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Abstract

Genotype 1 of the hepatitis C virus (HCV) is the most prevalent of the variants
of this virus. Its two main subtypes, HCV-1a and HCV-1b, are associated to differences
in epidemic features and risk groups, despite sharing similar features in most biological
properties. We have analyzed the impact of positive selection on the evolution of
these variants using complete genome coding regions, and compared the levels of
genetic variability and the distribution of positively selected sites. We have also
compared the distributions of positively selected and conserved sites considering
different factors such as RNA secondary structure, the presence of different epitopes
(antibody, CD4 and CD8), and secondary protein structure. Less than 10% of the
genome was found to be under positive selection, and purifying selection was the main
evolutionary process acting in both subtypes. We found differences in the number of
positively selected sites between subtypes in several genes (Core, HVR2 in E2, P7,
helicase in NS3 and NS4a). Heterozygosity values in positively selected sites and the
rate of non-synonymous substitutions were significantly higher in subtype HCV-1b.
Logistic regression analyses revealed that similar selective forces act at the genome
level in both subtypes: RNA secondary structure and CD4 T-cell epitopes are associated
with conserved sites, while CD8 T-cell epitopes are associated with positive selection in
both subtypes. These results indicate that similar selective constraints are acting along
HCV-1a and HCV-1 b genomes, despite some differences in the distribution of

positively selected sites at independent genes.
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Introduction

Hepatitis C Virus (HCV) is the main causal agent of non-A non-B viral hepatitis, a
pandemic with a global prevalence of 2.8%, affecting more than 185 million people
worldwide (Mohd Hanafiah et al. 2013). HCV belongs to the genus Hepacivirus in the
Flaviviridae family and its single, positive-sense, single-stranded RNA genome of 9.6 kb
encodes a polyprotein of more than 3000 amino acids (Takamizawa et al. 1991). This
polyprotein is cleaved into 3 structural (Core, Envelope 1(E1), E2) and 7 non-structural
(P7, NS2, NS3, NS4A, NS4b, NS5A and NS5b) proteins by means of both viral and

human proteases (reviewed in Lindenbach and Rice 2005).

Like most RNA viruses, HCV is highly variable genetically and is phylogenetically
divided into seven genotypes (named from 1 to 7) (Smith et al. 2014) which present
more than 30% divergence at the nucleotide level among them. Most genotypes are
further divided into subtypes, with 20-25% divergence among them (Simmonds et al.
1993). Genotype 1 is the most prevalent variant (Messina et al. 2015) and also the one
with the lowest sustained viral response (SVR) rate to treatment with pegylated
interferon and ribavirin (Pang et al. 2009), which still remains as the most frequent
treatment for hepatitis C infection. More than 10 HCV-1 subtypes have been reported
so far (Kuiken et al. 2005). Among them, subtypes 1a and 1b are the most prevalent

and cause about 40% of the total infections by the virus.

These two viral variants present some differences. There are epidemiological
differences between their major transmission groups and these influence their
phylodynamics. HCV-1a has been historically associated with transmission among

intravenous drug users and HCV-1b with transfusions and other nosocomial and



community transmissions (Shepard et al. 2005). Although subtype 1b apparently
appeared around 10 years later than subtype 1a, it started an explosive growth phase
20 years earlier (in the 1940s), coincident with the start of widespread use of blood
and blood derivatives in transfusions (Magiorkinis et al. 2009). Clinical differences
between these two subtypes may also exist: sustained viral response (SVR) to
treatment with pegylated interferon and ribavirin has been reported to be significantly
higher in subtype 1a than in 1b (Pellicelli et al. 2012). Finally, at the genetic level,
Torres-Puente et al. (2008) reported differences in genetic variability between these
two subtypes, with HCV-1b showing higher nucleotide diversity in genes E1, E2 and

NS5A.

Most published studies detecting positively selected sites in this virus have
analyzed only the EI-E2 and/or NS5A genes (Cuevas et al. 2009; Cuevas et al. 2008;
Humphreys et al. 2009; Sheridan et al. 2004). This is due to the relevance of the
proteins that they encode in the viral response to the immune system and to
treatment and, in consequence, for the establishment of persistent infection. Similar
studies using complete coding regions published so far (Campo et al. 2008; Cannon et
al. 2008) have used methods for the inference of positive selection that lack power, as
they are based on estimating the ratio of nonsynonymous to synonymous substitution
rates (dN/dS) from the reconstruction of ancestral states (Nei and Gojobori 1986).
Hence, we currently lack a detailed view of the action of selection as a factor in the
evolution of the HCV genome and how it may differentially affect major variants of this

virus.



Our goal in this work is to analyze the impact of positive selection on the
evolution of the genomes of these two viral variants, comparing the selective
pressures in the different proteins of these two subtypes. For this, we present analyses
with a comprehensive dataset of complete HCV-1a and 1b genomes and report a
detailed comparative map of positively selected sites using, for the first time in HCV,
the mixed effects model of evolution (MEME) (Murrell et al. 2012). We have also
estimated and compared the synonymous and non-synonymous substitution rates (dS
and dN, respectively) and the heterozygosity (H) at individual sites. Finally, we have
performed multivariate analyses in order to test the effects of RNA and protein
structures and the presence of epitopes on the distribution of positively and conserved

sites along their genomes.

The results obtained can give information to better understand the evolution of
the HCV genome, especially genotype 1, regarding the effects of the different levels at
which virus-host interactions can occur on genetic variability. The results can also
indicate whether the most prevalent HCV-1 subtypes interact with the host in a similar
way and have similar levels of genetic variability, or present differences which may be

of interest to consider for antiviral research.

Materials and Methods

Full coding regions from HCV-1a and HCV-1b genomes were retrieved from the
VIPRBRC dataset on May, 2013 (Pickett et al. 2012) (amino acid positions 1 to 3011,

according to the reference genome H77- GenBank accession number AF011753). Only



sequences derived from human hosts were included. In addition, we ensured that all
HCV sequences derived from DAA-naive patients, excluding all sequences from DAA-
treated patients described in the literature up to January 2015. Additional inclusion

criteria were:

1- We included only one sequence per patient.
2- Viral subtypes were confirmed using the COMET HIV-1/2 & HCV subtyping tool
(Alcantara et al. 2009; De Oliveira et al. 2005, accessible at

http://comet.retrovirology.lu).

3- Recombinant sequences were detected and subsequently removed using five
different methods implemented in the RDP3 software: RDP, Geneconv,
Bootscan, Maxchi and Chimera (Martin et al.,2005; Martin and Rybicki 2000;
Martin et al. 2010; Padidam et al. 1999; Posada and Crandall 2001). The
criterion to remove putative recombinant sequences was to obtain significant

results with at least two different methods.

Multiple alignments were obtained for each HCV subtype independently using

Muscle (Edgar 2004), as implemented in MEGA 5 (Tamura et al. 2011).

The statistical power to detect sites under positive selection increases as the
dataset contains more sequences (Kosakovsky Pond and Frost 2005). To deal with the
differences in size between the final datasets of HCV-1a and HCV-1b (393 and 179
sequences, respectively) we obtained 5 random subsets, each including half the total

size of HCV-1a dataset (n=197), and performed the same positive selection analyses.



For each dataset, a phylogenetic tree was obtained with FastTree2 (Price et al.
2009), using a GTR+GAMMA evolutionary model, as recommended by the AICM

analyses implemented in jModeltest (Posada 2008).

Considering diversifying selection as adaptive evolution in which increasing the global
variability is favored in the population (Murrell et al. 2012), for each dataset and its
corresponding tree, two different diversifying positive selection analyses were
performed: (1) the two-rate Fixed Effects likelihood (FEL), a maximum-likelihood (ML)
method used to find independent sites under positive, neutral or purifying selection
which considers that both dN and dS can vary between sites, while dN/dS remains
constant along the different lineages of a given phylogenetic tree (Kosakovsky Pond
and Frost 2005); and (2) Mixed Effects Model of Evolution (MEME), an extended
version of FEL which considers that dN/dS can change across lineages. This method has
been reported to be more efficient in finding sites under positive selection than FEL.
Furthermore, it has been recommended for finding both episodic (that affects only to a
subset of lineages) and pervasive (that affects to a large proportion of positively
selected sites) selection, with a type | error probability not higher than 0.05 (Murrell et
al. 2012). Both analyses were performed with Hyphy (Kosakovsky Pond and Muse
2005) using the GTR model of nucleotide substitution and setting the significance level
at 5%. Given that MEME and FEL are nested models, we compared their performance
by calculating the ratio of their log-likelihoods (LRT) at each positively selected codon
(Murrell et al. 2012). According to a Chi-square distribution with 2 degrees of freedom,

LRT values larger than 5.99 were considered to be significant (P-value < 0.05).



A parsimony analysis was performed with MacClade 4.08 (Maddison and Maddison
2005) in order to infer the number of changes accumulating in each branch of the HCV-
1a and HCV-1b phylogenies, considering only the detected positively selected codons.
This analysis allowed us also to detect sites identified as being under positive selection,
but whose genetic variability was only due to singletons. Such sites were not
considered for further analyses. This decision was taken in order to minimize the
presence of false positives that could actually be sites in which a deleterious mutation
had occurred but had not been removed from the viral population at the time of
sampling. The remaining positively selected sites were mapped according to the H77

reference genome.

The number of sites under purifying selection was calculated from the list of
negatively selected sites found in FEL. Then, we discarded those sites that actually

were under positive selection, as detected by MEME.

For each subtype, a list of neutrally evolving sites was also obtained by means of

the following procedure:

1- For each HCV subtype, a list of sites not evolving under positive nor negative
selection was obtained from the results of FEL, as neutral evolution is
considered the null hypothesis.

2- Potentially neutral sites that were actually positively selected, as detected by
MEME, were excluded.

3- Completely conserved sites were also excluded, as they were considered to be
under very strong purifying selection: it is possible that no variation is found in

these positions, because mutations that have occur are deleterious, and are



quickly removed from the viral populations. For this reason, we decided not to
consider these sites as neutral. Importantly, when a site has no variation, then
the LRT from FEL or MEME may not have enough statistical power to reject the

null hypothesis of neutrality of these methods (Nei 2005).

Gene diversity (H) at each amino acid and nucleotide site (first, second and third
codon positions) was calculated using the expression H=1—Zpi2 (where p; is the
frequency of each allele at a given site) (Beebee and Rowe 2008). dN, dS and H values
were compared between subtypes using independent Mann-Whitney tests for: a) all
genomic codons; b) positively selected codons and c) neutrally evolving codons. P-
values obtained from non-independent statistical tests were corrected by means of

False Discovery Rate corrections (FDR; (Benjamini and Hochberg 1995).

Frequencies of base-pairing at each nucleotide position for each HCV subtype were
estimated with the software STRUCTURE_DIST (Tuplin et al. 2004), which analyses
multiple RNA-folding patterns predicted by MFOLD (Zuker 2003). Antibody, CD8 and
CD4 T-cell epitope positions were retrieved from the Los Alamos National Laboratory
website (http://hcv.lanl.gov/content/immuno/immuno-main.html) and the Immune
Epitope Database and Analysis resource (http://www.iedb.org) on June, 2015. Only
human epitopes from HCV genotype 1 were included. Protein structures in both
subtypes were inferred with JPred4 (Drozdetskiy et al. 2015), which predicts the
location of secondary structures of proteins (alpha helixes, beta sheets) from multiple
alignments of protein sequences. All these sites were mapped according to the H77

reference genome.



Logistic regression analyses (general linear model, GLM) were performed to
compare, in each subtype, the distribution of positively selected and conserved
positions. Several binary variables at each position were considered in the linear
models: (1) RNA base-pairing (consensus, > 0.50) at the subtype level (given that RNA
structure applies to individual nucleotide positions, but selection acts at the codon
level, we considered a codon as “structured” if at least 2 of the 3 positions were
paired), (2) CD8 T-cell epitope, (3) CD4 T-cell epitope, (4) antibody epitope, (5) alpha
helix, and (6) beta sheet. Positions were considered to be conserved if they had H=0
at the amino acid level. An initial model, which included all the variables, was built.
Stepwise model selection by Akaike Information Criterion (AIC) was performed with
the R package “MASS” (Ripley et al. 2012) with the aim of including only relevant
predictors. Stepwise search was performed in both directions (which tests at each step
for variables to be included or excluded), and the best quality model for the GLM was
chosen as the one with the lowest AIC value. P-values obtained in the logistic
regression analyses were corrected by means of FDR. All statistical tests were

performed as implemented in R (R Core Team 2015).

Results

In total, 415 sequences from HCV-1a and 204 sequences from HCV-1b were
retrieved. All sequences were correctly subtyped (no evidence of inter-subtype
recombination was found) and, after removing duplicated and/or intra-subtype

recombinants, the final data sets consisted of 393 HCV-1a and 179 HCV-1b sequences.

FEL analyses detected 95 and 62 positively selected sites along the HCV-1a and

HCV-1b genomes, respectively. In contrast, MEME analyses detected 315 (total dataset
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of HCV-1a) and 248 (HCV-1b) sites under positive selection. From those, 282 sites
(HCV-1a) and 211 (HCV-1b) were not singletons (found only in one external branch)
and were retained for ensuing analyses. All positively selected sites found by FEL were
also found by MEME, and all these sites represented 9.4% and 7.0% of the total length
of 1a and 1b protein encoding genomes, respectively. Ninety-nine homologous sites
were found to be positively selected in both subtypes. Additional details of these
analyses are provided in Supplementary Table S1A and S1B (Supplementary Material
online), including information on the genome location of each selected position, the
frequency at which each selected site found in the full set of HCV-1a was also detected

in the five subsets and LRT comparisons between MEME and FEL.

The performance of MEME and FEL for the detection of positively selected sites
was compared by performing LRTs at each positively selected position detected by
MEME. The mixed effects model outperformed the fixed effects model in most
positions (209 of 282 in HCV-1a and 159 of 211 in HCV-1b), and could never be
considered as significantly worse than FEL for the inference of positive selection in the
datasets analyzed (Supplementary Tables S1A and S1B, Supplementary Material

online).

Table 1 summarizes the distribution of positively selected sites along the
different regions of the H77 reference polyprotein for the two HCV-1 subtypes and for

the 5 random subsets of HCV-1a.

After considering those sites initially found to be under purifying selection by

FEL (n=2412 in HCV-1a; n=2672 in HCV-1b), but that were actually under positive
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selection (as detected by MEME), there were 2256 and 2571 sites significantly

associated with purifying selection in HCV-1a and 1b, respectively.

A list of neutral sites was obtained from those sites that were not found to be
under positive or negative selection in FEL or MEME and that were not totally
conserved. We found that 231 in HCV-1a (7.7% of the total genome) and 271 positions
in HCV-1b (9.0%) were evolving under neutrality (dN=dS). Of them, only 74
homologous positions were coincident in both subtypes (Supplementary Table S1C,

Supplementary Material online).

Supplementary Figs. S1A and S1B (Supplementary Material online) show the
phylogenetic trees obtained from the HCV-la and HCV-1lb complete genome
sequences, respectively. In these trees, the branches are colored according to the
number of positively selected sites changing along each branch, as determined by
parsimony using MacClade 4.08 (Maddison and Maddison 2005). Changes at positively
selected sites were observed in both internal and external branches, although most

changes accumulated in external branches.

Differences in the number of positively selected sites between proteins were
found. The protein with the highest proportion of sites under positive selection was E2,
followed by NS2 and E1. The proteins with the lowest proportion of sites under
positive selection were NS4A and Core (Table 1). HCV-1b tended to present more
positively selected sites in the second hypervariable region (HVR2) of E2 (mean = 1.4
sites in the subsets of HCV-1a, vs 6 sites in HCV-1b), in P7 (1.8 sites in HCV-1a vs 5 sites

in HCV-1b) and the NS3-helicase (13.8 sites in HCV-1a vs 21 in HCV-1b). HCV-1a
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presented more positively selected sites only in Core (5.8 sites in HCV-1a, vs 3 in HCV-

1b) (Table 1).

Mean and standard error (SE) estimates of dS, dN and heterozygosity (for both
amino acids and nucleotides) obtained for the whole genomes, positively selected sites
and neutral sites are available in Supplementary Tables S2A-C (Supplementary Material
online), respectively, and in Figure 1. After applying the FDR corrections, the
heterozygosity at third codon positions was found to be significantly higher in HCV-1b
than in HCV-1a at the genomic level (HCV-1a: 0.161 + 0.002 — mean * standard error,
HCV-1b = 0.181 + 0.003; P <0.001). No significant differences were found in first or
second codon positions nor amino acid sites (all P values > 0.05) (Figl.A;

Supplementary Table S.2 A).

Mann-Whitney tests comparing heterozygosity between subtypes in all codon
positions and amino acids and dS and dN of all positively selected sites revealed that
HCV-1b presents significantly higher dN (HCV-1a: 1.257 + 0.192 , HCV-1b: 1.563 +
0.271; P = 0.040) and heterozygosity at amino acids (HCV-1a: 0.239 # 0.013, HCV-1b:
0.308 + 0.016; P <0.001), first codon positions (HCV-1a: 0.155 + 0.011, HCV-1b: 0.214 +
0.013; <0.001), second codon positions (HCV-1a: 0.123 + 0.010, HCV-1b: 0.169 + 0.013;
P = 0.003) and third codon positions (HCV-1a: 0.183 + 0.010; HCV-1b: 0.206 + 0.011; P
= 0.023), but not significantly different dS (P = 0.90) (Figl.B; Supplementary Table S.2

B).

For neutral sites, no significant differences in dS, dN nor in heterozygosity
between HCV-1a and HCV-1b were found, as concluded from the statistical tests (all P

values > 0.05) (Fig1.C; Supplementary Table S.2 C).
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A map of the HCV-1a and HCV-1b genomes representing the different layers of
data analyzed (conservation, positive selection, RNA structure, protein structure and
epitopes for antibodies, CD8 and CD4 T cells) is shown in Fig. 2. In the logistic
regression analyses, the models with the lowest AIC values were “RNA structure + CD4
epitope + CD8 epitope + Alpha helix” for HCV-1a and “RNA structure + CD4 epitope +
CD8 epitope + Beta sheet” for HCV-1b. Comparing the distribution of positively and
conserved sites at such layers of data revealed, for both HCV-1a and 1b, a positive
association between conservation and secondary structure as well as with CD4 T cell
epitopes. In contrast, although a positive association between selection and CD8 T cell
epitopes was found in this case the P-values for both subtypes were > 0.05 after the

FDR correction (Supplementary Tables S3A and S3B, Supplementary Material online).

The same analyses were performed for all genes in which at least 10 sites were
found to be positively selected in both subtypes (E1, E2, NS2, NS3, NS5a and NS5b). In
HCV-1a, a positive association between selection and the presence of CD8 epitopes
was found in NS2, although the P-value increased to > 0.05 after FDR correction. In
subtype 1b, a similar association between conservation and the presence of CD4
epitopes was found in NS3. Although associations between selection and CD8 epitopes
and between conservation and the presence of beta sheets were found in E2 of HCV-
1b, the P-value increased to > 0.05 after FDR correction (Supplementary table S.3A and

S.3B).

Discussion

In this work we have performed a comparative analysis of the evolutionary

forces that shape the genomes of HCV-1a and HCV-1b, using both a fixed effects (FEL)
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and a mixed effects model (MEME) to detect sites evolving under different selective
pressures: positive, purifying or neutral. Our results reveal several differences as well
as similarities between these two relevant subtypes of HCV and help us understand

the underlying factors driving their evolution at the genome level.

Previous studies analyzing selection in the HCV genome are more conservative
than this one because they are based on the Nei and Gojobori model (1986) for the
calculation of dN/dS. Campo et al. (2008) found a very similar number (n= 60) of sites
evolving under positive selection along the HCV-1b genome using the SLAC method to
those we found with FEL (n=62). However, our analysis with MEME detected more
than 3 times more positively selected sites than these studies, in line with the
expected increased power of this method (Murrell et al. 2012). In consequence,
methods for the detection of positively selected sites that do not take into account
that dN/dS can vary among lineages may underestimate the number of positively
selected sites. This can occur when, for a given site, purifying selection prevails in most
lineages, masking the detection of episodic positive selection occurring in a restricted

number of lineages.

Amino acid changes in positively selected codons accumulated mainly on the
external branches of the phylogenetic trees for both viral subtypes. This was expected,
because the methods used to detect positive selection in fact identify sites under
adaptive diversification when applied to the population or within-species level.
Diversifying selection is known to be of major importance in the adaptive evolution of
HCV, in which increasing global variability would be favored (Cuevas et al. 2009).

Another possible explanation is that recent deleterious mutations, most of which are
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expected to be nonsynonymous, may not have been purged by selection yet and they
will likely map on the external branches of the phylogeny. In consequence, for a given
position different nonsynonymous substitutions might be detected as being positively
selected when analyzing viral sequences from different patients when they actually
represent transient polymorphisms at the population level. However, we excluded
singletons from the list of positively selected positions and analyzed only one sequence

per patient, thus minimizing the presence of these false positives.

We also found that purifying selection plays a major role in the evolution of
HCV, with more than 2200 codons estimated to be under purifying selection in both
subtypes. However, the number of neutral sites inferred from our work differs
markedly from those detected by Campo et al. (2008) (833 sites). This discrepancy
might be explained by the different sampling sizes used in both studies (114 vs 179
HCV-1b sequences) but it is more likely due to differences in the methodology used in
the two studies. The lower power of SLAC (Kosakovsky Pond and Frost 2005) used by
Campo et al. (2008) to reject the null hypothesis of neutrality would be reflected in a
large number of undetected, negatively selected sites. Furthermore, our criteria to
detect neutral sites were more stringent, including only sites that were considered not
to be positively nor negatively selected in MEME and FEL and which presented H > 0 at
the amino acid level, to avoid including codons under very strong, purifying selection

for which no change could be detected.

We found positively selected sites in all HCV genes. Differences between
subtypes in the distribution of positively selected sites were also detected. Whereas

HCV-1b tended to present more positively selected sites in £2 (HVR2), P7 and NS3
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(helicase), HCV-1a presented more positively selected sites in the Core gene. This
observation is based on the results obtained from the random subsets of HCV-1a, with
a similar number of sequences to that obtained for HCV-1b. These subsets presented
very similar levels of heterozygosity, dS, and dN when compared to the whole dataset
of this subtype. Hence, differences between the two subtypes in these parameters are

not likely due to their different sample sizes.

Differences in H between both subtypes were significant at the amino acid level
and at first, second and third codon positions of positively selected sites and only at
third codon positions at the complete genome level. In contrast, differences in dN
between the two subtypes were significant only for positively selected sites, whereas
no significant differences in dS were detected in any of the comparisons performed.
The different phylodynamic histories of HCV-1a and HCV-1b (Magiorkinis et al. 2009)
could explain the higher genetic variability in third codon positions of HCV-1b at the
genomic scale. HCV-1b started its explosive growth 20 years earlier than HCV-1a and
its current effective infection size remains higher. This implies that it may have
accumulated more genetic variability. Although no significant differences were found
at first and second codon positions, where most changes are non-synonymous (a
majority of these sites are totally conserved along the HCV genome), the significantly
higher variability of HCV-1b with respect to HCV-1a was evident at third codon
positions, in which most changes are synonymous. Interestingly, we did not find
significantly higher dS values in HCV-1b. According to the neutral theory of evolution,
dS depends only on the neutral mutation rate but H is dependent also on the effective

population size (Kimura 1983). In consequence, we would expect HCV-1a and HCV-1b
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to present similar dS if their overall mutation rates are similar but to differ in H if they

have different effective population sizes.

Despite the differences found in the distribution of positively selected sites,
multivariate analyses at the genomic level revealed that HCV-1a and HCV-1b evolve
under similar forces and constraints (RNA structure and CD4 T cell epitopes favoring
conservation, and CD8 T cell epitopes favoring selection). Snoeck et al. (2011) mapped
positively selected sites along the genome of HIV-1 and found that structured RNA and
alpha helices in protein structure were associated with conservation whereas CD4 T-
cell and antibody epitopes were associated with positive selection. However, they also
found a significant association between CD8 and CD4 epitopes and conservation for
several genes. Our results, regarding the overall association between secondary
structure and conservation, are in line with those of Snoeck et al. (2011) and also with
the results obtained by Mauger et al. (2015) with HCV. These authors suggested that
conservation of secondary structures in this virus could facilitate persistent infection
by masking the viral genome from degradation by RNase L and innate antiviral

defenses (Li and Lemon 2013; Washenberger et al. 2007).

In contrast to Snoeck et al. (2011) with HIV-1, we found no relevant association
between antibody epitopes or protein structure and conservation or selection in HCV.
Although the role of CD4 and CD8 T-cells in the immune response to HCV is well
known, contrary to other viruses such as HIV or HBV (Koziel 2005) there is not a clear
pattern of antibodies response that distinguishes between recovery and chronic

infection in HCV. Thus, further research to clarify their role in controlling HCV
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replication and to which extent such mechanisms influence on the evolution of HCV is

certainly needed.

Recently, Geller et al. (2016) estimated the per site mutation rate along the
HCV genome, and found a small reduction in sites predicted to form base pairs. We
performed a univariate analysis to check whether there was an unequal distribution
between sites with low and high mutation rates, considering conserved and selected
codons, and found no significant differences (Fisher’s exact test P > 0.20 in both

subtypes).

The association between CD4 T-cell epitopes and conservation is remarkable.
Given that epitopes are targets for the host immune system, it would be reasonable to
expect epitopes to be under positive or diversifying selection (as for CD8), because an
increased genetic variability would facilitate viral escape from the immune system.
However, several studies have observed very conserved epitopes in HCV and other
viruses (Lamonaca et al. 1999; Sanjudn et al. 2013; Sarobe et al. 2001; Snoeck et al.
2011). Sanjudn et al. (2013) suggested that HIV may take advantage of immune
activation, thus favoring epitope conservation. Hence, if HCV also benefits from
immune activation, the design of vaccines based on conserved epitopes would be

detrimental.

After this manuscript was written, Cuypers et al. (2016) have published their
analysis of the different distributions of positively selected and conserved sites in HCV
considering variables such as protein and RNA secondary structure and B-cell, CD8 and
CD4 epitopes. We were unaware of this paper during the development of our work.

Despite using larger datasets, they found a similar proportion of sites under purifying
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selection (approximately 2500 positions) and less than 100 positively selected sites in
each HCV subtype, probably because the positive selection analyses were performed
using FEL, and not MEME. Indeed, these numbers are very similar to the positively
selected sites that we found in HCV-1a with FEL, and is in agreement with previous
observations which evidenced that methods for the detection of positive selection can
be conservative for smaller sample sizes, but not for larger (Kosakovsky Pond and
Frost, 2005; Murrell et al, 2012). In addition, the distribution of positively selected sites

was similar in both works.

As expected, Cuypers et al. (2016) obtained similar results to ours for the
association between conservation and RNA structure and CD4 epitopes. Such
similarities were expected because, in both studies, the mapping of RNA secondary
structure was performed computationally and the mapping of epitopes was a based on
information available at public databases. However, some discrepancies were also
obtained: they found an association between positive selection and CD8 epitopes only
in HCV-1a, while we did not find inter-subtype differences. In addition, they obtained
significant associations between different protein structures (alpha helix and B-sheets)
and conservation, whilst we did not find any significant association for these two
variables. Although Cuypers et al. (2016) used protein structure information derived
from crystallized or nuclear magnetic resonance (NMS) when available, the extensive
lack of such information for the HCV proteome led both studies to predict such
structures by means of computational methods. Consequently, differences in the
methodology used for mapping protein structures, including the use of different

protein structure prediction programs, may have caused these incongruent results.
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Is also important to point out that, unlike Cuypers et al. (2016) our work
included a comparison of FEL and MEME, allowing to observe that most positively
selected sites are under episodic/pervasive selection, hampering their detection when
using more conservative, less powerful methods, such as FEL. Finally, our comparisons
of the genetic variability (heterozygosity), and dN and dS, of HCV-1a and 1b along their

genomes, as discussed above, have not been performed, or published, before.

In conclusion, we have produced a detailed map of positive selection along
HCV-1a and 1b genomes and analyzed which variables can impose constraints or be
associated to selection. We have shown that, despite purifying selection being the
most extensive evolutionary process acting on HCV, positive selection affects all genes
along the HCV genome. Although there are differences in variability and the
distribution of positively selected sites, both viral subtypes share similar selective
pressures along their genomes. The results obtained from this study give information
about the effect of some of the interactions between HCV and its host on HCV

variability, which may be useful for antiviral research against this virus.

21



Acknowledgements

This work was supported by projects BFU2011-24112 and BFU2014-58565-R from
Ministerio de Economia y Competitividad (Spain). JAPG is recipient of a FPU fellowship

from Ministerio de Educacién y Ciencia (Spain).

22



References

Alcantara LCJ, Cassol S, Libin P, Deforche K, Pybus OG, Van Ranst M, Galvao-Castro B,
Vandamme AM, De Oliveira T. 2009. A standardized framework for accurate,
high-throughput genotyping of recombinant and non-recombinant viral
sequences. Nucl Acids Res. 37:W634-W642.

Beebee T, Rowe G. 2008. An introduction to molecular ecology. 2nd ed. Oxford
University Press

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Statist Soc B. 57:289-300.

Campo DS, Dimitrova Z, Mitchell RJ, Lara J, Khudyakov Y. 2008. Coordinated evolution
of the hepatitis C virus. Proc Nat/ Acad Sci U S A 105: 9685-9690.

Cannon NA, Donlin MJ, Fan X, Aurora R, Tavis JE. 2008. Hepatitis C virus diversity and
evolution in the full open-reading frame during antiviral therapy. PLoS ONE
3:e2123.

Cuevas JM, Gonzalez M, Torres-Puente M, Jiménez-Hernandez N, Bracho MA, Garcia-
Robles |, Gonzalez-Candelas F, Moya A. 2009. The role of positive selection in
hepatitis C virus. Infect Genet Evol. 9:860-866.

Cuevas JM, Torres-Puente M, Jimenez-Hernandez N, Bracho MA, Garcia-Robles I,
Carnicer F, Del Olmo J, Ortega E, Moya A and Gonzdlez-Candelas F. 2008.
Refined analysis of genetic variability parameters in hepatitis C virus and the
ability to predict antiviral treatment response. J Viral Hep. 15:578-590.

Cuypers L., Li G.,, Neuman-haefelin C., Piampongstan S., Libin P., Vab laethem K.,
Vandamme A-M., Theys K. 2016. Mapping the genomic diversity of HCV
subtypes 1a and 1b: implications of structural and immunological constraints
for vaccine and drug development. Virus Evolution, 2(2):vew024.

De Oliveira T, Deforche K, Cassol S, Salminen M, Paraskevis D, Seebregts C, Snoeck J,
van Rensburg EJ, Wensing AMJ, van de Vijver DA, et al. 2005. An automated
genotyping system for analysis of HIV-1 and other microbial sequences.
Bioinformatics 21:3797-3800.

Drozdetskiy A, Cole C, Procter J, Barton GJ. 2015. JPred4: a protein secondary structure
prediction server. Nucl Acids Res. 43:W389-W394..

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucl Acids Res. 32:1792-1797.

Geller R, Estada U, Peris JB, Andreu |, Bou JV, Garijo R, Cuevas JM, Sabariegos R, Mas A,
Sanjudn R. 2016. Highly heterogeneous mutation rates in the hepatitis C virus
genome. Nat Microbiol. (in press). doi:10.1038/nmicrobiol.2016.45.

Humphreys |, Fleming V, Fabris P, Parker J, Schulenberg B, Brown A, Demetriou C,
Gaudieri S, Pfafferott K, Lucas M, et al. 2009. Full-Length characterization of
Hepatitis C Virus subtype 3a reveals novel hypervariable regions under positive
selection during acute infection. J Virol. 83:11456-11466.

23



Kimura M. 1983. The neutral theory of molecular evolution. Cambridge University
Press.

Kosakovsky Pond SL, Frost SDW. 2005. Not so different after all: a comparison of
methods for detecting amino acid sites under selection. Mol Biol Evol. 22:1208-
1222.

Kosakovsky Pond SL, Muse SV. 2005. HyPhy: hypothesis testing using phylogenies. In:
Nielsen R (ed). Statistical methods in molecular evolution. Springer, New York.

Koziel MJ. 2005. Cellular immune responses against hepatitis C virus. Clin Infect Dis.
41:525-S31.

Kuiken C, Yusim K, Boykin L, Richardson R. 2005. The Los Alamos hepatitis C sequence
database. Bioinformatics 21:379-384.

Lamonaca V, Missale G, Urbani S, Pilli M, Boni C, Mori C, Sette A, Massari M,
Southwood S, Bertoni R. 1999. Conserved hepatitis C virus sequences are highly
immunogenic for CD4+ T cells: implications for vaccine development. Hepatol.
30:1088-1098.

Li K, Lemon SM. 2013. Innate immune responses in hepatitis C virus infection. Sem
Immunopathol. 35:53-72.

Lindenbach BD, Rice CM. 2005. Unravelling hepatitis C virus replication from genome
to function. Nature 436:933-938.

Maddison DR, Maddison WP 2005. MacClade v. 4.08. Sinauer, Sunderland (MA).

Magiorkinis G, Magiorkinis E, Paraskevis D, Ho SYW, Shapiro B, Pybus OG, Allain JP,
Hatzakis A. 2009. The global spread of Hepatitis C virus 1la and 1b: A
phylodynamic and phylogeographic analysis. PLoS Med. 6:e1000198.

Martin DP, Posada D, Crandall KA, Williamson C. 2005. A modified bootscan algorithm
for automated identification of recombinant sequences and recombination
breakpoints. AIDS Res Human Retrovir. 21: 98-102.

Martin D, Rybicki E. 2000. RDP: detection of recombination amongst aligned
sequences. Bioinformatics 16:562-563.

Martin DP, Lemey P, Lott M, Moulton V, Posada D, Lefeuvre P. 2010. RDP3: a flexible
and fast computer program for analyzing recombination. Bioinformatics
26:2462-2463.

Mauger DM, Golden M, Yamane D, Williford S, Lemon SM, Martin DP, Weeks KM.
2015. Functionally conserved architecture of hepatitis C virus RNA genomes.
Proc Natl Acad Sci U S A. 112:3692-3697.

Messina JP, Humphreys |, Flaxman A, Brown A, Cooke GS, Pybus OG, Barnes E. 2015.
Global distribution and prevalence of hepatitis C virus genotypes. Hepatol.
61:77-87.

Mohd Hanafiah K, Groeger J, Flaxman AD, Wiersma ST. 2013. Global epidemiology of
hepatitis C virus infection: New estimates of age-specific antibody to HCV
seroprevalence. Hepatol. 57:1333-1342.

24



Murrell B, Wertheim JO, Moola S, Weighill T, Scheffler K, Kosakovsky Pond SL. 2012.
Detecting individual sites subject to episodic diversifying selection. PLoS Genet.
8:€1002764.

Nei M. 2005. Selectionism and neutralism in molecular evolution. Mol Biol Evol.
22:2318-2342.

Nei M, Gojobori T. 1986. Simple methods for estimating the numbers of synonymous
and nonsynonymous nucleotide substitutions. Mol Biol Evol. 3:418-423.

Padidam M, Sawyer S, Fauquet CM. 1999. Possible emergence of new geminiviruses by
frequent recombination. Virology 265:218-225.

Pang PS, Planet PJ, Glenn JS. 2009. The evolution of the major Hepatitis C genotypes
correlates with clinical response to interferon therapy. PLoS ONE 4:e6579.

Pellicelli AM, Romano M, Stroffolini T, Mazzoni E, Mecenate F, Monarca R, Picardi A,
Bonaventura M, Mastropietro C, Vignally P, et al. 2012. HCV genotype 1a shows
a better virological response to antiviral therapy than HCV genotype 1b. BMC
Gastroenterol. 12:1-7.

Pickett BE, Greer DS, Zhang Y, Stewart L, Zhou L, Sun G, Gu Z, Kumar S, Zaremba S,
Larsen CN. 2012. Virus pathogen database and analysis resource (ViPR): A
comprehensive bioinformatics database and analysis resource for the
coronavirus research community. Viruses 4:3209-3226.

Posada D. 2008. jModelTest: Phylogenetic Model Averaging. Mol Biol Evol. 25:1253-
1256.

Posada D, Crandall KA. 2001. Evaluation of methods for detecting recombination from
DNA sequences: Computer simulations. Proc Natl Acad Sci U S A. 98:13757-
13762.

Price MN, Dehal PS, Arkin AP. 2009. FastTree: Computing large minimum evolution
trees with profiles instead of a distance matrix. Mol Biol Evol. 26:1641-1650.

R Core Team. 2015. R: A language and environment for statistical computing. Available
from: http://www.r-project.org.

Ripley B, Hornik K, Gebhardt A, Firth D. 2012. Functions and datasets to support
Venables and Ripley, 'Modern Applied Statistics with $'(2002): package "MASS".
Accessed through http://cran r-project org.

Sanjuan R, Nebot MR, Peris JB, Alcami J. 2013. Immune activation promotes
evolutionary conservation of T-cell epitopes in HIV-1. PLoS Biol. 11: e1001523.

Sarobe P, Huarte E, Lasarte JJ, Lopez-Diaz de Cerio A, Garcia N, Borras-Cuesta F, Prieto
J. 2001. Characterization of an immunologically conserved epitope from
hepatitis C virus E2 glycoprotein recognized by HLA-A2 restricted cytotoxic T
lymphocytes. J Hepatol. 34:321-329.

Shepard CW, Finelli L, Alter MJ. 2005. Global epidemiology of hepatitis C virus
infection. Lancet Infect Dis. 5:558-567.

25


http://www.r-project.org/

Sheridan |, Pybus OG, Holmes EC, Klenerman P. 2004. High resolution phylogenetic
analysis of hepatitis C virus adaptation and its relationship to disease
progression. J Virol. 78:3447-3454.,

Simmonds P, Holmes EC, Cha TA, Chan SW, McOmish F, Irvine B, Beall E, Yap PL,
Kolberg J, Urdea MS. 1993. Classification of hepatitis C virus into six major
genotypes and a series of subtypes by phylogenetic analysis of the NS-5 region.
J Gen Virol. 74 :2391-2399.

Smith DB, Bukh J, Kuiken C, Muerhoff AS, Rice CM, Stapleton JT, Simmonds P. 2014.
Expanded classification of hepatitis C virus into 7 genotypes and 67 subtypes:
updated criteria and assignment web resource. Hepatol. 59:318-327.

Snoeck J, Fellay J, Bartha |, Douek D, Telenti A. 2011. Mapping of positive selection
sites in the HIV-1 genome in the context of RNA and protein structural
constraints. Retrovirol. 8:87.

Takamizawa A, Mori C, Fuke |, Manabe S, Murakami S, Fujita J, Onishi E, Andoh T,
Yoshida I, Okayama H. 1991. Structure and organization of the hepatitis C virus
genome isolated from human carriers. J Virol. 65:1105-1113.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. 2011. MEGAS5:
Molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Mol Biol Evol.
28:2731-2739.

Torres-Puente M, Cuevas JM, Jiménez N, Bracho MA, Garcia-Robles |, Wrdébel B,
Carnicer F, Del Olmo J, Ortega E, Moya A, Gonzdlez-Candelas F. 2008. Using
evolutionary tools to refine the new hypervariable region 3 within the envelope
2 protein of hepatitis C virus. Infect Genet Evol. 8: 74-82.

Tuplin A, Evans DJ, Simmonds P. 2004. Detailed mapping of RNA secondary structures
in core and NS5B-encoding region sequences of hepatitis C virus by RNase
cleavage and novel bioinformatic prediction methods. J Gen Virol. 85:3037-
3047.

Washenberger CL, Han JQ, Kechris KJ, Jha BK, Silverman RH, Barton DJ. 2007. Hepatitis
C virus RNA: dinucleotide frequencies and cleavage by RNase L. Virus Res.
130:85-95.

Zuker M. 2003. Mfold web server for nucleic acid folding and hybridization prediction.
Nucl Acids Res. 31:3406-3415.

26



Figure legends

Figure 1. Barplots, with standard errors error bars, representing the mean
heterozygosity, dS and dN values of the total genome (1.A), positively selected sites

(1.B) and neutral sites (1.C) for both HCV-1a (blue) and HCV_1b (red).

Figure 2. Map of the HCV-la and 1b genomes, indicating the location of totally
conserved amino acids (black), positively selected sites (blue) RNA secondary
structures present in at least 50% of the sequences of each dataset (purple), CD8 T cell
epitopes (red), CD4 T cell epitopes (orange), antibody (AB) epitopes (brown), alpha

helixes (pink), beta sheets (green).

Supplementary material

Supplementary Tables S1. Positively selected and neutrally evolving sites in HCV-1a

and 1b with comparison between the results obtained with MEME and FEL methods.

Supplementary Table S2. (Highly) conserved residues in the HCV GT1a and GT1b full-

genome.

Supplementary Table S3. Amino acid positions under positive or negative selective

pressure.

Supplementary Table S4. Data from the Protein Data Bank used for protein secondary

structure prediction.

Supplementary Table S5. Results from the univariate linear regression analysis.

Supplementary Table S6. Multivariate analyses.
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Supplementary Fig. S1. Trees obtained with FastTree2 (model GTR + GAMMA). Branch
color represent the number of changes occurring at each branch, and branch lengths
the number of changes accumulated along the phylogeny, considering only positively

selected sites. Fig. S1A: HCV-1a. Fig. S1B: HCV-1b.
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Table 1. Number positively selected sites, and its proportion (between brackets) at each gene of HCV-1a and HCV-1b. aa-number of amino acids encoded by each gene. n — number of
sequences included in the dataset. Major domains are reported for the E2 (HVR = Hyper variable region) and NS3 (PR = protease, HE = helicase) genes.

CORE E1l E2 P7 NS2 NS3 NS4A NS4B NS5A NS5B
Dataset n (191 aa) (192 aa) (363 aa) (63 aa) (217 aa) (631 aa) (54 aa) (261 aa) (448 aa) (591 aa)
70: 20 HVR1, 32: 9 PR,
10 24 3 HVR2, 5 HVR3 2 28 23 HE 0 15 50 51
HCV-1a 393 (0.052) (0.125) (0.193) (0.032) (0.129) (0.051) (0.000) (0.057) (0.112) (0..086)
52:17.2 HVR1, 21: 7.2 PR,
5.8 14 1.4 HVR2, 4.2 HVR3 1.8 17.2 13.8 HE 0 8.4 36.8 36.8
Subsets HCV-1a* 197 (0.030) (0.073) (0.143) (0.029) (0.079) (0.033) (0.000) (0.032) (0.082) (0.062)
61: 18 HVR1, 6 27:6 PR, 21
3(h) 16 HVR2, 6 HVR3 5 17 HE 1 8 34 39
HCV-1b 179 (0.015) (0.083) (0.168) (0.079) (0.078) (0.043) (0.019) (0.031) (0.076) (0.066)

*Results are given as the mean number of positively selected sites found in the five HCV-1a subsets.
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