corresponding groupings and the third column 
shows the BIC score of the model fit. The bolded BIC score of -108.78 was the lowest among 
all models tested and suggested that for this individual, time point 1 and 3 haplotypes belong 
to the same lineage, while time point 2 haplotypes belong to a different lineage.
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