MAJOR ARTICLE

Two Distinct Hepatitis C Virus Genotype 1a
Clades Have Different Geographical Distribution
and Association With Natural Resistance to NS3
Protease Inhibitors
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Background. Hepatitis C virus (HCV) genotype 1 is the most prevalent worldwide. Subtype 1a, compared with
1b, shows lower response rates and higher propensity to select for drug resistance to NS3 and selected NS5A and
nonnucleoside NS5B inhibitors. Two distinct clades of subtype 1a have been described.

Methods. Using Bayesian methodology, we performed a time-scaled phylogeny reconstruction of clade separa-
tion and characterized the geographic distribution, phylodynamics, and association with natural resistance variants
of NS3 sequences from 362 patients carrying subtype la HCV.

Results.  All sequences segregated in 2 clearly distinct clades. Clade I showed an earlier origin from the common
ancestor compared with clade II. Clade I virus was more prevalent in non-European countries, represented mostly by
United States, compared with European (75.7% vs 49.3%; P < .001). The prevalence of the natural NS3 variant Q80K,
associated with resistance to the macrocyclic protease inhibitor simeprevir, was detected in 51.6% of clade I and 0%
of clade II (P <.001); clade I showed a lower genetic barrier for Q80K, whereas no sign of selective pressure at any
protease inhibitor resistance-associated codon was detected.

Conclusions. Hepatitis C virus subtype 1a clades have a clearly different distribution in Europe and the United
States, and the natural resistance mutation Q80K is exclusively associated with clade I.
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With an estimated 160 million infected individuals
worldwide, hepatitis C virus (HCV) is a major cause of
global morbidity and mortality [1, 2]. Chronic infection
is established in up to 85% of patients, and a fraction of
these develop progressive liver fibrosis, eventually lead-
ing to cirrhosis, end-stage liver disease, hepatocellular
carcinoma, and selected extrahepatic disorders [3, 4].
In recent years, the development and regulatory approv-
al of several direct-acting antiviral agents (DAAs) have
dramatically increased the cure rate of chronic HCV
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infection [5]. Hepatitis C virus is genetically heterogeneous and
classified into genotypes and several subtypes [6]. Different
HCV genotypes and subtypes show distinct geographical distri-
bution and association with risk categories in the population
[7]. Genotype 1 is the most frequent worldwide, with subtype
1b prevailing in most of European countries, with the exception
of patients with human immunodeficiency virus (HIV) coinfec-
tion, where la prevails, whereas 1a is the most prevalent subtype
in North America, parts of South America, the United King-
dom, Scandinavia, and Australia [7]. More importantly, HCV
genotype has been a major factor impacting the response to
HCV treatment since the pre-DAA era, with genotypes 2 and
3 more sensitive to the association of pegylated interferon
with ribavirin compared with genotypes 1 and 4. Among DAAs,
the activity of NS3 protease inhibitors (NS3i) and nonnucleo-
side inhibitors of the NS5B viral polymerase tend to be more
restricted to specific genotypes, with some exceptions regarding
agents from the newer generations [8, 9], whereas nucleoside or
nucleotide NS5B inhibitors and NS5A protein inhibitors have a
broader, pan-genotypic activity [10]. Several clinical studies
have shown a different activity of NS3i and nonnucleoside
NS5B inhibitors towards HCV subtypes 1a and 1b, with the for-
mer yielding lower response rates and a higher propensity to
select drug resistance mutations at virological failure [11]. Pre-
treatment natural resistance to protease inhibitors is rare among
patients infected with HCV genotype 1 [12]; however, a varied
proportion of subtype la viruses carry a natural mutant in the
NS3 protease region, Q80K, leading to reduced susceptibility in
vitro to some macrocyclic protease inhibitors [13] and a reduced
in vivo response to simeprevir when combined with pegylated
interferon and ribavirin [14], but not in association with sofos-
buvir [15]. Indeed, the US Food and Drug Administration,
European Medicines Agency, and expert guidelines consider
or recommend testing for the presence of Q80K in patients in-
fected with HCV subtype la before starting treatment with si-
meprevir in combination with pegylated interferons and
ribavirin [16-20].

Segregation of HCV subtype 1a into 2 distinct clades was
originally reported in 2011 based on full-length virus genome
analysis [21]. More recently, the same 2 distinct subtype la
clades have been described by us [22] and others [23] based
on NS3 sequencing. Aims of this study were to investigate the
variability of subtype 1a, its phylodynamics, as well as to exam-
ine the association of the different clades with epidemiological
factors and with the presence of naturally occurring NS3i resis-
tance mutations.

PATIENTS AND METHODS

Patients and Datasets
Individual plasma samples were obtained in 2003-2013 from
134 NS3i-naive patients chronically infected with HCV subtype

la from 6 Italian centers (Rome, Brescia, Firenze, Lecce, and 2
centers in Siena) and 66 from 4 German centers (Cologne, Diis-
seldorf, Essen, and Kaiserslautern). All of these patients provid-
ed written informed consent for use of their anonymized
sequence and linked clinical data. Epidemiological and demo-
graphic data were available for most of these patients. The com-
plete dataset contained these 200 Italian and German sequences
plus 162 subtype la sequences downloaded from the Los
Alamos National Laboratory (LANL) HCV sequence database
(http://hcv.]anl.gov/content/index) on the basis of the following
inclusion criteria: (1) sequences already published in peer-
reviewed journals; (2) no uncertainty about the subtype assign-
ment; (3) known country of origin as indicated in the original
publication; (4) unique identification of the case; (5) known sam-
pling date. Although all of the Italian sequences comprised the
whole NS3 protease coding region (amino acid 1-180), the Ger-
man and LANL sequences had different starting amino acids.
The complete dataset (n =362) was built to estimate the HCV
subtype la NS3 protease gene mean evolutionary rate and to
perform the time-scaled phylogeny, the selective pressure analy-
sis, and the analysis of resistance associated mutations. The sam-
pling locations of the sequences were as follows: Italy (n = 134);
Germany (n = 66); France (n = 6); Spain (n = 3); Brazil (n =2);
United States (n = 148); and Egypt, Australia, and Japan (n=1
each). The sampling dates were from 1977 to 2013.

Samples were analyzed phylogenetically to confirm their sub-
type la and assigned to a clade. Then, the 362 samples were
divided into 4 nested sub-datasets that were built to study the phy-
lodynamics: (1) I-ALL dataset consisted of 219 phylogenetic-clade
I samples of the complete dataset; 64 of the 219 sequences were
Italian, 35 were German, and 120 were LANL sequences; (2)
I-IT dataset included only the 64 Italian sequences from the
dataset I-ALL; (3) II-ALL dataset comprised 143 sequences
phylogenetic-clade II of the complete dataset (70 sequences
were Italian isolates, 31 were German, and 42 were LANL se-
quences); (4) II-IT dataset included only the 70 Italian isolates
of the dataset II-ALL.

To avoid the influence of convergent evolution for drug-
resistance mutations on the phylogenetic analysis, the same
analyses were performed also on the resistance codons-stripped
dataset, removing the resistance codons as defined by the Inter-
national Antiviral Society-USA (IAS-USA) update published by
Wryles [24] (https://www.iasusa.org/sites/default/files/uploads/
hcv_chart_2013.pdf). Sequences of all datasets were aligned
using CLUSTAL X and manually edited with Bioedit, as de-
scribed [25] previously.

Hepatitis C virus genotype and subtype were confirmed by
the BioAfrica-Oxford HCV subtyping tool (version 2.0) (http:/
www.bioafrica.net/rega-genotype/html/subtypinghcv.html).
The ModelTest version 3.7 [26] was used to select the simplest
evolutionary model that adequately fitted the sequence data, as
described previously [27].
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NS3 Sequencing, Resistance Mutations, and Genetic Barrier

Sanger NS3 sequencing for the plasma samples from the Italian
sites was performed as previously described [22]. Samples from
the German sites were processed, amplified by reverse trans-
cription polymerase chain reaction, and sequenced (using
HCV-specific primers for this study) as previously described
[28]. The Italian and German sequences have been submitted
to GenBank (HCV NS3 sequences used in this study and previ-
ously submitted [22] to GenBank include accession numbers
JN704206, JN704210, JN704218 through JN704220, JN704224,
JN704229 through JN704242, JN704244, J]N704246 through
JN704254, IN704256, JN704257, JN704260 through JN704264,
JN704266 through JN704270, JN704273 through JN704277,
JN704278 through JN704286, JN704290, JN704291, JN704293
through JN704295, IN704193, JN704194, IN704198, JN704199,
JN704202 through JN704204. New HCV NS3 sequences used
in this study have been submitted under accession numbers
KP411614 through KP411746.) Genotyping and subtyping was
based on phylogenetic analysis of the same NS3 sequence [22].

NS3i resistance-associated mutations were analyzed based on
the latest IAS-USA reference list [24]. The genetic barrier was
analyzed for the codons associated with resistance mutations.
For each codon, we calculated an arithmetic sum score for the
smallest number of transitions and/or transversions required
for evolution to the target resistance mutation, counting 1 for
transitions and 2.5 for transversions [29].

The clade-specific genetic barrier was computed as the
weighted average score for all the codon variants found in
the sequences of that clade and different from that coding for
the target resistance mutation.

Evolutionary Rate Estimates and Time-Scaled Phylogeny
Reconstruction

A statistical method, based on the coalescent theory, was used to
estimate the epidemic history of HCV subtype la from the viral
gene sequences obtained as well as to describe the relationship
between the demographic history of a population and the geneal-
ogy of individuals sampled randomly from it [25, 30]. The evolu-
tionary rates were estimated with the complete dataset (sampling
dates 1977 to 2013) using a Bayesian-Markov-Chain-Monte-
Carlo (MCMC) method implemented in the BEAST package
version 1.7.4 [31, 32] under a strict and relaxed clock with an un-
correlated log normal rate distribution. As coalescent priors, 4
parametric demographic models of population growth (constant
size, exponential, expansion, and logistic growth) and a Bayesian
skyline plot ([BSP], a non-parametric piecewise-constant model)
were compared. The MCMC chains were run for at least 150 mil-
lion generations and sampled every 15 000 steps. Convergence of
the MCMC was assessed by calculating the estimated sample size
(ESS) for each parameter. Only ESS values >250 were accepted.
Uncertainty in the estimates was indicated by 95% highest poste-
rior density (95% HPD) intervals, and the best fitting models were

selected using a Bayes factor ([BF] using marginal likelihoods)
implemented in BEAST [32].1In accordance with Kass and Raftery
[33], the strength of the evidence against HO was evaluated as
follows: 2 In BF <2 =no evidence; 2-6 = weak evidence; 6-10 =
strong evidence; and >10 = very strong evidence. A negative 2 In
BF indicates evidence in favor of HO. Only values >6 were consid-
ered significant. To reconstruct the time-scaled phylogeny of
HCV subtype 1a, a constant demographic model with a relaxed
molecular clock was used, assuming the TN93 + I+ G model of
nucleotide substitution.

Bayesian analysis was also performed on the resistance co-
dons stripped dataset. Population dynamics was also analyzed
in the 4 sub-datasets implementing a relaxed molecular clock
model under the BSP using 50 million generations sampled
every 5000 steps with the model of nucleotide substitution pre-
viously selected with ModelTest [25].

Selective Pressure Analysis

Selective pressure analysis was performed on the complete
dataset. The dN/dS rate () was estimated by the maximum-
likelihood approach implemented in the program HyPhy [34].
Site-specific positive and negative selection were estimated by 2
different algorithms: the fixed-effects likelihood (FEL), which
fits an o rate to every site and uses the likelihood ratio to test
if N # dS; and the random effect likelihood (REL), a variant
of the Nielsen-Yang approach [35], which assumes that a dis-
crete distribution of rates exists across sites and allows both
dS and dN to vary independently site by site. The 2 methods
have been described in more detail elsewhere [34]. To select
sites under selective pressure and keep our test conservative, a
P value of < .1 or a posterior probability of >0.9 as relaxed crit-
ical value [36] was assumed. Part of the analysis was conducted
by using the web-based interface Datamonkey (http://www.
datamonkey.org/). For evolutionary analysis, the reference se-
quence with accession number AF009606 was used to trace
the position of the amino acids found under positive selection.

RESULTS

Evolutionary Rate Estimates, Time-Scaled Phylogeny
Reconstruction, and Phylodynamics
Bayes factor analysis showed that the relaxed clock fitted the data
significantly better than the strict clock (2InBF between the strict
and relaxed clock was 160 in favor of the latter). Under the relaxed
clock, the BF analysis showed that the constant model was better
than the other models (2InBF > 700). Under the relaxed log-
normal clock and constant model, the analysis of the HCV sub-
type 1a NS3 gene (complete dataset) led to a mean evolutionary
rate estimate of 3.24 x 107 (95% HPD, 2.28-4.27 x 107).
Bayesian phylogenetic tree of the complete dataset (Figure 1A)
showed a clear separation between 2 clades, which were labeled as
clade I and II in agreement with original designation [21].
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Figure 1. Bayesian phylogenetic tree. A, Bayesian maximum clade credibility tree of all hepatitis C virus 1a subtype sequences with branch lengths
scaled in time by enforcing a relaxed molecular clock. Branches labeled with asterisks are well supported, having a posterior probability >0.90. Tip dates for
each node represent the year of isolate collection. B, Geographic origin of the sequences on the phylogenetic tree based on a subset of 192 sequences from
Europe and the Americas with known geographic origin and sequencing date. Abbreviations: BR, Brazil; EU, Europe; US, United States.

Analysis of the dated tree showed that the tree root dated
back to the year 1964 (95% HPD, 1941-1976). Clade I and
IT dated back to the year 1966 (95% HPD, 1952-1972) and
1975 (95% HPD, 1961-1989), respectively. Bayesian analysis

on the resistance codons stripped dataset revealed the same
significant separation in clade I and II without any inter-
spersed sequences (data not shown). The phylogeographic
analysis of the clades showed a European origin for clade II
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Figure 2. Effective population size (Ne) estimates from Bayesian phylogenetic analysis. A, complete subset of clade | sequences; (B) Italian subset of
clade | sequences; (C) complete subset of clade Il sequences; (D) Italian subset of clade Il sequences. The solid black lines and the shaded blue upper and
lower bounds represent, respectively, median and 95% high posterior density interval estimates of Ne over time. Ne values were estimated in BEAST
package version 1.8.0 using a nonparametric Skyline evolutionary model assuming a relaxed clock.

and a mixed origin in both Europe and the United States for
clade I (Figure 1B).

The demographic history of HCV subtype 1la NS3 protease
gene performed on sub-dataset I-ALL showed that the clade I
epidemic increased exponentially from the year 1995 to the year
2004 and has remained fairly constant up to today (Figure 2A).
The corresponding demographic history of HCV-1a NS3 gene
performed on dataset I-IT showed that the Italian clade I epi-
demic increased after the year 2000 until approximately the
year 2006 and remained fairly constant to this day (Figure 2B).
The phylodynamics of HCV-1a NS3 protease gene analyzed on
the dataset II-ALL showed that the clade II epidemic increased
from approximately 2001 to 2006 and has remained fairly cons-
tant up to today (Figure 2C). Overall, the demographic increase
of clade IT showed a somewhat less steep and less pronounced
increase compared with clade I. The demographic history of
Italian clade IT performed on dataset II-IT showed a very similar
phylodynamic profile as in dataset II-ALL (Figure 2D).

Factors Associated With the Two Distinct Subtype 1a Clades

Table 1 summarizes the analysis of the association of some de-
mographic, epidemiological, and virological factors with segre-
gation of European HCV 1a into clade I or II. We found no

significant association with known risk factor and time from
HCV diagnosis, calendar year of sampling, or HCV viral load,
whereas clade II tended to be associated with the presence of
HIV coinfection.

When looking at sequences in geographic origin, a significant
difference in clade prevalence was observed between European
and non-European sequences, which were mostly represented
by sequences from the United States. Indeed, less than half of
HCV 1a sequences from Europe belonged to clade I, whereas
this clade represented approximately 3 of 4 American sequences
(P <.0001; see Figure 3). In particular, the numbers with clade I
or II were 64 (47.8%) and 70 (52.2%) for Italian sequences, 35
(53.0%) and 31 (47.0%) for German sequences, 4 (66.7%) and
2 (33.3%) for those from France, 0 (0%) and 3 (100%) for Spanish
sequences, and 112 (75.7%) and 36 (24.3%) for US sequences, re-
spectively; both Brazilian, the Japanese and the Egyptian sequenc-
es were clade I, whereas the Australian sequence was clade II.

Natural NS3i Resistance-Associated Mutations and Genetic
Barrier to Resistance in the Two Subtype 1a Clades

The prevalence of natural resistance-associated mutations in
clade I and II is shown in Figure 4A. The Q80K mutation was
detected in 111 of 215 (51.6%) of the clade I strains genotyped
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Table 1.

Comparison of Main Characteristics Among European HCV Subtype 1a Patient Sequences

Patients Characteristics (n Available)? Total n =209 Clade I n=103 Clade Il n=106 P Value
Age, median years (IQR) (n = 168) 47 (43-50) 47 (44-50) 46 (41-52) 11
Gender, % males (n=168) 74.7 71.4 775 .55
Mode of HCV acquisition (%) (n = 132) 0.59

IV drug use 48.3 43.7 52.8

Blood/blood products 2.4 39 0.9

Sexual contacts 124 14.6 104

Unknown 36.8 37.9 35.8
HIV coinfection (%) (n = 196) 55.6 495 61.6 .08
HCV RNA load, median log IU/mL (IQR) (n = 196) 6.06 (5.26-6.64) 5.97 (5.21-6.61) 6.13 (5.42-6.65) 19
Calendar year of sequencing, median (IQR) 2011 (2010-2012) 2011 (2010-2012) 2011 (2010-2011) 1
Time from HCV diagnosis, median years (IQR) (n = 125) 15.4 (7.9-19.1) 16.0 (10.4-18.8) 15.1 (6.4-20.0) .79

Abbreviations: HCV, hepatitis C virus; HIV, human immunodeficiency virus; IQR, interquartile range; IV, intravenous.
@ For the characteristics not available in all cases, the number of cases with available data are specified in parentheses with each characteristic.

(4 sequences did not include codon 80) but was completely ab-
sent in the 141 clade II sequences genotyped at this position (2
sequences did not include this codon; P <.0001). The preva-
lence of Q80K in clade I isolates was 56 of 99 (56.6%) among
those from European centers [35 of 64 (54.7%) in sequences
from Italy; 21 of 35 (60.0%) from Germany; the 4 clade I se-
quences from France lacked the codon 80]; 54 of 112 (48.2%)
among those from centers in the United States; and 1 of 4
(25%) among those from other countries. Due to this different
prevalence of Q80K in the 2 genotype 1a clades and their differ-
ent geographical distribution, the overall prevalence of Q80K
among the la isolates was higher in the United States compared
with Europe (54 of 148 [36.5%] vs 56 of 203 [27.6%], respective-
ly, ° P=.076). Other NS3i resistance mutations were all very
rare and not differently distributed in the 2 clades, with the ex-
ception of a slightly higher prevalence of D168E in clade II
(1.4% vs 0% in clade I; P =.08).

The calculated genetic barrier to evolve from a nonresistance
to the corresponding resistance codon differed for Q80K and
R155M (lower for clade I) and for Q80L, S122A, and V1581
(lower for clade II) (see Figure 4B). However, all of these codons,

European

Non European

Clade Il
24.2%
(n=37)

Figure 3. Distribution of the relative frequency of clade | and Il in Euro-
pean and non-European hepatitis C virus subtype 1a sequences.

with the exception of Q80K for clade I, showed a high genetic
barrier for evolution to resistant mutants in both clades.

Selective Pressure Analysis

Selective pressure analysis revealed more than 93% of codons
with @ (dN/dS) <1, showing a strong negative selective pressure.
Only 1 site was found under positive selective pressure as con-
firmed by both REL and FEL analysis, namely NS3 codon 94
with residues (N, G, S, C).

DISCUSSION

In this analysis of a well defined set of HCV subtype 1a NS3 se-
quences from Europe and the Americas, we confirm that virtually
all sequences can be grouped in 2 clearly distinct clades, and we
demonstrate that NS3 sequencing is sufficient to categorize
strains into these clades. The distribution of the clades in the
United States and Europe is significantly different, with clade I
being more prevalent in the United States and both clades equally
distributed in Europe. The separation of the clades from a com-
mon ancestor seems a relatively recent event, having occurred
around the year 1964. Clade II originated in approximately
1961-1989, 1 decade later than clade I (1952-1975) and with
more evidences tracing its origin in Europe compared with the
United States. Moreover, the dynamics of the spread of clade II
seems slightly slower than that of clade I. This is the first study to
investigate the phylodynamics and geographic distribution of
subtype 1a clades. These data complement previous phylogenetic
analyses, tracing a sharp increase in transmission of subtypes la
and 1b between 1940 and 1980, with the spread of 1b preceding
that of 1a by more than 15 years [37].

It is interesting to note that the Q80K mutation, a natural
variant conferring a certain degree of resistance to some macro-
cyclic protease inhibitors including the recently approved
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simeprevir [13, 14, 38, 39], was detected in 51.6% of clade I
strains but was completely absent in clade II in this series.
The classification of sequences into the 2 different clades after
deleting this codon showed that the presence of this substitution
was not responsible for the observed clade segregation.

The exclusive association of Q80K with clade I and the higher
frequency of clade I among the 1a sub-genotypes from the Unit-
ed States compared with those from Europe justifies the higher
prevalence of Q80K in genotype la in the United States

compared with Europe. This suggests that more patients in
the United States compared with Europe will have to be exclud-
ed from certain simeprevir-based regimens, based on natural re-
sistance. Nonetheless, it must be noted that the presence of the
Q80K mutation per se may be not sufficient for failing a sime-
previr-based regimen, probably as a result of the activity of the
accompanying drugs or some other favorable factors [40, 41].
In particular, Q80K does not seem to influence the activity of
simeprevir when combined with sofosbuvir [15]. Moreover,
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response to faldaprevir, another macrocyclic protease inhibitor
whose development has been recently discontinued, was also re-
duced with subtype 1a, but this was not associated with the
presence of Q80K [39]. Currently, both the American and the
European Association for the Study of the Liver recommend
testing for the presence of the Q80K mutation before treatment
with simeprevir in association with pegylated interferon and ri-
bavirin in patients infected with HCV subtype 1a [18, 19]. Our
results are in partial agreement with a recent phylogenetic study
indicating the origin of the Q80K polymorphism in the United
States during the 1940s [42]. Although our estimates date the
emergence of clade I approximately 1 decade later, our findings
that Q80K is uniquely associated with clade I and that clade I
and II segregate independently from the presence of Q80K in-
dicate that the clade segregation antedates the emergence of
Q80K, suggesting that this polymorphism emerged in clade I,
possibly, based on McCloskey et al [42], in the United States.
The prevalence of Q80K among clade I strains was similar in
sequences from Europe and the United States, which under-
scores the fact that its different distribution between the 2 re-
gions is influenced by the distribution of clade I and may
either suggest different independent origins of Q80K in the 2
regions or a rapid and efficient transfer of this polymorphism
from the United States to Europe. Because Q80K indicates the
presence of clade I virus, but only half of the clade I strains carry
this mutation, it remains to be established whether the reduced
response observed with Q80K to simeprevir is indeed specifi-
cally associated with Q80K or can be more accurately detected
by determining the viral clade. Contrary to this hypothesis, our
data indicate that no other known resistance-associated natural
variant is more frequent in clade I versus II. Likewise, our genet-
ic barrier analysis does not support a generally easier resistance-
associated mutation development in the NS3 region for clade I
compared with clade II. Indeed, although the genetic barrier
was significantly lower for the Q80K mutation in clade I,
other differences for the genetic barrier at selected resistance co-
dons between the 2 clades were less prominent and occurred in
a context of relatively high generic barrier. Moreover, the selec-
tive pressure analysis showed that, in the absence of drugs, no
resistance-associated codon was under positive selective pres-
sure, suggesting that NS3 natural resistance variants are not
the result of selective pressure by the host immune system but
are rather resulting from random evolution of the virus.
Global tracing of subtype 1a is of importance given the diver-
sity of virological response to different DAA. Indeed, subtype
la, compared with 1b, is associated with lower response rates
to different generations of NS3i, also in combination with
DAA of different classes [11]. Moreover, subtype la virus
shows a higher propensity in selecting resistance after NS3i
treatment failure compared with 1b [11, 43], mostly due to dif-
ferent genetic barriers to evolution to the most common drug-
resistant variants [44]. In addition, a reduced response to

subtype la compared with 1b has been observed also for
other classes, such as nonnucleoside polymerase inhibitors
[45, 46] or even some NS5A inhibitors [47]. The in vivo re-
sponse to some combinations of different classes of DAA is
also weaker in subtype la compared with 1b, particularly in
more difficult-to-treat categories such as cirrhotics [48]. It
will be interesting to establish whether the 2 subtype 1a clades
are associated with different prevalence of natural variants in
the NS5A and NS5B region and whether they act as determi-
nants of in vivo treatment response to other drug classes.

CONCLUSIONS

In conclusion, we demonstrate that HCV subtype 1a NS3 se-
quences clearly segregate into 2 separate clades worldwide,
with different temporal origin and spread and distinct geo-
graphic distribution. The natural resistance mutant Q80K,
which is associated with reduced response to the NS3i simepre-
vir, is exclusively associated with clade I. Whether these differ-
ent clades influence the response to other DA A-inhibiting HCV
at different steps of its life cycle deserves further investigations.
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