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Summary  

Hepatitis C virus (HCV) hypervariable region 1 (HVR1) is the most variable region of 

the viral genome and its heterogeneity reflects the virus-host interplay during 

chronicity. Paediatric HCV-infected patients develop a liver disease with typical clinical 

features. Here, the evolution of HVR1 and its adjacent regions was ascertained in 

plasma samples of two HCV-positive children during a 5-year follow-up. We report an 

almost complete conservation of HVR1 sequence over time, with underlying nucleotide 

variability both within and outside HVR1, suggesting some kind of constraint on virus 

evolution, particularly within HVR1. Although overall dN/dS rates were <1 in both 

patients, a high resolution analysis of selection pressures exerted at the codon level 

revealed few sites subject to selection and an absolute predominance of invariable 

positions within HVR1. The HVR1 amino acid sequences showed the antigenic 

properties expected for this region. Taken together, these data suggest a peculiar 

evolutionary dynamics in our patients, which could be attributed to a mechanism of 

nucleotide invariability along with purifying selection operating on the HVR1. The lack 

of HVR1 variability may reflect the adaptation of the virus to a particular environment 

within each patient or a phenomenon of immune tolerance generated in our 

immunocompetent patients early in life. 

 

Key words: Hepatitis C virus, HVR1, intra-host evolution, perinatal infection, 

conservation. 
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Introduction 

Hepatitis C virus (HCV), an enveloped RNA virus belonging to the genus Hepacivirus 

in the Flaviviridae family, is the major cause of non-A non-B hepatitis worldwide (1). 

Chronic HCV infection may lead to cirrhosis and/or hepatocellular carcinoma; in fact, it 

represents the main indication for liver transplantation among adults (1). However, 

disease progression seems to be different in children, since they rarely develop severe 

hepatitis or cirrhosis. Children with chronic HCV infection show milder liver disease 

than adults, albeit displaying high HCV viral load (2, 3). 

HCV displays a high degree of diversity, both at the nucleotide and at the amino 

acid level (4). In an infected individual, the virus exists as a mixture of distinct but 

closely related variants, which together are called quasispecies (5). The evolution of 

HCV quasispecies is modulated by viral and host factors. The former include the error-

prone HCV RNA-dependent RNA polymerase, which generates an estimated mutation 

rate of 10-5 mutations/nucleotide/replication (6) and a replication rate of up to 1012 

virions/day (7). Among the latter, the immune response against HCV constitutes a 

selective pressure for viral evolution. In particular, the hypervariable region 1 (HVR1), 

located at the N-terminus of HCV glycoprotein E2, is appropriate for studying HCV 

quasispecies dynamics, since its putative antigenic role makes it the most variable 

region of the viral genome. Despite this high variability, its conformation and 

physicochemical properties are conserved (8, 9). 

The study of virus evolution constitutes a key matter for the unraveling of virus-

host interactions. It becomes particularly important in chronic infections like HCV-

related hepatitis, since the success of the infection depends on a subtle balance between 

virus replication and its control by the host’s environment. The evolution of HCV 

quasispecies in a single patient has been extensively studied, both in treated and non-
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treated adults (10-14). However, little is known about HCV evolution in chronically 

infected children, a clinical situation in which there is a considerable paucity of 

knowledge and even contrasting results. In the setting of perinatal HCV infection, 

HVR1 stability during the first weeks or months of life has been reported (15, 16), with 

the host’s selective pressure being a major determinant in driving HCV evolution (15). 

Conversely, other authors showed increasing HVR1 diversification over time in 

chronically HCV infected children (17), and a high level of HVR1 diversification 

during the first year of life in perinatally HCV-HIV co-infected children (18). 

Given that chronic HCV infection seems to have a different course in children 

than in adults, the study of virus evolution in the former is a matter of great interest. It 

seems plausible that, in the setting of paediatric infection, the virus may establish and 

maintain chronicity in a different way than the one described for chronic HCV infection 

acquired in adulthood. Considering that the host’s environment modulates viral 

evolution through the many selective forces that operate in it, HVR1 diversification and 

evolution may display typical features in children. It is still under study whether these 

evolutionary events are related to disease progression and fibrosis score. Our aim was to 

perform a retrospective analysis of HVR1 evolution in two paediatric patients with 

chronic HCV infection during a prolonged follow-up. 

 

Methods 

Patients and samples 
Two patients (ages 3 and 2 years at the beginning of this study) born to HCV-

infected mothers (one HIV-HCV co-infected mother) were included. Both patients were 

infected by HCV genotype 1a/c, and they were negative for hepatitis B surface antigen 

and anti-human immunodeficiency virus. Blood samples of both patients were taken at 

 4



different time points during a follow-up of 60 and 63 months for patients 1 and 2, 

respectively. The biochemical and virological parameters examined during follow-up 

are summarized in Table 1. Institutional guidelines regarding human experimentation 

were followed. 

Reverse transcription and PCR amplification 

RNA was extracted from 200 µl plasma with Trizol reagent (Invitrogen) 

according to manufacturer’s instructions. RNA was denaturated for 5 min at 70º C, and 

the reverse transcription reaction was performed for 60 min at 42º C using M-MLV 

reverse transcriptase (Promega) and 4 pmol antisense primer E2OA (5’ 

TCTCAGGACAGCCTGAAGKGTTGAA 3’) in a final volume of 10 μL. After heat 

inactivation at 95º C for 5 min and chilling on ice, the cDNA was amplified. The 

amplification was carried out using primers E2OS (5’ 

GCCATATAACGGGTCACCGCATGGC 3’, sense) and E2OA (antisense) in the first 

round, and E2NS (5’ GGATATGATGATGAACTGGTC 3’, sense) and E2NA (5’ 

GGTGTTGAGGCTATCATTGCARTT 3’, antisense), in the nested reaction. The PCR 

reactions consisted of 35 cycles of denaturation at 94º C for 15 s, annealing at 53º C for 

30 s and polymerization at 68º C for 40 s. Reactions were carried out with Pfx DNA 

polymerase (Invitrogen). The 351 bp-amplicons (nucleotides 1296 to 1646 of HCV-

genotype 1 prototypic secuence, GenBank accession number AF09069) were purified 

from agarose gel with QIAEXII gel extraction system (QIAGEN) according to 

manufacturer’s instructions. 

Cloning of PCR products 

PCR products were subjected to the addition of 3’A-overhangs using Taq DNA 

polymerase (Invitrogen), cloned in a pCR2.1 vector using Topo TA cloning® Kit 

(Invitrogen), and transformed into Escherichia coli DH5α-competent cells. Plasmid 
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DNA from transformants producing white colonies was extracted from minipreps 

cultured overnight by alkaline lysis (19). Purified amplicons and purified recombinant 

plasmid DNA were sequenced bidirectionally in an Applied Biosystems Division 

Automated 3700 DNA Analyzer, using the ABI PRISM® BigDye Terminator Cycle 

Sequencing Ready Reaction Kit (Perkin Elmer Applied Biosystems). 

Sequence analysis 

Nucleotide sequences corresponding to each patient were aligned using 

CLUSTALX program (20). Given the high variability expected within HVR1, the most 

appropriate model of evolution was inferred separately for this segment (81 bp) and its 

adjacent regions (AR, 220 bp) using Modeltest v.3.7 (21). Median genetic distances 

between all possible pairs of sequences both within and between samples of the same 

individual were calculated with the previously defined evolutionary model using 

PAUP* v.4.0.b10 (22). 

The rates of non-synonymous nucleotide substitutions per non-synonymous site 

(dN) and synonymous nucleotide substitutions per synonymous site (dS) were calculated 

by the method of Nei and Gojobori (23) with Jukes Cantor correction, as implemented 

in the MEGA3 package (24). 

Selection often occurs on a few amino acid positions, and so the mean dN/dS ratio 

over the entire sequence may lead to erroneous conclusions about the mechanisms 

underlying viral evolution. For this reason, positively and negatively selected sites were 

identified by a maximum likelihood method as implemented in HyPhy software (25). 

Briefly, an MGx94xHKY85 codon frequency model with discretized synonymous (α) 

and non-synonymous (β) per site substitution rates was assumed, and an empirical 

Bayes approach was employed to detect codons subject to positive or negative selection. 
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Amino acid sequences were deduced from the corresponding nucleotide 

sequences using BioEdit Software version 7.0.4.1 (26). Antigenicity was predicted from 

the amino acid sequences using Parker’s method as implemented in the ANTHEPROT 

software v.6.0 (27). 

Statistical analysis 

 Comparison of median intra- and inter-sample genetic distances was performed 

using Mann-Whitney or Kruskal-Wallis Tests (with Dunn’s Multiple Comparisons Post-

Test when appropriate) for non-parametric variables using GraphPad Instat Software, 

version 3.05. A p-value <0.05 was considered statistically significant. 

 

Results 

In a first attempt to study HCV evolution in perinatally infected children, 

amplification fragments encompassing the most variable region (HVR1) of the viral 

genome from consecutive plasma samples obtained during a prolonged follow-up were 

sequenced. Notably, the aligned HVR1 sequences exceptionally contained ambiguous 

positions (data not shown) in different samples from both patients, suggesting a strong 

predominance of a major HCV variant detected over other minor viral variants which 

may potentially be present in patient’s samples. Moreover, the HVR1 nucleotide 

sequences did not change overall in consecutive plasma samples of both patients (data 

not shown). 

To better evaluate HVR1 evolution, analysis of quasispecies dynamics becomes 

mandatory. The sequencing of molecular? clones of the amplified region is a valuable 

approach for the description of the complexity and diversity of the quasispecies during 

the course of chronic HCV infection. Thus, in order to characterize the underlying 

quasispecies behavior of the apparently stable HVR1, molecular? clones of the 
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amplified region of some plasma samples were obtained and sequenced (Table 1). The 

distributions of genetic distances both within and between samples (taken as a measure 

of quasispecies diversity) are summarized in Table 2. The intra-sample analysis 

displayed low degree of diversity revealing the existence of more than one HVR1 

variant in each sample of both patients. In patient 1, intra-sample HVR1 diversity 

decreased continuously and significantly between samples taken at 0 and 47 months 

(p<0.001), with a subsequent increase around 61 months of follow-up (p<0.001). 

Meanwhile, HVR1 intra-sample diversity showed no significant difference between 

samples of patient 2 (p=0.5370). In the inter-sample analysis, patient 1 showed 

increasing diversification of HVR1 over time (p<0.05), whereas patient 2 displayed a 

significant reduction in the median genetic distance between the sample taken at the 

beginning of the study and subsequent samples (p=0.012). These results indicate that 

the apparently homogeneous HVR1 sequences detected initially showed in fact a 

quasispecies distribution, which in turn evolved with typical features in each patient. 

Upon translation of nucleotide sequences, both patients displayed an almost 

complete conservation of the HVR1 amino acid sequence throughout follow-up, as 

shown by a high number of identical clones (data not shown). The most frequent variant 

identified at the beginning of the study (time point month 0) always predominated 

during follow-up (Table 3). Noteworthy, the minor HVR1 variants detected showed 

only one amino acid difference each, when compared to the major variant present in 

plasma. These replacements occurred at various positions within HVR1 and, except for 

the one present in two consecutive plasma samples of patient 2, the amino acid 

substitutions reverted over time. The overall dN/dS ratios for HVR1 were 0.030 for 

patient 1 and 0.323 for patient 2, strongly suggesting negative (purifying) selection 
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operating on this region. Consequently, a high degree of HVR1 conservation at the 

amino acid level was demonstrated during the course of the infection. 

Selection usually occurs on some amino acid positions, not over an entire region 

as a whole. Consequently, we employed a high resolution approach to detect codons 

subject to positive or negative selection. As shown in Figure 1, several amino acid 

positions subject to negative selection within HVR1 were evidenced only in patient 1, 

whereas positive selection was detected on a single position in patient 2. Moreover, the 

majority of amino acid positions in HVR1 which remained unchanged during the 

prolonged follow-up in both patients were encoded by invariable codons, as shown by 

the asterisks in Figure 1. Thus, the evolution of HVR1 in patients 1 and 2 seems to be 

characterized by the invariability of most nucleotide positions, instead of being driven 

by a continuous selection-adaptation process. 

To maintain its stability and function, the HVR1 must display some typical 

physicochemical features (8), which were observed in the variants of the HVR1 

analysed in the present study. Moreover, the amino acid replacements that generated 

minor viral variants in the patients under study occurred in HVR1 positions predicted to 

be variable (8). Thus, the amino acid sequences of the viral variants detected in both 

patients show no particular physicochemical features that may favour their conservation 

over time. All the HVR1 variants of each patient were predicted to be antigenic (Figure 

2), suggesting that the HVR1 of the virus infecting both patients should be able to 

induce an appropriate antibody response in these immunocompetent hosts. 

It has been demonstrated that the genomic regions of HCV flanking HVR1 (AR) 

exhibit an evolutionary behaviour that is different to the one displayed by HVR1 (10, 

16). The 5’-AR (nucleotides 1323–1490) and the 3’-AR (nucleotides 1572–1622) 

proved to be heterogeneous, and this nucleotide variability was observed both within 
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and between samples. In patient 1, intra-sample quasispecies diversity in the AR 

fluctuated significantly between consecutive samples, whereas samples corresponding 

to patient 2 showed increasing intra-sample diversity until 42 months of follow-up 

(p<0.001), with a subsequent decrease at the last time point tested (p<0.001, Table 2). In 

the inter-sample analysis, samples corresponding to patient 1 showed a continuous and 

significant reduction of quasispecies diversity between consecutive samples (p<0.001), 

whereas increasing diversification of the AR was observed in samples of patient 2 

(p<0.001). Except for samples taken at months 29 and 61 of follow-up, nucleotide 

diversity showed no significant difference between HVR1 and AR in patient 1 (Table 

2). In addition, intra-sample genetic distance was significantly higher in the AR than in 

the HVR1 in samples taken at 26 and 42 months of patient 2 (p<0.001). Together, the 

analysis of the AR demonstrated that the particular conservation of HVR1 in both 

patients was associated with some degree of variability in its flanking regions. 

Finally, the AR showed a higher frequency of amino acid replacements than the 

HVR1 (Table 3). These were randomly distributed and exhibited no fixation over time 

(data not shown). The overall dN/dS ratios for the AR regions proved to be <1 (0.310 and 

0.164 for patients 1 and 2, respectively). In fact, as shown in Figure 1, in the high 

resolution analysis several sites subject to purifying selection within AR were detected, 

along with some positively selected positions. 

 

Discussion 

In this study, we demonstrate an extraordinary intra-host conservation of HVR1 

over time in two paediatric patients who became perinatally infected with HCV. Our 

results are striking, since HVR1 is otherwise characterized by a high degree of 

heterogeneity.  
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Numerous polymorphisms were detected in only one clone of some samples; this 

observation might be attributed to sporadic nucleotide substitutions introduced during 

the reverse transcription and/or amplification reactions, leading to sporadic non-

synonymous changes. However, sporadic amino acid substitution rates were 4,55 × 10–5 

and 9,55 × 10–5 non-synonymous substitutions/non-synonymous site/amplification cycle 

for samples of patients 1 and 2, respectively, that is, higher than the error rate reported 

for the DNA polymerase used in this study (1,6 × 10–6/nucleotide/amplification cycle), 

and similar to the ones calculated by other authors with the same or different regions of 

the HCV genome (reviewed in 5). Thus, the observed heterogeneity mirrors the 

underlying viral variability and does not merely represent a methodological artifact. 

The continuous variable behaviour of HVR1 in the single host has been 

attributed to its putative role as a target for neutralizing antibodies, and therefore its 

conservation has been related to hypogammaglobulinemia (28) and immunodeficiency 

(18). In this study, the HVR1 variants detected were predicted to be antigenic and the 

two patients studied are immunocompetent and had no concomitant viral infection, 

suggesting that HVR1 conservation over time might be the result of a particular 

interplay between the virus and its host that guarantees HCV fitness throughout the 

chronic phase of infection. 

Response to alpha interferon treatment has also been associated with HVR1 

evolution. Indeed, Farci et al. demonstrated an association between a rapid decrease in 

genetic diversity of HVR1 (in amino acids) after onset of treatment and sustained 

therapeutic response (11). In our study, patients 1 and 2 received alpha interferon 

treatment for 7 and 8 months, respectively, and none of them showed a shift in HVR1 

amino acid sequences, neither during treatment nor after it. Therefore, antiviral therapy 

does not seem to represent a selective force for HVR1 evolution in these patients either. 
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The analysis of the AR indicates that the virus infecting both patients displays 

the variability expected for any RNA virus, and further supports the hypothesis of some 

kind of constraint imposed to the HVR1, and to some extent to the AR, in the patients 

under study. Other authors have also analyzed the regions flanking HVR1, though with 

AR lengths different to the ones used herein. In adult patients subjected to alpha 

interferon treatment, Farci et al suggested that the AR evolve under purifying selection, 

since the nucleotide substitutions outside HVR1 were mainly synonymous (11). 

Moreover, Alfonso et al demonstrated that the region downstream HVR1 takes part of 

virus evolution as a target of selection (10). Our results are in accordance with the 

former, since the scarce amino acid variability observed outside HVR1 was reversible 

and did not reflect an evolutionary process of positive selection. Of note, the amino acid 

substitutions observed in our samples occurred in the same locations as the ones 

described by Farci et. al. and Alfonso et al., which suggests some kind of constraint on 

AR variability, too. 

The association between viral evolution and the course of chronic HCV infection 

in children has been also evaluated by other authors. Gerotto et al. reported a gradual 

diversification and an increase in HVR1 complexity in children with chronic HCV 

infection, which was independent of ALT values (17). In contrast, Farci et al. showed 

that patients with constantly elevated serum ALT values display an almost conserved 

HVR1 during a prolonged follow-up and associated this biochemical behaviour with an 

intense cellular, but not humoral, immune response (16). Our results support the latter 

observation, since both patients displayed high ALT values throughout follow-up, 

concomitant with HVR1 conservation. However, liver biopsies obtained from these two 

paediatric patients before treatment onset showed mild or moderate signs of hepatitis, as 
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we observed for other children with chronic hepatitis C who displayed high HVR1 

variability (unpublished results). 

Finally, the high viral loads displayed by our patients are a clear evidence of 

active viral replication, which is in contrast with the poor HVR1 evolution during a 

follow-up of nearly 5 years. Two potential explanations can account for the lack of 

HVR1 variability in these immunocompetent hosts, which was not even affected by 

antiviral therapy. On the one hand, there might be purifying selection operating on 

HVR1 variants after their adaptation to the host’s environment. It should be kept in 

mind that both patients were born to HCV positive mothers, although no samples 

obtained before the age of 2 and 3 years, respectively were available. Thus, it could be 

possible that the conserved pattern of HVR1 evolution is the result of a process of viral 

adaptation to the host occurring during the first years of life, which could not be 

evaluated. This hypothesis is further supported by the variability observed in the regions 

flanking HVR1, along with the continuous detection of identical HVR1 sequences in the 

same patient. On the other hand, and given that both children became perinatally 

infected, it seems possible that the conservation of HVR1 arises from a phenomenon of 

immune tolerance developed in both patients early in life. This would suppress immune 

responses against circulating HVR1 variants as a selective force driving the evolution of 

this region, without affecting the general immune status of the host. 

 

The GenBank/EMBL/DDBJ accession numbers of the sequences determined in 

this work are EU045934 to EU046001. 
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Table 1. Description of the samples analyzed in this study. 

Patient Sample Nº* 

 

ALT (IU/L) Serum HCV RNA 

(log10 IU/mL) 

α-IFN 

treatment 

Nº of sequenced 

clones  

1 0 181 5.36 No 9 

 4 354 5.52 No  

 18 194 5.66 No  

 27 215 ND Yes 11 

 29 291 5.49 Yes 13 

 47 199 5.53 No 11 

 61 177 5.50 No 10 

      

2 0 66 >5.93 No 11 

 10 115 ND No  

 12 112 5.84 No  

 17 132 >5.93 No  

 19 137 5.91 No  

 26 221 5.88 Yes 11 

 42 87 >5.93 No 12 

 63 56 >5.93 No 6 
* Sample numbering in months of follow-up. 

ND: not determined 



Table 2.  Median intra- and intersample nucleotide diversity calculated for HVR1 (A) and its adjacent regions (B) of both patients studied.* 

Patient 1 

A          B 
Sample  0 mo 27 mo 29 mo 47 mo 61 mo Sample  0 mo 27 mo 29 mo 47 mo 61 mo 

0 mo 1.25 
(0.00-2.51) 

    0 mo 0.92 
(0.00-2.34) 

    

27 mo 1.24 
(0.00-2.52) 

0.00 
(0.00-2.52) 

   27 mo 0.92 
(0.00-2.33) 

0.46 
(0.00-1.39) 

   

29 mo 1.24 
(0.00-2.51) 

0.00 
(0.00-2.51) 

0.00 
(0.00-1.24) 

  29 mo 0.92 
(0.00-2.33) 

0.92 
(0.00-1.86) 

0.46 
(0.00-1.86) 

  

47 mo 2.49 
(1.24-2.51) 

1.24 
(1.24-2.51) 

1.24 
(1.24-2.49) 

0.00 
(0.00-0.00) 

 47 mo 0.46 
(0.00-1.86) 

0.46 
(0.00-1.39) 

0.46 
(0.00-1.39) 

0.00 
(0.00-0.46) 

 

61 mo 1.25 
(0.00-3.83) 

1.24 
(0.00-3.83) 

1.24 
(1.24-2.49) 

2.50 
(1.24-3.80) 

1.24 
(0.00-3.81) 61 mo 0.92 

(0.00-2.34) 
0.46 

(0.00-1.86) 
0.92 

(0.00-1.86) 
0.00 

(0.00-1.39) 
0.46 

(0.00-1.86) 
 

Patient 2 

A            B 
Sample  0 mo 26 mo 42 mo 63 mo Sample  0 mo 26 mo 42 mo 63 mo 

0 mo 0.00 
(0.00-2.72) 

   0 mo 0.46 
(0.00-1.41) 

   

26 mo 0.00  
(0.00-4.16) 

0.00  
(0.00-4.16) 

  26 mo 0.93 
(0.00-2.41) 

1.41 
(0.00-2.92) 

  

42 mo 0.00  
(0.00-2.72) 

0.00 
(0.00-4.16) 

0.00 
(0.00-2.72) 

 42 mo 1.41 
(0.00-3.97) 

1.90 
(0.00-4.51) 

1.90  
(0.00-3.44) 

 

63 mo 0.00  
(0.00-1.33) 

0.00 
(0.00-2.72) 

0.00 
(0.00-1.33) 

0.00 
(0.00-0.00) 63 mo 1.90 

(1.41-2.91) 
2.39 

(1.41-3.43) 
2.40 

(1.91-3.95) 
0.00 

(0.00-0.46) 
 

*Median genetic distance (min.–max.), expressed as nucleotide substitutions/100 sites. Boldface represents intra-sample genetic distance. 

Sample identification is given according to the month of follow-up in which the sample was obtained. 
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Table 3. Variable amino acid positions within the fragment analyzed. 

Patient Amino acid position‡ 

 32
9 

33
0 

33
2 

33
5 

34
0 

34
5 

34
8 

35
1 

35
4 

35
7 

36
7 

36
8 

37
2 

37
7 

37
9 

39
1 

39
5 

39
7 

40
2 

41
1 

42
0 

42
1 

42
3 

42
4 

1 T A L A I L I A G A N W L L A T A A I I W H N S 

  V  T N  V T  T   P F  S T    *§   N

                         
2 T A L A I L I A G A N W L L A S A A F I W H N S 

 A  S   V   *  S R   S  V V S V R R D  

 I          D *         *    
 

‡ Numbering of the amino acid position corresponds to HCV-1 prototype sequence (GenBank 

accession number M62321). For each patient, the first line represents the most abundant amino 

acid at each position. Gray shading denotes variable amino acid positions within HVR1 region. 

§ An asterisk indicates end of translation. 
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Figure 1 Schematic representation of selection operating at the codon level, for patient 1 (A) and 

patient 2 (B) . The graph bars represent evidence of positive selection (+), negative selection (-) or 

no evidence of selection (no bar), over the entire fragment analyzed. The shaded area delimits 

HVR1. Asterisks denote amino acid positions encoded by invariable codons within HVR1. 
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Figure 1 Predicted antigenicity profiles of the HVR1 variants detected in patient 1 (A) and  patient 

2 (B) during follow-up. The ruler indicates amino acid position within HVR1. 
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