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 “I am among those who think that science has great beauty. 
A scientist in his laboratory is not only a technician:  
he is also a child placed before natural phenomena  

which impress him like a fairy tale...” 
 

Marie Curie (1867 - 1934) 
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SUMMARY 
 

First described in 1989, the hepatitis C virus (HCV) is now recognized as a chief cause 

of chronic liver disease worldwide. In total, at least 170 million people are infected with 

HCV. Together with GB virus C, this virus is taxonomically classified as a member of the 

Hepaciviruses in the Flaviviridae family. Based on variability in the HCV genome, six 

different HCV genotypes can be distinguished. Each genotype shows a specific geographical 

distribution, and is subdivided in different HCV subtypes. Some HCV genotypes, such as 

HCV genotypes 1a, 1b and 3a, are distributed worldwide and show rather low levels of 

sequence divergence. Transmission networks such as blood transfusion and intravenous drug 

use (IDU) are believed to be responsible for the rapidly spreading epidemics caused by these 

genotypes. Other HCV genotypes are found more locally, and are characterized by high levels 

of genetic diversity. Examples are the abundance of several HCV genotype 2 strains in West 

Africa, divergent HCV genotype 4 strains in Central Africa and a plethora of HCV genotype 3 

and 6 subtypes in South East Asia. Based on the observed divergence, it is very likely that the 

above mentioned strains have been endemic to these areas for several centuries. In contrast to 

the other HCV genotypes, little is known about the evolutionary history of HCV genotype 5a. 

HCV genotype 5a was first reported in South Africa, were it represents the dominant HCV 

genotype. For several years, it was believed that this uncommon genotype was restricted to 

South Africa. However, several local clusters of HCV genotype 5a, for example in France, 

Spain, Syria, United Kingdom, the Netherlands and Canada, have been sporadically 

discovered during the last years. An unexpected cluster of this infrequently found HCV 

genotype was also detected in the West Flanders region of Belgium. 

The main part of this doctoral thesis is an attempt to unravel the existing mysteries on 

the origin, evolution and spread of the uncommonly found HCV genotype 5a. Since HCV 

genotype 5a samples are scarce, we wanted to make sure that the commercially available 

HCV genotyping assays used in our laboratory were able to correctly identify HCV genotype 

5a strains. To this purpose, we evaluated two HCV genotyping line probe assays (Chapter II). 

In the first study, we focused on the accuracy of the VERSANT HCV Genotyping Assay 

(LiPA) 1.0 for HCV genotype 5a strains. In total, 77 HCV genotype 5a samples collected in 

Belgium and South Africa were subjected to this assay. We performed a phylogenetic analysis 

of the NS3-NS4 region to confirm the genotype of the samples. There was a 100% 

concordance between the results obtained with LiPA 1.0 and the genotyping based on 

nucleotide sequencing. Nucleotide sequencing of the 5’-UTR, the genomic region used for 
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probe binding in the LiPA 1.0 assay, showed that sequence heterogeneity was present for 

some samples. A mismatch of one base pair in the middle of the probe binding region or 

mismatches of multiple base pairs at the end of the probe region did not interfere with the 

outcome of the test. We concluded that the LiPA 1.0 is an accurate method to identify the 

infrequently found HCV genotype 5a strains. We elaborated on this in a second study and 

evaluated the VERSANT HCV Genotyping Assay (LiPA) 2.0 for all circulating HCV 

genotypes. This assay uses sequence information from both the 5’-UTR and the core region of 

the HCV genome, and should therefore produce more accurate results compared to the LiPA 

1.0. The clinical accuracy was tested using 326 HCV positive samples for which the 

genotypes were determined by phylogenetic analysis of the NS5B region (reference method). 

The HCV genotype could be determined for 96% of the samples. Of these, 99.4% gave results 

in agreement with the reference method. The LiPA 2.0 performance was compared with the 

LiPA 1.0. Samples that were incorrectly genotyped by the LiPA 1.0 were correctly genotyped 

by the LiPA 2.0. We concluded that the LiPA 2.0 is a sensitive, accurate and reliable assay for 

HCV genotyping, and that the inclusion of the core region probes results in a higher 

genotyping success rate.  

Next, we focussed on the origin and spread of HCV genotype 5a (Chapter III). To 

investigate the molecular epidemiology of the HCV genotype 5a cluster in Flanders, a 

rigorous phylogenetic analysis and a Bayesian coalescent analysis were performed. Our 

results indicate that two separate clusters can be discerned, one formed by the Belgian strains, 

and one formed by the South African strains. This finding suggests that the virus has spread 

independently in two different locations. Furthermore, both clades had similar nucleotide 

diversities. We estimated the divergence dates and demographic parameters of both clusters. 

The estimated dates were 1869 [1792-1929] for the E1-E2 region and 1866 [1818-1913] for 

the NS3-NS4 region of the Belgian subclade; 1883 [1821-1934] for E1-E2 and 1863 [1794-

1921] for NS3-NS4 of the South African subclade. Some differences could be observed in the 

dynamics of the HCV epidemic in both geographical regions. In Belgium, the rate of spread 

was roughly exponential over time, a pattern consistent with transmission via blood 

transfusion. In South Africa, we saw a decrease in the rate of spread towards the present, 

which is not consistent with blood transfusion as main transmission route, but rather reflects 

other iatrogenic interventions as the source of the HCV epidemic. Our results shed new light 

on the existing hypothesis concerning the origin of HCV genotype 5a. For decades, it was 

believed that South Africa harbours the endemic source of HCV genotype 5a. However, 

bearing the results of this study in mind, it is reasonable to assume that another area harbours 
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the common ancestral HCV genotype 5a population, and that the virus spread from this 

common pool in two directions at the same time. We speculate that this endemic source might 

be found in Democratic Republic of Congo (DRC), since DRC was a Belgian colony in the 

late 1800s, and since there was a lot of trafficking between Central and South Africa in the 

this period.  

In Chapter IV, we studied the worldwide spread of HCV genotype 5a. Samples from 

Belgium, South Africa, France, the Netherlands, Portugal, Spain, Syria, Germany, 

Luxembourg and the United Kingdom were used for a phylogeographic study. Our analyses 

revealed a general clustering of HCV genotype 5a strains according to their geographical 

origin. This implicates that HCV genotype 5a differs from other common epidemic genotypes 

for which spatial structure is lost due to rapid global spread. For Spain and Syria, the 

epidemic history was studied in more detail. The estimated dates for the MRCAs for Spain 

were 1896 [1842-1919] for E1-E2 and 1884 [1864-1919] for NS3-NS4. For the Syrian strains, 

the MRCA dates were 1903 [1843-1948] and 1906 [1884-1924] respectively. The observed 

demographic patterns for both clusters most likely reflect iatrogenic interventions other than 

blood transfusion as main transmission route.  

The local spread of HCV genotype 5a in Belgium was investigated in Chapter V. To 

explore the transmission history of this uncommon genotype, we conducted face-to-face 

interviews with the infected patients, based on detailed questionnaires. We combined the 

results of these interviews with a phylogenetic analysis to confirm the hypotheses concerning 

transmission events that arose from the questionnaires. We could not identify one main 

transmission source explaining the HCV genotype 5a epidemic in West-Flanders as a whole. 

Instead, we identified several smaller transmission chains which could be confirmed 

phylogenetically. We concluded that the HCV genotype 5a epidemic in West-Flanders seems 

to be mainly associated with blood transfusion and unsafe medical practice.  

In the last part of this doctoral thesis (Chapter VI), we draw attention to the potential 

impact of recombination on HCV strains. We identified a complex mosaic HCV 1a/1c 

genome pattern showing five putative breakpoints. To our knowledge, this is the first report 

on a mosaic HCV genome with multiple breakpoints. The recognition of additional HCV 

recombinant forms will raise numerous new questions related to HCV epidemiology, 

genotyping, and treatment options.  

We conclude that the work on HCV genotype 5a and our additional studies contribute 

to the understanding of the epidemiological and evolutionary aspects of HCV.  
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SAMENVATTING 
 

Het hepatitis C virus (HCV) is over de ganse wereld één van de belangrijkste oorzaken 

van chronisch leverlijden. Het virus werd ontdekt in 1989, en heeft momenteel wereldwijd al 

minstens 170 miljoen geïnfecteerden achter zijn naam staan. Taxonomisch wordt dit virus 

ingedeeld bij de familie van de Flaviviridae, waar het samen met GB virus C in het genus 

Hepacivirussen geclassificeerd wordt. Het genoom van HCV vertoont heel wat variabiliteit, 

en dit heeft geleid tot het ontstaan van minstens zes verschillende HCV genotypen. Deze 

genotypen hebben een typische geografische verdeling, en zijn verder onderverdeeld in 

meerdere subtypen. Sommige HCV genotypen, zoals HCV genotypen 1a, 1b en 3a, zijn 

wereldwijd verspreid en vertonen een beperkte hoeveelheid genetische diversiteit. 

Transmissienetwerken door intraveneus druggebruik en bloedtransfusies zijn 

hoogstwaarschijnlijk verantwoordelijk voor de snelle, wereldwijde verspreiding van de 

epidemische stammen. Andere HCV genotypen worden dan weer gekarakteriseerd door een 

extreem hoog niveau van diversiteit met een bijhorend groot aantal subtypes. Deze stammen 

zijn relatief beperkt in geografische verspreiding. Voorbeelden zijn HCV genotype 2 in West 

Afrika, HCV genotype 4 in Centraal Afrika, en HCV genotypen 3 en 6 in Zuidoost Azië. Op 

basis van de geobserveerde diversiteit wordt aangenomen dat deze endemische stammen al 

honderden jaren circuleren in hun respectieve geografische populaties. In tegenstelling tot 

andere HCV genotypen, is er heel weinig geweten over de evolutie en verspreiding van HCV 

genotype 5a. Dit genotype werd voor het eerst gerapporteerd in Zuid-Afrika, waar het meteen 

ook het meest voorkomende HCV genotype is. Echter, de laatste jaren zijn er kleinere clusters 

van dit ongewone genotype gerapporteerd over de hele wereld, o.a in Frankrijk, Spanje, Syrië, 

Verenigd Koninkrijk, Nederland en Canada. Ook in België, meer bepaald in West-

Vlaanderen, werd een ongewoon hoge prevalentie van dit HCV genotype opgemerkt.  

In deze thesis probeerden we een antwoord te formuleren op de bestaande vragen 

omtrent de oorsprong, evolutie en verspreiding van dit ongewone HCV genotype. Omdat 

HCV genotype 5a stalen schaars zijn, wilden we eerst nagaan of de commerciële 

genotyperingskits die gebruikt worden op ons laboratorium in staat zijn de HCV genotype 5a 

stammen correct te identificeren. In hoofstuk II werden twee HCV genotyperingskits 

geëvalueerd: de VERSANT HCV Genotyping Assay (LiPA) 1.0 en de VERSANT HCV 

Genotyping Assay (LiPA) 2.0. De accuraatheid van de LiPA 1.0 werd nagekeken voor 77 

Belgische en Zuid-Afrikaanse HCV genotype 5a stalen. Een phylogenetische analyse van de 

NS3-NS4 regio van het HCV genoom werd gebruikt om het genotype van de stalen te 
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bevestigen. We stelden een concordantie van 100% vast tussen de resultaten verkregen met de 

LiPA 1.0 en de genotypering gebaseerd op de fylogenetische analyse. Nucleotide sequenering 

van de 5’-UTR, de genomische regio die door deze assay als doelwit gebruikt wordt voor 

binding van de probe, toonde aan dat sequentie heterogeniteit aanwezig was in sommige 

stalen. Een mismatch in het midden van de probe bindende regio of meerdere mismatchen op 

het einde van de probe bindende regio interfereren niet met het uiteindelijke resultaat. We 

kunnen besluiten dat de LiPA 1.0 een accurate methode is om de zeldzame HCV genotype 5a 

stammen te identificeren. In een tweede studie hebben we de LiPA 2.0 voor alle circulerende 

HCV genotypen gevalideerd. Deze assay gebruikt bijkomende informatie uit de core regio 

van het HCV genoom om het genotype te bepalen, en zou daarom betere resultaten moeten 

opleveren. De klinische accuraatheid werd nagegaan door 326 HCV positieve stalen te testen 

waarvan het genotype werd bepaald door fylogenetische analyse van de NS5B regio 

(referentie methode). Het HCV genotype kon bepaald worden voor 96% van de stalen. Bij 

99.4% kwam het resultaat van de LiPA 2.0 overeen met het resultaat van de referentie 

methode. Een vergelijkende studie tussen de LiPA 1.0 en de LiPA 2.0 toonde aan dat stalen 

waarvan het genotype verkeerdelijk werd bepaald door de LiPA 1.0, wel correct konden 

worden geïnterpreteerd met de LiPA 2.0. De LiPA 2.0 is dus een accurate, gevoelige en 

betrouwbare techniek om HCV genotypen te bepalen. Het toevoegen van de core als probe 

bindende regio heeft duidelijk een positief effect.  

Vervolgens hebben we ons onderzoek toegespitst op de oorsprong en de verspreiding 

van HCV genotype 5a (hoofdstuk III). Om de moleculaire epidemiologie van de HCV 

genotype 5a cluster in West-Vlaanderen te bestuderen, voerden we een fylogenetische analyse 

uit. Onze resultaten toonden aan dat we twee verschillende clusters kunnen onderscheiden, 

één gevormd door de Belgische stalen en een tweede met Zuid-Afrikaanse stammen. Deze 

bevindingen suggereren dat het virus zich onafhankelijk heeft verspreid in twee verschillende 

regio’s. Beide clusters hebben bovendien een vergelijkbare diversiteit. Divergentietijden en 

demografische parameters werden geschat met behulp van een Bayesiaanse coalescentie 

analyse. De meest recente gemeenschappelijke voorouder (MRCA) van de Belgische 

stammen werd geschat op 1869 [1792-1929] voor de E1-E2 regio en op 1866 [1818-1913] 

voor de NS3-NS4 regio. Voor Zuid-Afrika werden volgende data berekend: 1883 [1821-

1934] voor E1-E2 en 1863 [1794-1921] voor NS3-NS4. We toonden tevens aan dat de HCV 

epidemische geschiedenissen verschillen vertonen in beide geografische regio’s. In België 

zagen we een bijna constante exponentiële groei. Dit patroon is consistent met transmissie die 

voornamelijk via bloedtransfusies verloopt. Voor Zuid-Afrika constateerden we een afname in 
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de verspreidingssnelheid naar het heden toe. Dit patroon reflecteert eerder transmissie via 

andere iatrogene wegen. Onze resultaten hebben een nieuw licht geworpen op de bestaande 

hypothese rond het ontstaan van HCV genotype 5a. Er werd jarenlang aangenomen dat de 

endemische bron van HCV genotype 5a in Zuid-Afrika moet gezocht worden. Maar op basis 

van onze resultaten is het veel aannemelijker dat de oorsprong van dit genotype elders 

gelokaliseerd is, en dat het virus vanuit deze gemeenschappelijke bron tegelijkertijd in twee 

richtingen is verspreid. Een mogelijke kandidaat is Congo, omdat dit een Belgische kolonie 

was eind 1800, en omdat er veel verkeer was tussen Congo en Zuid-Afrika in diezelfde 

periode door ontdekkingsreizen in beide gebieden. In hoofdstuk IV bestudeerden we de 

wereldwijde verspreiding van HCV genotype 5a. Stalen van België, Zuid-Afrika, Frankrijk, 

Spanje, Syrië, Nederland, Portugal, Duitsland, Verenigd Koninkrijk en Luxemburg werden 

onderworpen aan een phylogenetische analyse. Hierbij demonstreerden we dat de stammen 

grotendeels clusteren naargelang hun geografische oorsprong. Deze bevinding impliceert dat 

HCV genotype 5a zich anders gedraagt dan de epidemische genotypen waarvoor de 

geografische voetafdrukken al verdwenen zijn door een snelle, wereldwijde verspreiding. 

Voor Spanje en Syrië werd de epidemische geschiedenis in detail besproken. De MRCA werd 

geschat op 1896 [1842-1919] voor E1-E2 en op 1884 [1864-1924] voor NS3-NS4 van de 

Spaanse stammen, en op 1903 [1843-1948] voor E1-E2 en 1906 [1884-1924] voor NS3-NS4 

van de stammen uit Syrië. In beide geografische gebieden werd verspreiding van HCV 

genotype 5a gehandhaafd door iatrogene transmissie. 

De lokale verspreiding van HCV genotype 5a in Vlaanderen werd onderzocht in 

hoofdstuk V. Op basis van gedetailleerde vragenlijsten hebben we de patiënten geïnterviewd. 

Deze aanpak werd gecombineerd met fylogenetische analyses om de hypotheses te testen die 

duidelijk werden tijdens de interviews. Eén overkoepelende besmettingsbron die aan de basis 

zou liggen van deze epidemie kon niet gevonden worden. Wel werden verschillende kleinere 

transmissieketens geïdentificeerd en fylogenetisch bevestigd. De HCV genotype 5a epidemie 

in Vlaanderen is voornamelijk geassocieerd met bloedtransfusies en met het uitvoeren van 

onhygiënische medische handelingen.  

Tot slot hebben we getracht de aandacht te vestigen op het bestaan van HCV 

recombinante stammen. We vonden een HCV 1a/1c recombinant die maar liefst vijf 

breekpunten vertoont. Dit is de eerste keer dat een HCV recombinant met meerdere 

breekpunten wordt gerapporteerd.  

We concluderen dat de resultaten van deze thesis algemeen bijdragen tot een beter 

begrip van de epidemiologie en evolutionaire aspecten van HCV.  
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THE 170 MILLION FACES OF HEPATITIS C VIRUS 
 

Hepatitis C virus: the silent epidemic 

Chronic hepatitis C is a serious health problem and a disease burden in many parts of 

the world. The causative agent, hepatitis C virus (HCV), was discovered in 1989 by the joint 

efforts of researchers at the Centers for Disease Control and Prevention (CDC) and at the 

Chiron Cooperation in California (Choo et al., 1989). Years before the discovery of HCV, one 

already came to the conclusion that there had to be an infectious agent causing liver 

inflammation different from hepatitis A virus (HAV) and hepatitis B virus (HBV). This 

infectious agent was named non-A, non-B hepatitis (NANBH) virus until it was cloned and 

sequenced in 1989. Soon after the discovery of HCV, it became gradually clear that the HCV 

problem was of greater size than previously thought. Currently, the World Health 

Organization (WHO) estimates the number of chronic carriers to be about 3% of the world 

population, corresponding to about 170 million people.  

Hepatitis C is often referred to as “the silent epidemic” or “the sleeping giant” because 

the disease is generally asymptomatic for decades after infection. Consequently, infection 

remains unnoticed in most cases. Patients are often unaware of their disease status for years, 

since they have few, if any, clinical manifestations prior to manifest liver disease. 

 

HCV transmission and natural history 

HCV is transmitted most efficiently by percutaneous exposure to blood. Blood 

transfusion was a major risk factor for transmission of this blood-borne virus before it was 

identified and testing became available. Nowadays, this route of transmission is virtually 

eliminated in countries where screening of blood donors is obligatory (Alter, 2007; Busch et 

al., 2005). Another important risk factor for acquiring HCV infection is injecting drug use 

(IDU), which accounts for most of the newly diagnosed HCV infections in Europe. Not only 

needle sharing, but also sharing of other drug paraphernalia such as spoons and foil, has been 

implicated in HCV transmission (Thorpe et al., 2002). Other risk factors that have been 

related to transmission of HCV include medical and dental procedures, haemodialysis, organ 

transplants from HCV positive donors, needle stick injuries, and ritual practices such as 

scarification, tattooing and piercing. Perinatal transmission does happen, but at a rate of only 

4%. This rate is two to four-fold higher in mothers coinfected with human immunodeficiency 

virus (HIV) (Jain et al., 2007). The contribution of sexual transmission is controversial. In 
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stable heterosexual relationships the rate is thought to be about 1-3%, but this rate is 

significantly higher in men who have sex with men (Rooney & Gilson, 1998).  

HCV can cause both acute and chronic hepatitis (Hoofnagle, 2002). In acute hepatitis 

C, the virus can be detected in the serum within 1 to 2 weeks after exposure. Serum alanine 

transferase (ALT) levels, which are indicative for the degree of liver injury, start to rise 2 to 8 

weeks after exposure. About one third of the patients with acute HCV infection develop 

clinical symptoms and jaundice (Mondelli et al., 2005). Acute hepatitis C can be severe and 

prolonged, but is rarely fulminant (Thomas & Seeff, 2005). Spontaneous clearance of the 

virus after acute infection occurs in about 15% of patients (Kamal, 2008). The remainder 85% 

of patients will develop chronic hepatitis C, defined as persistence of HCV ribonucleic acid 

(RNA) in the blood for at least 6 months after onset of infection (Chen & Morgan, 2006). 

During the evolution of acute to chronic hepatitis, at least a quarter of patients show a 

stuttering pattern of HCV RNA and ALT levels. Once chronic infection is established, HCV 

RNA levels tend to stabilize. Chronic hepatitis disease progression is slow, but will lead to 

progressively increasing degrees of fibrosis. The rate of fibrosis progression seems to be 

highly variable among patients and is affected by host-related characteristics such as age at 

infection, gender, coinfection with HIV or HBV and alcohol intake (Missiha et al., 2008). 

Approximately 20% of patients will develop cirrhosis after 10 to 20 years, depending on the 

age of the patient at infection. For patients who acquire HCV infection before the age of 40 

years, less than 5% will develop cirrhosis. This value increases to 20% for patients older than 

40 years at infection (Lavanchy, 2009). Of these, about 20% will progress to end-stage liver 

disease, identified by the development of hepatocellular carcinoma (HCC) on average 30 

years after infection (Bartosch et al., 2009).  

 

HEPATITIS C VIRUS GENETIC MAKEUP 

 

HCV is a small, enveloped RNA virus that has been assigned to a unique genus, 

designated Hepacivirus, in the Flaviviridae family. Two types of viral particles can be 

visualized with electron microscopy: particles of 30-35 nm in diameter likely to correspond to 

the viral nucleocapsids, and particles of 50-60 nm in diameter likely to be the infectious 

virions (Wakita et al., 2005). 
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The HCV genome is a single-stranded RNA molecule of positive polarity. It contains a 

single open reading frame (ORF) of approximately 9.6 kb, encoding a polyprotein of about 

3000 amino acids (Penin et al., 2004). Figure I.1 shows a schematic representation of the 

HCV genome and the polyprotein cleavage products. The ORF is flanked by 5’ and 3’ 

untranslated regions (UTR), that both bear highly conserved RNA structures essential for viral 

protein translation and genome replication (Bung et al., 2010). The 5’-UTR contains an 

internal ribosome entry site (IRES) responsible for cap-independent initiation of polyprotein 

translation (Bukh et al., 1992; Lukavsky, 2009). The 3’-UTR is organized in three regions: a 

variable region, a long poly(U)-poly(U/UC) tract, and a highly conserved X-region including 

three stem-loop structures (Suzuki et al., 2007; Tanaka et al., 1996). The polyprotein 

precursor is co- and posttranslationally cleaved by cellular and viral proteases at the 

endoplasmatic reticulum (ER) to yield mature structural and non-structural (NS) proteins.  

 

 

Figure I.1 Schematic representation of the HCV genome and processed cleavage products, including the known 
functions of the mature viral proteins. (Modified from Tan S.L., Pause A., Shi Y., et al. Hepatitis C therapeutics: 
current status and emerging strategies. (2002). Nature Reviews Drug Discovery, 1:867-881). 
 

The structural proteins include the core (C), which forms the nucleocapsid, and the 

envelope glycoproteins E1 and E2. These type I transmembrane glycoproteins are essential 

components of the HCV virion envelope and are necessary for viral entry and fusion. E2 

contains at least three hypervariable regions that may contain several HCV neutralizing 
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epitopes (Torres-Puente et al., 2008; Troesch et al., 2006). The structural proteins are 

separated from the NS proteins by the short p7 membrane peptide, thought to be a viroporin 

(Suzuki et al., 2007). NS2 is a non-glycosylated transmembrane protein. Together with the 

amino-terminal domain of NS3, this protein forms a metalloprotease that cleaves the site 

between NS2 and NS3 (Welbourn & Pause, 2007). Recently, it has been suggested that NS2/3 

protease regulates HCV IRES-dependent translation and NS5B activity (She et al., 2009). 

NS3 is a multi-functional protein containing a serine protease domain and a helicase/ATPase 

domain (Lam & Frick, 2006). NS4A is a cofactor for the NS3 protease activity necessary for 

polyprotein cleavage (Beran et al., 2009). NS4B is an integral membrane protein with several 

functions. Most importantly, it serves as a membrane anchor for the replication complex 

(Egger et al., 2002; Gouttenoire et al., 2010; Yu et al., 2006). A genetic interaction between 

NS4B and NS3 seems to be important for RNA replication (Paredes & Blight, 2008). NS5A is 

a polyphosphorylated protein that appears to play a role in interferon resistance by binding to 

and inhibiting protein kinase R (PKR) (Schmitz & Tan, 2008). NS5B is the RNA-dependent 

RNA polymerase (RdRp) (Moradpour et al., 2007).  

An additional HCV protein, designated F (frameshift) protein or ARFP (alternative 

reading frame protein) has been shown to be produced as the result of a -2/+1 ribosomal 

frame shift in the amino terminal core-encoding region. Although antibodies to peptides from 

the F protein were detected in chronically infected patients (Walewski et al., 2001), its role in 

the HCV life cycle remains mysterious (Branch et al., 2005).  

 

HEPATITIS C VIRUS LIFE CYCLE  

 

The initial step in the life cycle of a virus is the attachment of the virus to a cell and 

subsequent viral entry. In order to enter a host cell, the virus must bind to a receptor on the 

cell surface. Study of these early steps in the HCV life cycle has been hampered for many 

years due to the lack of an appropriate animal model and an efficient cell culture system 

supporting the complete HCV life cycle and production of infectious particles. In order to 

overcome this drawback, alternative models have been developed enabling researchers to 

study the viral attachment and entry in detail. The first approaches were based on the 

inoculation of primary human hepatocytes, T-cells and B-cells with serum-derived HCV 

(sHCV). The limitations of this system were low levels of HCV replication, difficulties in 
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discriminating between newly synthesized and input HCV RNA, and the absence of 

infectious virus particle production (Fournier et al., 1998; Shimizu et al., 1992; von Hahn & 

Rice, 2008). In a next attempt to identify candidate receptors, a truncated soluble form of 

recombinant E2 glycoprotein was used (Michalak et al., 1997). Although successful, this 

system was limited by the fact that isolated E2 may behave differently than E2 in the context 

of an intact virion, since viral E1 and E2 glycoproteins form a heterodimer on the viral 

envelope. HCV-like particles (HCV-LPs) produced in baculovirus expression systems allow 

the formation of E1-E2 heterodimeric complexes, but glycosylation in this expression system 

does not properly mimic the situation in human cells (Baumert et al., 1998). The development 

of HCV pseudoparticles (HCVpp) was an important breakthrough in the HCV field (Bartosch 

et al., 2003a). This system is based on the production of lentiviral particles that incorporate 

unmodified HCV glycoproteins into the lipid envelope. Using this technique, only the very 

early steps of the HCV life cycle, from virus attachment to genome release, can be studied. 

Another milestone was the development of the first in vitro model enabling the study of the 

complete viral life cycle and the production of infectious virus particles (Lindenbach et al., 

2005; Wakita et al., 2005; Zhong et al., 2005). This cell culture-produced HCV system 

(HCVcc) is based on (chimeras of) a particular HCV genotype 2a virus strain, JFH-1, cloned 

from the serum of a patient with fulminant hepatitis C. Although this system is restricted to 

only two particular cell lines (Huh-7 and LH86), it mimics a natural HCV infection and 

functions as an important aid in viral life cycle studies.  

Figure I.2 shows a schematic representation of the HCV life cycle. Infectious virus 

particles are associated with lipids and (very) low density lipoproteins and thus circulate in 

patient sera in the form of triglyceride-rich particles. Several factors have been identified that 

mediate virus attachment and entry into host cells. The first protein identified as a putative 

HCV receptor was CD81, a widely expressed cell surface protein belonging to the family of 

tetraspanins (Pileri et al., 1998). CD81 has a small and a large extracellular loop, which both 

mediate binding to the HCV E2 glycoprotein (Petracca et al., 2000; Pileri et al., 1998). The 

involvement of CD81 in HCV entry was confirmed in studies with HCVpp and HCVcc (Hsu 

et al., 2003; Lindenbach et al., 2005). Additional studies showed that CD81 expression alone 

is not sufficient for viral entry, raising the hypothesis that CD81 may function as a post-

attachment entry co-receptor (Bartosch et al., 2003b; Cormier et al., 2004). The second 

protein that has been identified as a putative receptor for HCV is the human scavenger 

receptor class B type I (SR-BI), a glycoprotein involved in cellular lipometabolism (Scarselli 



                                                                                                                                 Chapter I - General Introduction 

 15

et al., 2002). SR-BI recognition requires the HVR1 of E2 and a role in cell entry has also been 

confirmed in studies using HCVpp (Barth et al., 2005; Bartosch et al., 2003b). Two other key 

factors essential for HCV entry are the tight junction molecules claudin-1 and occludin (Evans 

et al., 2007; Hamilton & Thuluvath, 2008; Ploss et al., 2009). Based on their location, it is 

speculated that these molecules act late in the entry process, after virus binding and 

interaction with CD81 and SR-BI. In addition, the virus may use glycosaminoglycans and/or 

low density lipoptotein receptors (LDL receptors) on host cells as initial attachment factors 

(Burlone & Budkowska, 2009). 

 
 

Figure I.2 Schematic representation of the HCV viral life cycle. (Modified from Moradpour D., Penin F., Rice 

C.M. Replication of hepatitis C virus. (2007). Nature Reviews Microbiology, 5:453-463). 

 

In a next step, HCV enters the host cell by clathrin-mediated endocytosis (Blanchard 

et al., 2006). Subsequent acidification of the endosome triggers HCV glycoprotein membrane 

fusion by inducing conformational changes (Koutsoudakis et al., 2006). There is still some 
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controversy regarding the identity of the HCV fusion protein (Helle & Dubuisson, 2008). E2 

could be the fusion protein because of its structural homology with other class II fusion 

proteins, making E1 the companion protein (Yagnik et al., 2000). On the other hand, it has 

been proposed that E1 is a truncated class II fusion protein since it may contain a putative 

fusion peptide in its ectodomain (Drummer et al., 2007). Other studies suggest that both 

proteins have potential fusion activity and that E1 and E2 chaperone each other to drive the 

fusion process to completion (Lavillette et al., 2007; Perez-Berna et al., 2006). Little is 

known about the uncoating process which results in genome release into the cytosol 

(Moradpour et al., 2007). Cap-independent IRES-mediated translation of the HCV open 

reading frame yields a polyprotein that is co- and post-translationally processed by cellular 

and viral proteases, resulting in the formation of mature structural and non-structural proteins. 

The HCV IRES forms a stable pre-initiation complex by directly binding the 40S ribosomal 

subunit via its domain II and part of domain III. The mRNA enters the 40S subunit through 

the mRNA entry channel and leaves the 40S subunit through the mRNA exit channel. The 

mRNA-40S complex is stabilized by the eukaryotic initiation factor (eIF)-3. This ternary 

complex joins eIF2, GTP and the initiator tRNA, leading to the formation of the 43S complex 

which will assemble on the mRNA. Interaction with eIF4 leads to the migration of the 43S 

complex to the AUG start codon (Fraser & Doudna, 2007). Hydrolysis of GTP causes eIF2 to 

release the initiator tRNA and to dissociate from the complex. A second GTP hydrolysis step 

enables the 60S subunit to associate, resulting in the formation of a functional 80S ribosome 

that initiates viral replication (Ji et al., 2004; Otto & Puglisi, 2004). A membrane-associated 

replication complex composed of viral proteins, replicating RNA and a specific membrane 

alteration named the membranous web is formed (Gosert et al., 2003). HCV replication is 

assumed to start with the synthesis of a complementary negative-strand RNA using the 

genome as a template, after which genomic positive-strand RNA is produced. The key 

enzyme responsible for both steps is the NS5B RdRp, which has a typical “fingers, palm and 

thumb” domain (Bressanelli et al., 1999). Interactions between fingers and thumb subdomains 

result in a completely encircled catalytic site that ensures synthesis of HCV RNA (Lesburg et 

al., 1999). Several other viral proteins are included in the replication complex. NS5B likely 

binds to NS3 (and its cofactor NS4A) and increases its helicase activity (Zhang et al., 2005). 

NS4A can bind NS4B (the protein responsible for the formation of the membranous web) and 

NS5A, which can interact directly with NS5B and modulates its activity (Pawlotsky et al., 

2007). Additional host factors also seem to be involved in HCV RNA replication (Bode et al., 

2009). Examples are cyclophilin B which stimulates the RNA binding acitivity of NS5B 
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(Watashi et al., 2005), heat shock protein (hsp)-90, which enhances HCV replication by 

stabilizing NS3 and interaction with NS5A (Okamoto et al., 2006; Ujino et al., 2009) and 

human vesicle-associated membrane protein-associated membrane protein A (hVAP-A), 

which is involved in directing the NS viral proteins to lipid rafts (Evans et al., 2004). Viral 

assembly probably occurs on lipid droplets and on the ER or ER-derived compartments 

(Miyanari et al., 2007; Tang & Grise, 2009). The assembly of the nucleocapsid involves 

oligomerization of the capsid protein and encapsidation of genomic RNA, a process that is 

thought to occur upon interaction of the core protein with the viral RNA. This core-RNA 

interaction may be critical for switching from RNA replication to packaging (Suzuki et al., 

2007). NS3 and NS5A are key factors in the viral assembly process (Appel et al., 2008; Ma et 

al., 2008). Recently, it has been suggested that also NS4B might play a role in virus assembly 

(Jones et al., 2009). The role of lipoproteins in HCV assembly is supported by several studies. 

Human apolipoproteins (Apo) are detected in HCV virions (Chang et al., 2007; Huang et al., 

2007; Meunier et al., 2008). Inhibition of ApoE significantly reduces HCV production 

(Chang et al., 2007). Lipids may also influence the infectivity of mature virions. For example, 

cholesterol associated with HCV virions has recently been shown to play a critical role in 

viral infectivity (Aizaki et al., 2008; Kapadia et al., 2007). Virions exit the host cells through 

the secretory pathway (Suzuki et al., 2007).  

 

GENETIC DIVERSITY OF HEPATITIS C VIRUS  

 

HCV genotypes, subtypes and quasispecies 

Genetic variability of HCV exists at several levels and is mainly caused by the error-

prone nature of the RdRp that lacks proofreading capacity. This results in gradual 

accumulation of mutations which gives rise to substantial genetic divergence. HCV is divided 

in six major genetic groups, termed genotypes (Figure I.3). On average over the complete 

genome, they differ in 30-35% of nucleotide sites with particularly high variability 

concentrated in regions such as E1 and E2. Despite their sequence diversity, all HCV 

genotypes share identical collinear genes of similar size (Simmonds et al., 2005). Each of the 

six major genetic groups contains a series of more closely related subtypes that differ from 

each other by 20-25% on the nucleotide level. The high level of diversity within HCV genetic 

groups has caused some problems regarding nomenclature in the past. Originally, 11 HCV 
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genotypes were designated (Tokita et al., 1996; Tokita et al., 1995). However, phylogenetic 

analysis showed that the variants labelled HCV genotypes 7, 8, 9 and 11 actually share a 

common ancestor with HCV genotype 6. Consequently, these genotypes were renamed as 

HCV genotype 6 subtypes. Similarly, HCV genotype 10 has been reassigned to HCV 

genotype 3 (Simmonds et al., 1993; Simmonds et al., 1996). 

Like many other RNA viruses, HCV does not circulate as a homogenous population of 

identical viral particles, but as a pool of genetically distinct yet closely related variants 

referred to as quasispecies. These quasispecies differ about 1-5% in nucleotide sequence and 

confer a significant survival advantage since the simultaneous presence of multiple variants 

allows rapid selection of mutants that are better suited to new environmental conditions 

(Pawlotsky, 2003a).  

 
 

Figure I.3 Phylogenetic tree of the different HCV genotypes based on a 654-bp fragment of the core-E1 region 
of the HCV genome. Each of the six HCV genotypes contains several closely related subtypes. One exception is 
HCV genotype 5, which contains only one subtypes (HCV genotype 5a).  
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The genetic variability of HCV has an important impact on the outcome of antiviral 

therapy. The HCV genotype is one of the major predictive parameters for treatment response. 

Clinical trials with the standard antiviral treatment (a combination of ribavirine and pegylated 

interferon) reported a high sustained viral response (SVR) rate of 76% to 84% in patients 

infected with HCV genotypes 2 and 3, whereas a weaker SVR of 42% to 52% was obtained in 

HCV genotype 1 infected patients (Fried et al., 2002; Manns et al., 2001). Similar studies 

with HCV genotype 4 showed an intermediate SVR between 55% and 69% (El-Zayadi et al., 

2005; Kamal et al., 2005). HCV genotypes 5 and 6 are less studies because of their minor 

distribution. Patients infected with these genotypes may achieve SVR rates between 60% and 

85% (Antaki et al., 2009). The quasispecies nature of HCV also represents a major obstacle 

for the prevention and control of viral disease (Cristina et al., 2007). The continuous 

generation of variants and the selection of fitter or resistant variants can allow the virus to 

escape control by antiviral drugs.  

 Recombination provides another mechanism for creating genetic diversity. Although 

inter-genotype and inter-subtype recombinant forms of HCV have recently been reported 

(Colina et al., 2004; Kageyama et al., 2006; Kalinina et al., 2002; Legrand-Abravanel et al., 

2007; Noppornpanth et al., 2006; Ross et al., 2008; Sentandreu et al., 2008), the true 

frequency of HCV recombination might be considerably underestimated. The main reason 

could be that recombination events can not be detected easily between variants of the same 

subtype. Moreover, it is difficult to document inter-subtype recombinants in geographical 

regions where HCV is highly diverse because a full overview of sequence variants in these 

regions is lacking (Irshad, 2008). 

 

Geographical distribution of HCV genotypes 

The six HCV genotypes show specific geographical distributions (Figure I.4) and are 

often associated with particular risk groups in the human population (Simmonds, 2004). HCV 

genotypes 1 and 3 are distributed worldwide as the result of transmission through blood 

transfusion and needle sharing between IDUs. These genotypes are responsible for more than 

90% of the infections in North and South America, Europe and Japan (Irshad, 2008; Smith et 

al., 1997). In these countries, a shift of HCV genotypes has been observed in the last decades. 

HCV genotypes 1a and 3a, which are mainly associated with IDU, are becoming increasingly 

prevalent at the expense of HCV genotype 1b (Esteban et al., 2008). These HCV genotypes 



                                                                                                                                 Chapter I - General Introduction 

 20

are characterized by limited sequence divergence, suggesting a more recent introduction from 

endemic areas (Pybus et al., 2007). A recent study on the global spread of HCV subtypes 1a 

and 1b showed that these subtypes disseminated from the developed world to the developing 

world (Magiorkinis et al., 2009). HCV genotype 2 is predominantly found in Mediterranean 

countries and in the Far East. In West Africa, this HCV genotype shows a remarkable 

diversity of subtypes (Candotti et al., 2003; Jeannel et al., 1998). HCV genotype 4 is widely 

distributed in Egypt (HCV subtype 4a) through past medical anti-schistosomiasis treatment 

(Frank et al., 2000), and shows a high genetic variability in Central Africa (Fretz et al., 1995; 

Ndjomou et al., 2003). Based on the considerable genetic divergence observed for HCV 

genotypes 2 and 4 in West and Central Africa respectively, it has been suggested that these 

geographical areas harbour the endemic pools of these HCV genotypes (Markov et al., 2009; 

Ndong-Atome et al., 2008). In contrast to HCV genotypes 1 and 3, these HCV strains have 

probably spread from developing countries to the developed world. HCV genotype 5 is found 

commonly in South Africa, but is only sporadically detected in other countries (Verbeeck et 

al., 2006). The endemic source of this uncommon HCV genotype is not yet found. HCV 

genotype 6 is predominant in South East Asia and also shows a high degree of diversity, 

suggesting that the strains have already been circulating for hundreds of years in this region 

(Pybus et al., 2009). 

 
Figure I.4 Prevalence rates of HCV and geographical distribution of the different HCV genotypes. (Modified 
from Perz J.F., Farrington L.A., Pecoraro C., et al. Estimated global prevalence of hepatitis C virus infection. 
42nd Annual Meeting of the Infectious Diseases Society of America; Boston, MA, USA; Sept 30–Oct 3, 2004. 
Data source: World Health Organization). 
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FIGHTING HCV INFECTIONS WITH ANTIVIRAL THERAPY  

 

Standard therapy 

In 1986, three years before the discovery of HCV, “long-term, low-dose” interferon 

alpha (IFN-α) was introduced for the treatment of chronic NANBH (Hoofnagle et al., 1986). 

Since then, remarkable progress has been made regarding anti-HCV therapy. At the moment, 

the only antiviral drugs approved for the treatment of HCV infections are (pegylated) IFN-α 

and ribavirin. For many years monotherapy with IFN-α was administered, leading to a 

sustained viral response in 8% to 27% of patients, depending on treatment duration (Carithers 

& Emerson, 1997). The exact mode of action is still not completely understood, but it is 

known that IFN-α does not act directly on the virus itself or on the replication complex. 

Instead, IFN-α activates numerous interferon-inducible genes. The resulting gene products 

induce a non-virus specific antiviral state that causes inhibition of viral replication, and 

provokes immunomodulatory effects enhancing specific antiviral immune responses 

responsible for an accelerated death of infected cells (Pawlotsky, 2003b). Treatment response 

has improved greatly since the introduction of ribavirin in combination with IFN-α. Response 

rates of 40% up to 80% are achieved, depending on the treatment regimen and the HCV 

genotype, with HCV genotype 1 being more resistant to therapy than the other genotypes 

(Fried et al., 2002; Poynard et al., 1998; Schiff, 2007). Ribavirin is a broad-spectrum antiviral 

nucleoside analogue of guanosine that was initially synthesized in the early 1970’s and first 

approved for the treatment of human respiratory syncytial virus infections (Hall et al., 1983; 

Huffman et al., 1973; Sidwell et al., 1972). Multiple working mechanisms have been 

proposed for this antiviral agent (Feld & Hoofnagle, 2005). Direct inhibition of HCV 

replication is caused by the misincorporation of the tri-phosphorylated form of ribavirin, 

leading to early chain termination (Maag et al., 2001). By inhibiting inosine monophosphate 

dehydrogenase, GTP pools necessary for viral RNA synthesis are depleted (Streeter et al., 

1973). Ribavirin also acts as a viral mutagen by increasing the frequency of mutations, a 

mechanism known as ‘error catastrophy’ (Crotty et al., 2001; Crotty et al., 2000). Finally, this 

antiviral agent also has an immunomodulatory effect. By altering the TH1 / TH2 balance 

favouring the TH1 cell response, viral clearance is promoted (Tam et al., 1999). Another step 

forward in the effectiveness of combination therapy was the development of pegylated IFN-α, 

which increased the sustained virological response rate and reduced side-effects associated 

with therapy (Fried et al., 2002).  
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New treatment strategies 

Since the establishment of a cell culture system that supports in vitro HCV replication 

(Wakita et al., 2005), the most important hurdle in the quest for new anti-HCV therapies has 

been overcome. This revolutionary discovery enabled researchers to develop compounds 

targeting specific steps in the HCV life cycle. Several of these specifically targeted antiviral 

therapies for HCV (STAT-C) are currently being tested in clinical trials. A first class of newly 

developed drugs aims at preventing virus entry into the host cells. Cyanovirin-N, a small 

protein that binds to conserved glycosylated sites of the HCV surface glycoprotein E2, seems 

to diminish the infectivity of HCV in cell culture (Helle et al., 2006). Early clinical trials 

evaluating antibodies directed against several viral epitopes, such as HCV-AB 65 and HCV-

AB 68, yield mixed results. Some of these antibodies seem to induce transient reductions of 

viremia without serious adverse events (Galun et al., 2007). Therapeutic vaccines derived 

from the HCV envelope protein E1 also yielded encouraging results in preliminary clinical 

trials (Nevens et al., 2003). A second class of drugs inhibits the HCV serine protease. 

Telaprevir, one such inhibitor, was associated with marked viral inhibition and has entered 

phase III clinical trials for its efficacy against HCV genotype 1 in both treatment-naïve and 

relapse patients (McHutchison et al., 2009). Another protease inhibitor, Boceprevir, is also 

being studied in phase III clinical trials (Berman & Kwo, 2009). Additional protease 

inhibitors in development include TMC435350, MK-7009 and BI201335 (Pereira & 

Jacobson, 2009). Another target for antiviral therapy is the HCV RNA polymerase. Inhibitors 

of this viral enzyme can be divided in two classes: nucleoside and non-nucleoside inhibitors. 

Non-nucleoside inhibitors hinder the polymerase activity indirectly by binding to NS5B and 

sterically interfering with substrate binding or proper protein folding. Promising compounds 

under clinical evaluation include GS9190, VCH-222 and VCH-916 (Pereira & Jacobson, 

2009). Ongoing clinical trials with several nucleoside inhibitors, such as R1626 and R7128, 

also show exiting results (McCown et al., 2008; Pockros et al., 2008). Another class of anti-

HCV compounds prevent virus assembly and release. A phase II study with the α-glucosidase 

1 inhibitor Celgosivir showed a substantial decline in HCV RNA when administered in 

combination with pegylated IFN-α and ribavirin (Durantel, 2009).  

Another way by which compounds can exert antiviral activity, is by modulating the 

immune system. The most promising drugs are Toll-like receptor agonists such as 

Resiquimod and Isatoribine which have entered clinical trials after showing antiviral effect in 

preclinical studies (Horsmans et al., 2005; Pockros et al., 2007). Additionally, several 
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interleukins, such as IL-10 and IL-29 have been investigated with encouraging results (Nelson 

et al., 2000; Pagliaccetti et al., 2008).  

Soon after the exciting reports of substantial HCV RNA reduction, mainly by 

protease- and polymerase inhibitors, new concerns were raised. Besides safety and tolerability 

of the newly developed compounds, viral resistance is the major obstacle in this research 

field. Rapid emergence and selection of resistant variants can be explained by the notoriously 

low fidelity of the RdRp. To avoid drug resistance, cocktails of several drugs with distinct 

mechanisms of action could be administered. Another approach to overcome this obstacle is 

to target host factors that are indispensable for virus propagation. Examples of promising 

drugs are: inhibitors of the host lipid metabolism such as statins and microsomal triglyceride 

protein inhibitors (Bader et al., 2008; Cuchel et al., 2007), cyclophilin A inhibitors such as 

Debio-025 and NIM 811 (Flisiak et al., 2008; Mathy et al., 2008), and insuline sensitizers 

such as Metformin and Thiazolidindiones (Khattab, 2009).  

 

Does HCV get personal? 

Recently, several genetic polymorphisms near the IL28B gene on human chromosome 

19 were reported to be associated with treatment outcome (Ge et al., 2009; Suppiah et al., 

2009; Tanaka et al., 2009). These findings suggest that host genetics may be useful for 

predicting treatment response, and open the debate on the possibility of personalized anti-

HCV therapy. Genetic polymorphisms could serve as pre-treatment predictors to identify 

individuals that are likely to respond to therapy. This approach would remove the need for the 

initial 12-24 weeks of treatment that is currently used as a basis for the clinical decision on 

treatment continuation (Tanaka et al., 2009). As a consequence, overall treatment costs could 

be reduced, and patients that are unlikely to respond to therapy could be spared from the 

unpleasant side effects associated with treatment. Additional studies on the association of 

genetic polymorphisms with treatment outcome are eagerly awaited.  

 

EVOLUTIONARY STUDIES AND POPULATION BASED INFERENCE 

 

Phylogenetic inference 

Molecular phylogenetic methods are aimed at reconstructing evolutionary 

relationships among organisms or taxa using nucleotide or amino acid sequences. The first 
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step in reconstructing evolution is acquiring correctly aligned sequences so that nucleotides at 

the same position share a common ancestor. From these alignments, evolutionary history is 

inferred in the form of phylogenetic trees. A phylogenetic tree is composed of nodes 

connected by branches. External or terminal nodes correspond to present-day taxa, while 

internal nodes represent ancestors of contemporary taxa. Branch lengths represent the amount 

of evolution that takes place between each two nodes of the tree. Trees can be rooted or 

unrooted. Unrooted trees position individual taxa relative to each other without indicating the 

direction of evolution. In other words, in this kind of trees there is no indication of which 

node represents the ancestor of all taxa. In contrast, rooted trees point out the direction of 

evolution by having a root that indicates the common ancestor. There are several ways in 

which a tree can be rooted. In outgroup rooting, distantly related taxa form an outgroup and 

the root node that connects this outgroup with the remainder of the taxa (ingroup) represents 

the common ancestor. Midpoint rooting is achieved when the root lies at the midpoint of the 

path joining the two most dissimilar taxa.  

Several methods have been developed for the reconstruction of phylogenetic trees 

from molecular data. These methods can be grouped according to the kind of data they use 

(distance methods vs discrete methods) or according to the algorithm used to reconstruct the 

trees (optimality methods vs cluster methods). A comprehensive discussion on different 

methods can be found in the following specialized literature (Felsenstein, 2004; Lemey et al., 

2009b; Page & Holmes, 1998). Although there are many methods available, none of them can 

guarantee that the inferred phylogeny is in fact the “true” phylogeny. Maximum likelihood 

(ML) phylogenetic inference has been identified as one of the best methods to reconstruct 

evolution. Here, the ML criterion is employed to examine different tree topologies for a given 

number of taxa and to search for the tree that optimizes this criterion. In particular, this 

method considers the probability P(D│H) that a tree gave rise to the observed data D given a 

specific hypothesis H. This probability is directly proportional to the likelihood L(H│D) of 

hypothesis H given data D. The tree that maximizes the probability for observing the data is 

the ML tree. 

 

The Bayesian framework 

Unfortunately, an exhaustive search exploring all possible tree topologies using an 

optimality-based phylogeny inference, such as ML inference, is usually not possible since the 

number of possible trees, and hence the computational time, grows explosively as the number 
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of taxa increases. This implies that for large datasets, heuristic strategies have to be used to 

explore the “tree space” and to examine a subset of possible trees. However, there is no 

heuristic algorithm that guarantees to find the best tree under the specified criterion and 

different trees may be plausible explanations for our data. To overcome this drawback, 

Markov Chain Monte Carlo (MCMC) methods can be adopted in a Bayesian framework. The 

Bayesian methods also use an optimality criterion, but they do not attempt to search for the 

single best tree or hypothesis. Instead, they search for a set of plausible trees or hypotheses for 

the data, defined as the posterior distribution. To this purpose, prior beliefs on the model 

parameters need to be combined with the observed data. Posterior probabilities are obtained 

by exploring the tree space using the MCMC sampling technique. This sampling method 

starts by simulating a random set of parameters and proposes a new set of parameters (“state”) 

by changing the parameters to some extent. When the product of the likelihood ratio and prior 

ratio of the new state relative to the current state is better, the new parameters are accepted 

and the next step is processed. When this product is worse, the probability to accept this new 

state is inversely proportional to how much worse the proposed state is.  

 

Population genetics  

Evolution is related to populations, and population genealogies can be used to make 

inferences about historical population processes including demography. The number of 

generations that separate individuals from their common ancestor largely depends on the 

population size and possible migration between different groups of individuals. In 1982, John 

Kingman described this process in mathematical terms and called it “the coalescent” 

(Kingman, 1982). The coalescent theory is a stochastic process that describes how population 

genetic processes determine the shape of the genealogy of sampled gene sequences. Its 

simplest form assumes neutral evolution, but this standard model has been extended to 

accommodate for several possible scenarios including recombination (Griffiths & Marjoram, 

1996; Kuhner et al., 2000) and variable population size (Griffiths & Tavare, 1994). The latter 

model allows inference of past population dynamics from contemporary gene sequences. This 

is particularly useful to investigate viral epidemics, since the dynamics of the viral population 

size reflect the dynamics of the number of infected individuals over time. This model was 

subsequently extended to sequences that have been sampled at different time points, which 

allows a more precise estimation of population sizes (Rodrigo & Felsenstein, 1999). 
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Moreover, this model enables us to estimate the demographic function in calendar time units 

(Pybus & Rambaut, 2002).  

Coalescent methods inferring demographic histories require a demographic model that 

describes the change in effective population size through time. The number of parameters in 

each model depends on the complexity of the demographic scenario. However, one does not 

always know in advance which demographic model will fit the gene sequences best. To 

address this difficulty, a flexible model called the skyline plot was developed. This model can 

fit a wide range of demographic scenarios (Drummond et al., 2005). By applying a Bayesian 

framework, MCMC sampling is used to estimate a posterior distribution of effective 

population size through time directly from a sample of gene sequences. A particular 

advantage of Bayesian implementations is that phylogenetic and coalescent uncertainty can be 

easily represented by credibility intervals. 

 

Phylogeography 

Approximately 20 years ago, Avise and colleagues proposed the integration of 

phylogenetics and population genetics for investigating the connection between evolutionary 

phenomena. This new field was termed phylogeography (Avise et al., 1987). Interpreted 

literally, phylogeography means the phylogenetic analysis of organismal data in the context of 

the geographic distribution of the organism (Hickerson et al., 2009). Linking the geographical 

distribution of viruses to their genetic histories can provide new insights into epidemic origins 

and historical spread. Inference of migration patterns of viruses has been restricted to model-

free heuristic searches that provide little insight into temporal settings of the spatial dynamics. 

Therefore, a Bayesian framework for inference, visualization and hypothesis testing of 

phylogeographic history was recently introduced (Lemey et al., 2009a). The simultaneous 

inference of spatial and temporal processes from viral gene sequences adds credibility to 

ancestral location reconstruction and will become progressively important in the research field 

of molecular epidemiology.  



                                                                                                                                 Chapter I - General Introduction 

 27

OBJECTIVES OF THIS THESIS 

 

The main objective of this study is to gain better insights in the epidemiology and 

evolution of HCV. To this aim, we focus on the transmission dynamics at several 

epidemiological scales of HCV genotype 5a, a comparatively understudied HCV genotype.  

First, we will examine whether commercially available HCV genotyping kits are able 

to correctly identify the infrequently found HCV genotype 5a strains (Chapter II). The 

VERSANT HCV LiPA 1.0 will be validated for HCV genotype 5a samples. Phylogenetic 

analysis will be used to investigate correct genotype assignment by this commercially 

available assay. The newly developed VERSANT HCV LiPA 2.0 will be tested for all 

circulating HCV genotypes. Again, correct genotype assignment will be examined by 

phylogenetic analysis. A comparison study between VERSANT HCV LiPA 1.0 and 

VERSANT HCV LiPA 2.0 will point out whether the VERSANT HCV LIPA 2.0 has a higher 

genotyping success rate compared to the current VERSANT HCV LiPA 1.0. 

 Next, we try to gain more insight into the evolutionary aspects of HCV genotype 5a 

(Chapter III and Chapter IV). Phylogenetic tools and Bayesian coalescence methods will be 

used to study the molecular epidemiology, demographics and origin of HCV genotype 5a. A 

phylogeographic approach will enable us to gain more insight in the worldwide spread and 

history of HCV genotype 5a. An in-depth study of the HCV genotype 5a epidemiology in 

Belgium will allow us to examine local transmission routes (Chapter V). To this extend, face-

to-face interviews of HCV genotype 5a infected patients based on detailed questionnaires will 

be conducted. The results from this field work will be linked to maximum likelihood 

phylogenetic results. 

Finally, we will point out the importance of recombination and describe its impact on 

phylogenetic reconstruction by analysing a remarkable mosaic genome pattern detected in an 

HCV genotype 1 strain (Chapter VI). Using maximum likelihood phylogenetics and SimPlot 

analyses, putative recombination events and corresponding breakpoints will be thoroughly 

investigated.  
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CHAPTER II 

EVALUATION OF COMMERCIALLY AVAILABLE LINE PROBE 

ASSAYS FOR HCV GENOTYPING PURPOSES 
 

Published in:  

Verbeeck J, Maes P, Wollants E, Nevens F, Van Ranst M. 2005. Use of a commercially available line probe 

assay for genotyping of hepatitis C virus 5a strains. J Clin Microbiol. 43(12):6117-6119. 

 

Verbeeck J, Stanley MJ, Shieh J, Celis L, Huyck E, Morimoto J, Farrior A, Wollants E, Jankowski-

Hennig M, Shaper C, Johnson P, Van Ranst M, Van Brussel M. 2008. Evaluation of the VERSANT HCV 

genotype 2.0 assay. J Clin Microbiol. 46(6):1901-1906.  
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VERSANT HCV LIPA 1.0 

 

Summary 

To validate the VERSANT HCV Genotype Assay (LiPA) for samples containing the 

infrequently found HCV genotype 5a, we sequenced a 511 nucleotide fragment of the NS3-

NS4 region of Belgian and South African HCV genotype 5a samples. Phylogenetic analysis 

of the sequence data was performed. For the 77 collected HCV genotype 5a samples, there 

was 100% concordance between the genotype assignment by the VERSANT HCV Genotype 

Assay and the genotyping based on nucleotide sequencing, despite sequence heterogeneity in 

the probe binding sites of some samples.  

 

Introduction 

First described in 1989, the hepatitis C virus (HCV) is today recognized as a major 

cause of chronic liver disease in many regions of the world. It is estimated that about 170 

million people are infected with HCV worldwide. The HCV genome displays a high genetic 

variability. Therefore, HCV has been classified in at least six different genotypes that can be 

further differentiated into multiple subtypes (Simmonds et al., 1993). The most prevalent 

HCV genotypes are genotypes 1a, 1b, 2a, 2b, 3a and 4a. Genotype 5a is a major genotype in 

South Africa (Chamberlain et al., 1997; Halfon et al., 2001), but it also has a worldwide 

distribution as a minor genotype in Australia, Brazil, Canada, France, Ireland, the Netherlands 

and Spain (Davidson et al., 1995; Henquell et al., 2004; Jover et al., 2001; Murphy et al., 

1996). Recent investigations indicate a high prevalence of genotype 5a infected patients in the 

West-Flanders region of Belgium.  

Study of viral diversity is crucial to elucidate the role of the different HCV genotypes 

in the pathogenesis and the progression of liver disease (Henquell et al., 2004). Viral 

genotyping might also be of clinical relevance, since numerous studies have reported a 

relationship between the HCV genotype and the response to IFN-α or pegIFN-α therapy, 

alone or in combination with ribavirine (McHutchison et al., 1998). At present, correct HCV 

genotyping is of great importance as part of the pre-treatment evaluation of patients with 

chronic HCV infections (Nolte et al., 2003). Although nucleic acid sequencing and 

phylogenetic analysis of an appropriate subgenomic region is considered to be the “gold 

standard” for HCV genotype determination, it is time-consuming, expensive and inconvenient 
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for routine use. The VERSANT HCV Genotype Assay (Bayer Corporation, Tarrytown, New 

York; manufactured by Innogenetics, Ghent, Belgium) is a widely used assay for in vitro 

diagnostic use. This assay correctly identifies the major genotypes of more than 90% of the 

samples (Stuyver et al., 1996), but validation of this assay for less frequently occurring 

genotypes, such as HCV genotype 5, has been limited. The VERSANT HCV Genotype Assay 

(LiPA) is based on the reverse hybridization of RT-PCR products derived from the 5’-UTR of 

the HCV genome. The low discriminating power of the 5’-UTR for the determination of 

particular HCV genotypes and subtypes may be a limitation of this method (Halfon et al., 

2001). We report here the validation of the VERSANT HCV Genotype Assay for 44 Belgian 

and 33 South African HCV genotype 5a samples. As negative and cross-hybridization 

controls, we used 20 HCV genotype 1a and 1b strains. 

 

Materials and Methods 

A total of 44 HCV genotype 5a seropositive samples derived from Belgian patients, 

collected between January 2001 and September 2004, and 33 HCV genotype 5a seropositive 

South African samples collected between January 1993 and December 2004, were genotyped 

as HCV genotype 5a at the University Hospital Gasthuisberg of Leuven using the VERSANT 

HCV Genotype Assay.  

In this assay, specific oligonucleotide probes for each genotype are immobilized as 

parallel lines on nitrocellulose membrane strips. Biotinylated RT-PCR products hybridize to 

the probes that closely match the sequence of the isolate. The biotinylated hybrids are 

detected with an alkaline phosphatase-labeled streptavidin conjugate that converts a 

chromogen, resulting in the development of a purple-brown precipitate when there is a close 

match between the probe and the biotinylated RT-PCR product. The identification of the six 

major genotypes and their most common subtypes is found by comparing the patterns of 

positive lines of the hybridization assay with the interpretation charts enclosed by the 

manufacturer. As an independent verification of the correct HCV genotype 5a assignment, we 

sequenced a 511 nt fragment of the NS3-NS4 region. Serum RNA was extracted using the 

QIAamp® Viral RNA Mini Kit (Qiagen, Leusden, the Netherlands) according to the 

manufacturer’s instructions. Using a one-step RT-PCR (QIAGEN® OneStep RT-PCR kit, 

Qiagen), a 574 nt fragment of the NS3-NS4 region of the HCV genotype 5a genome was 

amplified using a forward primer 5’-ATCAACATCGAC GCYCACATG-3’ and a reverse 

primer 5’-CCCACTGACAAAG TTCCACAT-3’, which were chosen based on the alignment 
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of the NS3-NS4 region of multiple HCV genotype 5a and non-genotype 5a sequences. 

Primers were synthesised by Eurogentec, Seraing, Belgium. Thermal PCR-cycling was 

performed with a GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA, USA) 

using the following PCR program: a reverse transcription step for 30 min at 50°C; an initial 

PCR activation step for 15 min at 95°C; a denaturation step for 30 s at 94°C, a primer 

annealing step at 55°C for 30 s, an extension step for 1 min at 72°C (45 cycles) and a final 

extension step for 10 min at 72°C. PCR products were purified using the QIAquick PCR 

Purification® kit (Qiagen). The purified DNA fragments were directly sequenced on both 

strands using the ABI Prism® BigDyeTM Terminator Cycle Sequencing Reaction kit (Applied 

Biosystems). The samples were loaded on an ABI PrismTM 3100 sequencer (Applied 

Biosystems). The chromatogram sequencing files were inspected with Chromas version 2.22 

(Technelysium Ltd, Helensvale, Queensland, Australia), and contigs were prepared using 

Seqman II®  (DNAStar Inc., Madison, Wisconsin). Multiple alignments of the nucleotide 

sequences were created using the Clustal X program, version 1.83 (Higgins & Sharp, 1988). 

Phylogenetic trees were calculated in MEGA, version 2.1, using the neighbor-joining method 

(Kumar et al., 2001). Bootstrap analysis was performed for values representing 2000 

replicates. We also sequenced a 217 bp fragment of the 5’-UTR to investigate the probe 

binding regions, using the same protocol as was used for sequencing of the NS3-NS4 region, 

but with the primer pair 5’-AGACCGTGCACCATGAGCAC-3’ (sense) and 5’-

GAACCTCGGGGGGAGAGCAA-3’ (antisense) and an annealing temperature of 50°C.  

 

Results 

For the HCV genotype 5a samples, two distinct band patterns on the processed strips 

could be observed. A total of 59 HCV genotype 5a samples showed two different bands, 

while the other 18 HCV genotype 5 samples showed a second hybridization pattern where 

three different bands could be observed. Figure II.1a shows part of an alignment of the 5’-

UTR, and the appropriate probes for HCV genotype 5a are indicated. For some samples, 

sequence heterogeneity in the probe regions could be observed. Sequencing of a 511 nt 

fragment of the NS3-NS4 region however, indicated that all 77 Belgian and South African 

HCV genotype 5a strains had profiles that clustered with the prototype 5a strain sequence 

(accession number Y13184) available in GenBank (data available on request). To eliminate 

the possibility that the sequence heterogeneity was due to sequencing mistakes, all samples 

were extracted, amplified and sequenced twice. The two sequencing results were identical, 
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allowing us to assume that no sequencing errors occurred. To ensure the specificity of the 

VERSANT HCV Genotype Assay for the HCV genotype 5a samples, we also sequenced 20 

HCV genotype 1 strains, which are most closely related to HCV genotype 5a according to 

phylogenetic analysis, using the same protocol as was used for the sequencing of the HCV 

genotype 5a samples. No sequence heterogeneity in the probe binding regions was observed 

for HCV genotype 1, and only sequences corresponding to the HCV genotype 1 specific 

probe binding regions could be found (Figure II.1b). 

 

 

Figure II.1 (a) Part of an alignment of the 5’-UTR of the HCV genome. HCV genotype 5a-specific probes (with 
their positions) are indicated in the boxes, and the corresponding reaction line on the line probe assay strips is 
shown. Mismatches are indicated by small grey boxes, and for all of the samples, the observed reaction pattern is 
shown (N, number of samples with the same sequence and reaction pattern; line numbers in italic indicate very 
faded bands on the strips). A reference sequence for HCV genotype 1 and HCV genotype 5a is included. (b) 
Same alignment of the 5’-UTR of the HCV genome for HCV genotype 1 samples and specific probes.  

 

Conclusion 

We can conclude that there is 100% concordance between the results of the 

VERSANT HCV Genotype Assay and our phylogenetic results of the NS3-NS4 region of the 

HCV genome, despite the heterogeneity in the sequences of some HCV genotype 5a samples. 

A mismatch of 1 base pair in the middle of the probe region, or mismatches of multiple base 

pairs at the end of the probe region do not interfere with the result of the test. There was no 

cross-hybridization observed for HCV genotype 5a specific probes with HCV genotype 1a 
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and 1b. We do not expect any cross-hybridization between HCV genotype 5a and one of the 

other genotypes, because these genotypes are more distantly related to HCV genotype 5a in 

comparison with HCV genotype 1a and 1b. The VERSANT HCV Genotype Assay accurately 

identified all the HCV genotype 5a strains. Since few treatment response data are available for 

HCV genotype 5a, and given the fact that the HCV genotype influences the response to 

therapy (McHutchison, 2002), a correct genotype assignment for these patients is of 

increasing importance. 

 

VERSANT HCV LIPA 2.0 

 

Summary 

Hepatitis C virus genotyping is a tool used to optimize antiviral treatment regimens. 

The newly developed VERSANT HCV Genotype Assay (LiPA) 2.0 uses sequence 

information from both the 5’-UTR and the core region, allowing distinction between HCV 

genotype 1 and subtypes c-l of genotype 6, and between subtypes a and b of genotype 1. HCV 

positive samples were genotyped manually using the VERSANT HCV Genotype Assay 

(LiPA) 2.0 system according to the manufacturer’s instructions. For the comparison study, the 

VERSANT HCV Genotype Assay (LiPA) 1.0 was used. 99.7% of the samples could be 

amplified, the genotype of 96.0% of samples could be determined, and the agreement with the 

reference method was 99.4% when a genotype was determined. The reproducibility study 

showed no significant differences in performance across sites (p=0.43) or across lots 

(p=0.88). In the comparison study, 13 samples that were uninterpretable or incorrectly 

genotyped with the VERSANT HCV Genotype Assay (LiPA) 1.0, were correctly genotyped 

by the VERSANT HCV Genotype Assay (LiPA) 2.0. The VERSANT HCV Genotype Assay 

(LiPA) 2.0 is a sensitive, accurate, and reliable assay for HCV genotyping. The inclusion of 

the core region probes in the VERSANT HCV Genotype Assay (LiPA) 2.0 results in a higher 

genotyping success rate than the current VERSANT HCV Genotype Assay (LiPA) 1.0. 

 

Introduction 

HCV is a leading cause of chronic liver disease, which has already infected at least 

170 million people worldwide. Each year, three to four million people are newly infected. 

HCV creates an extensive disease burden, since it accounts for 20%-30% of cases of acute 
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hepatitis, 70%-80% of cases with chronic hepatitis, 40% of cases of end-stage cirrhosis, 50%-

76% of cases of hepatocellular carcinoma, and 30-40% of liver transplants (Moradpour et al., 

2001; WHO, 1999).  

HCV belongs to the family of the Flaviviridae, and can be divided into different 

genotypes, based on phylogenetic analysis of full-length or partial sequences of HCV strains. 

The most current consensus proposal distinguishes six genotypes based on phylogenetic 

cluster analysis of complete genomes. The genotype formerly designated as 10a has been 

reassigned as genotype 3, subtype k. Genotypes 7, 8, 9 and 11, belonging to clade 6, have 

been reassigned to genotype 6 subtypes c through l (Simmonds et al., 1994; Simmonds et al., 

2005; Simmonds et al., 1993). These six HCV genotypes have a different geographical 

distribution (Pawlotsky, 2003a; Tang et al., 2003; Weck, 2005).  

Treatment options for chronic HCV infections are poor. At the moment, the only 

accepted antiviral therapy with proven effectiveness is a combination therapy of (peg)IFN-α 

and ribavirin. The overall success rate of this antiviral treatment ranges from 50% to 90% 

(Koike, 2006). According to the National Institutes of Health (NIH) 2002 panel, several 

factors are associated with successful treatment response, including lower baseline HCV RNA 

levels, lower fibrosis and inflammation scores on liver biopsy, lower body weight and lower 

surface area, but the most important predicting factor is HCV genotype (Seeff & Hoofnagle, 

2002). Patients infected with HCV genotype 1 respond least to therapy, while patients 

infected with genotypes 2 and 3 show the best responses (Medeiros-Filho et al., 2006; 

Neumann et al., 2000; Pawlotsky, 2003b). For HCV genotypes 4, 5 and 6 treatment data are 

scarce, but it is recommended to treat these individuals using the same regimen as patients 

infected with genotype 1 (Halfon et al., 2003; Legrand-Abravanel et al., 2004; Nguyen & 

Keeffe, 2005; Verbeeck et al., 2006). Nearly all patients experience side effects with the 

antiviral therapy. These side effects can be severe, and contribute to discontinuation rates of 

10-14% and dose reductions in 7-42% of patients, depending on the type and length of 

treatment (NIH, 2002). Therefore, it is important that clinicians have the appropriate 

information to make individual treatment choices in order to maximize the chance of 

successful treatment outcome for each individual patient, rendering HCV genotyping assays 

important and useful tools to optimize treatment type, duration and dose.  

In this paper, we evaluate the VERSANT HCV Genotype Assay (LiPA) 2.0 (manufactured by 

Innogenetics, distributed by Siemens Healthcare Diagnostics), which uses sequence 

information from the core region in addition to sequence information from the 5’-UTR, 
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allowing an improved and more accurate distinction between HCV genotype 1 and subtypes 

c-l of genotype 6, and between subtypes a and b of genotype 1.  

 

Materials and Methods 

Extraction and amplification 

HCV RNA was extracted by using the QIAamp® DSP Virus Kit (for in vitro 

diagnostic use in Europe) in combination with the QIAvac 24 Plus Vacuum System (Qiagen 

GmbH, Hilden, Germany) according to the manufacturer’s instructions. In each extraction 

run, a positive and negative control (VERSANT HCV Control 2.0 kit) was included and 

placed between the samples. The VERSANT HCV Amplification 2.0 kit was used to amplify 

the appropriate fragments in the 5’-UTR and core region of the HCV genome.  

 

VERSANT HCV Genotype Assay (LiPA) 2.0 

The VERSANT HCV Genotype Assay (LiPA) 2.0 is a reverse hybridization line probe 

assay in which biotinylated DNA PCR products are hybridized to immobilized 

oligonucleotide probes that are specific for the 5’-UTR and core regions of the 6 HCV 

genotypes. The probes are bound to a nitrocellulose strip by a poly(T) tail. After hybridization 

of the biotinylated targets to the probes, unhybridized PCR products are washed from the 

strips, and alkaline phosphatase-labeled streptavidin (conjugate) is bound to the biotinylated 

hybrid. After washing the strips, BCIP/NBT chromogen (substrate) reacts with the conjugate 

forming a purple/brown precipitate, which results in a visible line pattern on the strip that is 

specific for each genotype. Each strip has three control lines and 22 parallel DNA probe lines 

containing sequences specific for HCV genotypes 1 to 6 (Figure II.2). The conjugate control 

at line 1 (CONJ CTRL) monitors the color development reaction, and gives a positive result if 

the strip is correctly processed. The amplification control at line 2 (AMPL CTRL 1) contains 

universal probes that hybridize to PCR products from the 5’-UTR. The second amplification 

control (AMPL CTRL 2) is located at line 23, and contains universal probes that hybridize to 

PCR products from the core region. HCV genotypes are determined by aligning the strips 

with a reading card, and comparing the line patterns from the strip with the patterns on the 

interpretation chart. In this study version 25885 v1 and version 26020 v0 for the CE marked 

kit, of the interpretation chart were used. The limits of detection described in the user manual 

are 2.106 IU/ml to > 7.7 x 106 IU/ml. 
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Figure II.2 Schematic representation of the VERSANT HCV Genotype Assay (LiPA) 2.0 strip design and six 
strips that were processed according to the manufacturer’s instrucions (strip 1, HCV genotype 4; strip 2 and 3, 
HCV genotype 3a; strip 4, negative control; strip 5, HCV genotype 2b; strip 6, HCV genotype 1a). CONJ CTRL, 
conjugate control; AMPL CTRL, amplification control. 
 

Clinical Accuracy Study 

A total of 326 HCV positive clinical specimens (serum, EDTA plasma and CPDA 

plasma) with viral loads above 2.000 IU/ml were collected. Genotypes and subtypes were 

assigned by sequencing part of the NS5B region (from nucleotide 8256 to nucleotide 8636, 

approximately 340 bp) or the core region (from nucleotide 341 to nucleotide 686, 

approximately 350 bp), followed by phylogenetic analysis. Phylogenetic analysis was 

performed using a set of reference sequences derived from HCV complete genome sequences 

according to Simmonds et al., 2005 (Simmonds et al., 2005). Alignments were created using 

the Clustal X program. Distance matrices were produced by DNADIST using the Kimura 2-

parameter settings and further analysed in NEIGHBOR using the neighbor-joining settings. 

Throughout the text, this method is referred to as the “reference method”. All samples were 

additionally genotyped using the VERSANT HCV Genotype Assay (LiPA) 2.0. Invalid runs 

and samples with invalid results were repeated. Study results were compared with the 

specimen genotype reference sequence. Results which were discordant with the specimen 

genotype or which were uninterpretable were repeated.  
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Reproducibility study 

To evaluate the reproducibility of the VERSANT HCV Genotype Assay (LiPA) 2.0, a 

nine-member HCV genotype panel was tested in duplicate, in three separate runs per kit lot of 

the assay system, using three lots, at three different sites by one operator per site. Using this 

study design, each panel member was tested 54 times, resulting in a total number of 486 (9 x 

54) reactions. Operators were blinded to the HCV genotype of the specimen. The panel 

members were serum and EDTA plasma samples of each genotype, with HCV viral loads 

ranging from 16.024 IU/ml to 1.379.458 IU/ml, and they were prepared by dilution. There 

was one panel member for each of the HCV genotypes 1a, 1b, 2, 3, 4 and 5. HCV genotype 6 

was represented by subtypes 6 a-b, and two representatives of subtypes c-l, the latter formerly 

known as genotypes 7 to 8. Eight of 9 panel members were sequenced in the NS5B region to 

determine the true genotype of the samples. One panel member was sequenced in the core 

region. Invalid runs and samples with invalid results were repeated.  

 

Comparison study 

In order to demonstrate that the performance of the VERSANT HCV Genotype Assay 

(LiPA) 2.0 is equivalent to or better than the currently established VERSANT HCV Genotype 

Assay (LiPA) 1.0, a total of 100 HCV positive samples (serum, EDTA and CPDA plasma) 

with viral loads above 10.000 IU/ml were tested at two independent sites with the two assays, 

according to the manufacturer’s instructions. Operators were blinded to the HCV genotype of 

the specimens. The extracted RNA was divided into two aliquots. One aliquot was used with 

the current kit, and the other aliquot was used for parallel testing with the VERSANT HCV 

Genotype Assay (LiPA) 1.0. The amplicon for use with LiPA 1.0 was reverse transcribed and 

the 5’-UTR was amplified using site specific RT-PCR methodology. At one site, the 

amplification was performed using a modified method starting from transcriptional mediated 

amplification (HCV TMA, Siemens Healthcare Diagnostics, CA). At the other site, 

amplification of the 5’-UTR was performed with specific biotinylated primers (more detailed 

information on the methodology used at both sites is available on request). Invalid runs and 

samples with invalid results were repeated. Specimens with indeterminate results were 

repeated by both methods. Specimens with discordant results were sequenced in the NS5B 

region of the HCV genome. 
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Terms and statistical analysis  

The analysis only includes results from valid runs, i.e., from runs in which the positive 

and negative control strips gave the correct results. Results were classified either as 

interpretable or indeterminate. An indeterminate result occurs when a specimen yields either 

an amplification failure or an uninterpretable result. An uninterpretable result occurs when the 

strip has a positive AMPL CTRL 1 but has a line pattern that does not match any of the 

patterns shown on the interpretation chart. The genotype success rate is defined as percentage 

of valid results that give an interpretable result. In the comparison study, specimens were 

considered to have discordant results if the two versions of the assay produced results with 

different genotypes or produced the same genotype result with different subtypes. An 

improvement is defined as obtaining the correct result (based on NS5B sequencing) with the 

VERSANT HCV Genotype Assay (LiPA) 2.0 when the VERSANT HCV Genotype Assay 

(LiPA) 1.0 does not produce a result or produces an incorrect result. Lower 95% confidence 

limits (LCL) for percentages were all calculated using the Clopper-Pearson method. In the 

reproducibility study, a permutation distribution was used to estimate the p-values for 

comparing sites and for comparing lots. 

 

Results 

Clinical Accuracy Study 

Table II.1 summarizes the results for the 326 specimens that were compared to the 

reference method. Upon initial testing, 93.3% (304/326) of the specimens gave interpretable 

genotype results, 2.1% (7/326) failed to amplify and 4.6% (15/326) amplified but gave 

uninterpretable results. Of the 304 specimens that yielded a genotype result, 99.3% (302/304) 

gave results that agreed with the reference method. After retesting specimens that yielded no 

genotype result, 96.0% (313/326) of the specimens gave interpretable genotype results, 3.5% 

(12/326) amplified but remained uninterpretable and 0.3% (1/326) failed to amplify. Of the 

313 specimens that yielded a genotype result after repeat testing, 99.4% (311/313) gave 

results that agreed with the reference method.  
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Table II.1. Overview of the original test results and the results after one repeat test in the clinical accuracy 
study. 
 

No. of specimens (%) in agreement between reference method result 

and: Test result 

Original test result Test result upon 1 repeat test 

Correct genotype 302 (92.6) 311 (95.4) 

Incorrect genotype 2 (0.6) 2 (0.6) 

Uninterpretable 15 (4.6) 12 (3.5) 

No amplification 7 (2.1) 1 (0.3) 

Total 326 (100) 326 (100) 

 

Table II.2 shows that the specimens that did not amplify or give uninterpretable results 

were distributed across genotypes. The two specimens that initially gave results that disagreed 

with the reference method were retested and both gave retest results that agreed with the 

reference method. 

 
Table II.2. Summary of the results of the clinical accuracy study for each genotype 
 

No. of specimens exhibiting: 
Reference 

HCV genotype 
Total  

sample no. Amplification 
failure 

Amplification 
repeat failure 

Uninterpretable 
result 

Uninterpretable 
repeat 

HCV 1 2 0 0 0 0 

HCV 1a 94 2 0 1 0 

HCV 1b 41 0 0 2 2 

HCV 2 53 2 1 3 2 

HCV 3 55 2 0 0 0 

HCV 4 30 0 0 4 4 

HCV 5a 15 1 0 1 0 

HCV 6 17 0 0 2 2 

HCV 6 (c to l) 19 0 0 2 2 

Total 326 7 1 15 12 

 

In order to determine the core amplification efficiency, 156 genotype 1 and genotype 6 

(c-l) samples were analysed. Two samples showed negative AMPL CTRL 1 lines, and were 

excluded for further analysis. Of the remaining 154 genotype 1 and genotype 6 (c-l) samples, 



                                                                                                       Chapter II - HCV Line Probe Assays Evaluation 

 41

1 sample had a negative AMPL CTRL 2, resulting in the amplification of 99.4% (153/154) 

samples. The clinical subtype efficiency for HCV genotypes 1a and 1b was determined using 

129 samples that were genotype 1a or 1b based on reference sequencing, and genotype 1, 1a 

or 1b based on LiPA genotyping, based on initial testing only so excluding repeat testing of 

initial amplification failures and uninterpretables. Three out of 129 samples were 

indeterminate at the subtype level, resulting in a clinical HCV genotype 1 subtype efficiency 

of 97.7% after initial testing. Upon repeat testing, all samples gave a correct consensus 

subtype result. All of the 126 genotype 1a or 1b samples by LiPA were concordant with 

sequencing. In order to check whether the VERSANT HCV Genotype Assay (LiPA) 2.0 was 

able to determine the correct genotype for samples with viral loads at the upper limit of 

detection, 22 samples with viral loads ranging from 4.0 x 106 IU/ml to 8.7 x 106 IU/ml were 

selected and the genotype success rate and the percentage agreement with the reference 

method for these high-concentration specimens was estimated. For all these samples, the 

VERSANT HCV Genotype Assay (LiPA) 2.0 produced the same genotype results as the 

genotype result determined by NS5B sequencing and phylogenetic analysis, resulting in a 

genotype success rate and an agreement with the reference method of both 100%.  

 

Reproducibility study 

Table II.3 summarizes the valid, indeterminate, correct and incorrect genotype results 

for each reproducibility panel member. In total, 3.3% (16/486) of reactions gave 

indeterminate results (defined as specimens with either an amplification failure or an 

uninterpretable result) and 96.7% (LCL: 95.0%) yielded an interpretable genotype result. Of 

the 470 specimens with interpretable results, 100% (LCL: 99.4%) gave the correct genotype. 

The indeterminate results occurred at all sites, with all three reagent lots, and in multiple assay 

runs. There were no significant differences seen in the performance of the VERSANT HCV 

Genotype Assay (LiPA) 2.0 system across sites/operators (p = 0.43) or across reagent lots (p 

= 0.88). The genotype success rates at the individual sites were 98.1% for site 1, 97.6% for 

site 2 and 94.4% for site 3. The genotype success rates for the individual lots were 96.9% 

using lot 1, 97.5% using lot 2, and 95.7% using lot 3. 
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Table II.3. Summary of valid, indeterminate, correct and incorrect genotype results for each panel member of 
the reproducibility study 
 

No. of specimens with indicated result 

Indeterminate Interpretable Panel 
member 

HCV 
genotype 

No. of 
valid 

results Did not 

amplify 

Uninterpretable Incorrect 

genotype 

Correct 

genotype 

1 1a 54 1 2 0 51 

2 1b 54 0 0 0 54 

3 2 54 0 3 0 51 

4 3 54 0 0 0 54 

5 4 54 1 0 0 53 

6 5 54 2 2 0 50 

7 6 54 1 2 0 51 

8 6a 54 0 2 0 52 

9 6a 54 0 0 0 54 

Total All 486 5 11 0 470 
a Required both 5’-UTR and core region for genotyping 

 

Comparison study 

Table II.4 gives an overview of the results of the comparison study after original 

testing and after repeat testing. Of the 100 specimens tested, 13 specimens initially produced 

uninterpretable results by either or both the VERSANT HCV Genotype Assay (LiPA) 1.0 and 

the VERSANT HCV Genotype Assay (LiPA) 2.0. The HCV RNA concentrations of these 13 

samples ranged from 14.615 to 2.500.000 IU/ml. These specimens were retested using both 

assays. After repeat testing, three specimens remained uninterpretable by both versions of the 

assay, 5 remained uninterpretable by the VERSANT HCV Genotype Assay (LiPA) 1.0 and 1 

remained uninterpretable by the VERSANT HCV Genotype Assay (LiPA) 2.0. For all 6 

specimens that gave a genotype result by only one version of the assay, the observed genotype 

result agreed with that obtained by sequencing the NS5B region of the HCV genome. After 

repeat testing, 83 specimens were concordant by both assays at the genotype level. Of these, 

sixteen specimens had concordant genotypes by both assays, but one of the assays failed to 

give a subtype, resulting in a total of 67 concordant specimens when the subtype level is taken 

into account. Results from 8 specimens were discordant between the two assays, and results 

from 9 specimens were uninterpretable by at least one of the assays. The total number of 
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interpretable specimens by both assays is 91, of which 83 had concordant results at the 

genotype level only (91.2%, LCL: 84.7%).  

 
Table II.4. Overview of the original test results and the results after one repeat test for the comparison study 
 

No. of specimens giving: 
Result 

Original test result Test result upon 
1 repeat test 

Identical results by both methods 63 67 

Matched genotype but one assay having no subtype 16 16 

Matched genotype but different subtype 8 8 

Uninterpretable by both assays 3 3 

Uninterpretable by LiPA 1.0 only 8 5 

Uninterpretable by LiPA 2.0 only 2 1 

Total 100 100 

 

Table II.5 shows the number of genotype and subtype results produced by both assays 

for the 100 specimens tested after repeat testing. The 8 samples that showed discordant results 

were sequenced in the NS5B region of the HCV genome (2 samples were HCV genotype 6 c-

l, and 6 samples were HCV genotype 1a). Results indicated that the VERSANT HCV 

Genotype Assay (LiPA) 2.0 gave the correct HCV genotype and subtype as determined by the 

NS5B sequencing. In contrast, the VERSANT HCV Genotype Assay (LiPA) 1.0 had 

misclassified all 8 samples as HCV genotype 1b. Of the 96 specimens that were interpretable 

with the VERSANT HCV Genotype Assay (LiPA) 2.0, 83 showed concordant results with the 

VERSANT HCV Genotype Assay (LiPA) 1.0 while 13 showed improved results over the 

VERSANT HCV Genotype Assay (LiPA) 1.0, which leads to 100% concordant or improved 

results (LCL: 96.9%).  

 
Table II.5. Genotype and subtype results for 100 clinical specimens tested by both VERSANT HCV Genotype 
Assay (LiPA) 1.0 and VERSANT HCV Genotype Assay (LiPA) 2.0 
 

 No. of specimens exhibiting indicated result by VERSANT HCV LiPA 2.0 

VERSANT 

HCV LiPA 
1.0 results 

1 1a 1b 2 2a 
/2c 2b 3 3a 3b 4 4a/4c/ 

4d 5a 6a/6b 6c-l Unint 
Total 

1  12 2             14 

1a  12              12 

1b  6 12           2  20 
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2    2            2 

2a/2c    2 8          1 11 

2b      7          7 

3       2         2 

3a        11        11 

3b         1       1 

4          5      5 

4a                0 

4c/4d           4     4 

5a            2    2 

6a/6b             1   1 

6 c-l                0 

Unint.       1   2  1 1  3 8 

Total 0 30 14 4 8 7 3 11 1 7 4 3 2 2 4 100 

 

Discussion 

Phylogenetic analysis of a coding region, or even more, the complete genome, is 

considered the gold standard for identifying different HCV genotypes (Germer et al., 1999). 

However, since this method is expensive and time-consuming, it is impractical for large-scale 

genotyping projects (Halfon et al., 2001). For this reason, commercial genotyping kits were 

developed for routine determination of HCV genotypes. Most commercially available HCV 

genotyping assays, including the VERSANT HCV Genotype Assay (LiPA) 1.0, use the 5’-

UTR region since this region is highly conserved and therefore well suited for development of 

detection methods. The reliability of genotyping methods highly depends on the amount of 

information (i.e. number of informative sites) that is utilized for discrimination of genetic 

variants. The 5’-UTR is sufficiently variable for discrimination of HCV genotypes 1 to 5 and 

most HCV genotypes 6 (Lee et al., 1997; Smith et al., 1995; Stuyver et al., 1996; Weck, 

2005). However it does not allow discrimination of HCV genotype 6 subtypes c-l from HCV 

genotype 1, and only has a limited subtyping accuracy (Chinchai et al., 2003; Stuyver et al., 

1996). To overcome the limitations of the 5’-UTR, a new assay has recently been developed, 

the VERSANT HCV Genotype Assay (LiPA) 2.0, which uses additional sequence 

information from the core region of the HCV genome (Noppornpanth et al., 2006). In this 

study, we evaluated the new assay, and compared it with the previous version of the assay.  

Our results indicate that the VERSANT HCV Genotype Assay (LiPA) 2.0 yielded an 

interpretable genotype result for 96.0% of the samples and that 99.4% of the interpretable 



                                                                                                       Chapter II - HCV Line Probe Assays Evaluation 

 45

results agreed with the reference method, rendering it an accurate and reliable assay suitable 

for large-scale genotyping. This new assay outperforms the previous version of the line probe 

assay, since the VERSANT HCV Genotype Assay (LiPA) 1.0 has an overall accuracy of 

74%, taking subtype information into account (Halfon et al., 2001; Richter, 2002). 

In the comparison study, 8 specimens showed discordant results when tested with both 

assays. The NS5B sequencing results of these samples showed that the VERSANT HCV 

Genotype Assay (LiPA) 2.0 gave the correct HCV genotype and subtype, and thereby showed 

an improvement in identifying HCV positive samples which are subtypes c-l of genotype 6 

and in identifying the correct subtype of genotype 1. This improvement can be attributed to 

the additional information available from the core region of the HCV genome, which can 

better distinguish between genotype 1 and subtypes c-l of genotype 6 and between subtype a 

and b of genotype 1. This core information is not available in the VERSANT HCV Genotype 

Assay (LiPA) 1.0, and this can lead to misinterpretation. For example, in a study of Chinhai et 

al., this assay could not discriminate HCV genotype 6a variants from HCV genotype 1b, and 

2 samples found to be genotype 1 by the assay contained genotype 3 core sequences 

(Chinchai et al., 2003). Chen and Weck showed that the VERSANT HCV Genotype Assay 

(LiPA) 1.0 cannot accurately distinguish HCV genotypes 1a and 1b since in most cases, the 

5’-UTR is not heterogeneous enough for use in determination of the HCV subtype (Chen & 

Weck, 2002). Several other studies report on the moderate distinction at the subtype level 

(Andonov & Chaudhary, 1995; Ansaldi et al., 2001; Haushofer et al., 2003; Lee et al., 1997; 

Nolte et al., 2003). This is not surprising, since the 5’-UTR is the most highly conserved 

region of the HCV genome, and only one or two nucleotide changes distinguish unique 

subtypes. Assigning correct genotypes and subtypes to HCV specimens is important for 

several research purposes, such as epidemiological, phylogenetic and natural history studies. 

Some studies even report that there is a slight difference in treatment outcome between HCV 

genotype 1a and HCV genotype 1b infected patients, showing that correct subtype assignment 

is indispensable (Bell et al., 1997; Jiao & Wang, 2005; Tang et al., 2003).  

In conclusion, the VERSANT HCV Genotype Assay (LiPA) 2.0 provides a rapid, 

sensitive and accurate means of HCV genotyping, and can be used as a routine tool to 

distinguish between the different HCV genotypes and subtypes. Considering the importance 

of genotype determination in understanding the epidemiology of the virus and in the 

management of hepatitis C treatment strategies, efficient genotyping tools are indispensable in 

clinical diagnostic settings.  
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SUMMARY 

 
Epidemiological and phylogenetic studies of HCV have identified six major genotypes and 

have attempted to characterise their origin and spread worldwide. Putative regions of endemic 

infection have been identified for all HCV genotypes except for HCV genotype 5a. Although 

HCV genotype 5a was previously thought to be largely restricted to the northern part of South 

Africa, this study reports an unexpected cluster of HCV genotype 5a in the West Flanders 

province in Belgium. To investigate the molecular epidemiology of this cluster and of HCV 

genotype 5a in general, a rigorous phylogenetic analysis of Belgian and South African HCV 

genotype 5a samples was performed. Remarkably, the Belgian and South African strains form 

two distinct clusters of similar diversity. We used a Bayesian coalescent method to estimate 

the rate of virus spread through time for HCV genotype 5a in both regions. Our results 

indicate that HCV genotype 5a strains have been spreading independently in Belgium and 

South Africa for more than 100 years, with a rate of spread characteristic of an epidemic 

genotype. These findings have major implications for tracing the origin of HCV genotype 5a. 

Here we speculate about the possible origin of these clusters. 

 

INTRODUCTION 

With an estimated 170 million people infected worldwide, HCV is responsible for 

most cases of parenteral non-A, non-B hepatitis, and is therefore the leading cause of chronic 

liver disease and hepatocellulair carcinoma (WHO, 1997). The virus is responsible for 10.000 

deaths per year in the United States alone, and this number is expected to increase 

substantially in the forthcoming decades (CDC, 1998). HCV is a blood-borne pathogen; risk 

factors for infection include IDU, receipt of blood transfusion before 1990, use of 

inadequately sterilized medical equipment and scarification and tattooing tools (Ray Kim, 

2002). Sexual and perinatal transmissions rarely occur, except in HIV/HCV coinfected 

individuals (Dienstag, 1997). A nonnegligible proportion (about 20%) of HCV infections has 

an “undefined” route of transmission. 

HCV is a small, enveloped human virus containing a single-stranded RNA genome of 

about 9.600 nt (Tsukiyama-Kohara et al., 1992). HCV displays a high degree of genetic 

variability (Pawlotsky, 2003a), and is classified into six major genotypes that show a 

sequence similarity of only 66% to 69%. Each genotype contains multiple subtypes with 



                                                                                                                Chapter III - Origin and Spread of HCV 5a 

 53

>75% nucleotide sequence similarity (Simmonds, 1995). In comparison, the degree of 

similarity among different virions in a single infected patient is >95% (Hoofnagle, 2002). 

Importantly, numerous studies have revealed a relationship between HCV genotype 

and the response to IFN-α or pegIFN-α therapy, alone or in combination with ribavirin. 

Patients infected with HCV genotype 1 respond less to therapy, while patients infected with 

HCV type 2 or 3 show the best response to therapy (Pawlotsky, 2003b). Since HCV genotype 

5a infections are scarce, treatment responses for HCV genotype 5a are largely unknown 

(Legrand-Abravanel et al., 2004). For HCV genotype 6a infections, treatment response data 

are also poor (Hui et al., 2003). The six HCV genotypes have different geographical 

distributions. Some strains are distributed worldwide, whereas others are only found in 

specific geographic regions. HCV genotypes 1a, 1b and 3a are highly prevalent “epidemic” 

strains that are found globally. These strains spread swiftly around the world during the 

twentieth century, most likely through infected blood, blood products and IDU, and have 

relatively low levels of genetic variation. In contrast, other HCV strains are highly divergent 

but are found in restricted geographic areas. These “endemic” strains reflect long-term 

transmission at low levels in particular populations (Pybus et al., 2001; Simmonds & Smith, 

1997) and represent the source populations for the epidemic strains. Genotypes 1, 2 and 4 

appear to be endemic to regions of West and Central Africa and the Middle East, whereas 

divergent endemic strains of genotypes 3 and 6 strains are found in South-East Asia 

(Pawlotsky, 2003a). In contrast to other HCV strains, the origin, endemic source and epidemic 

spread of HCV genotype 5a is unknown. Genotype 5a is commonly found in the northern part 

of South Africa (Murphy et al., 1996), but it is also sporadically found elsewhere, e.g. in 

Australia, Brazil, Canada, Ireland, the Netherlands and Spain (Chamberlain et al., 1997; 

Davidson et al., 1995; Jover et al., 2001; Levi et al., 2002). In 2004, a high prevalence of 

HCV genotype 5a was reported in Central France (Henquell et al., 2004), where it was the 

third most frequent genotype with 14.2%. Here we report a molecular epidemiological 

analysis of Belgian HCV genotype 5a infections from West Flanders, an area with a 

previously unrecognised and unusually high prevalence and diversity of HCV genotype 5a. 

By comparing these strains with new sequences from South Africa, we show that the Belgian 

and South African populations have sustained independent populations of HCV genotype 5a 

for at least 100 years. Furthermore, we use coalescent-based population genetic methods 

(Drummond et al., 2005) in order to estimate the epidemic history of HCV genotype 5a 

strains. Such methods have proven useful in reconstructing the history of HCV infections 

prior to the identification of the virus in 1989 (Nakano et al., 2004; Pybus et al., 2001; Pybus 
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et al., 2005; Pybus et al., 2003; Tanaka et al., 2004; Tanaka et al., 2002; Tanaka et al., 2005). 

The results shed new light on the global origin and transmission history of HCV. 

 

MATERIALS AND METHODS 

 
Study population 

A total of 980 Belgian patients that had been admitted to the University Hospital 

Gasthuisberg of Leuven, were found to be chronically infected with HCV in a prospective 

study from January 2001 to December 2004. Of these, 52 Belgian patients were infected with 

HCV genotype 5a. Serum samples of 41 HCV genotype 5a infected patients were collected 

for further research. Age, gender and sampling date were known for all these patients. All 

Belgian patients had Caucasoid ethnicity. Additionally, we collected serum samples from 46 

South African HCV genotype 5a patients, collected between January 1997 and December 

2004. Ethnicity was known for all of them (32 Caucasoid, 10 Negroid, 2 Mongoloid, 1 Indian 

and 1 mixed). All these patients came from the northern-central part of South Africa, in the 

area of Johannesburg and Pretoria. Serum samples of 31 South African HCV genotype 5a 

infected patients were used for further research.  

 

Genotyping of HCV strains 

Genotyping of HCV RNA positive patients was carried out with the VERSANT HCV 

Genotype Line Probe Assay (Bayer Corporation, Tarrytown, New York; manufactured by 

Innogenetics, Ghent, Belgium) according to the manufacturer’s instructions. The VERSANT 

HCV Genotype Line Probe Assay was validated for the genotyping of HCV genotype 5a 

strains in a previous study (Verbeeck et al., 2005). Our results showed that this assay is a 

reliable method for genotyping of the infrequently found HCV genotype 5a strains. 

 

Sequencing of 5’-UTR, E1-E2, NS3-NS4 and NS5B 

Viral RNA was extracted using the QIAamp® Viral RNA Mini Kit (Qiagen, Leusden, 

the Netherlands) according to the manufacturer’s instructions. Using a one-step RT-PCR 

(QIAGEN® OneStep RT-PCR kit, Qiagen), we amplified 262 nt in the 5’-UTR, 584 nt in the 

E1-E2 hypervariable (HVR-1) region and 573 nt in the NS3-NS4 region. PCR cycling was 

performed with the following primers in a GeneAmp PCR system 9700 (Applied Biosystems, 

Foster City, CA, USA): forward primer 1FB (5’-CTAGCCATGGCGT TAGTATGAGTGT-

3’) and reverse primer 2RB (5’-GGTGCACGGTCTACGAGACCT-3’) for the 5’-UTR; 
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forward primer HVR1-F (5’-TGCTGGGTCCARRTYACCCC-3’) and reverse primer HVR1-

R (5’-GCTGTCATTACAGTTAAGGGCA-3’) for the E1-E2 (HVR-1) region; forward 

primer NS4-F (5’-ATCAACATCGACGCYCAC ATG-3’) and reverse primer NS4-R (5’-

CCCACTGACAAAGTTCCACAT-3’) for the NS3-NS4 region. For the amplification in the 

5’-UTR, the following PCR cycling program was used: an initial 50°C hold for 30 min; a 

95°C hold for 15 min; 45 cycles of 95°C for 30 s, 50°C for 30 s, and 72°C for 1 min; and a 

72°C hold for 10 min. For the amplification of the E1-E2 (HVR-1) region, we used the same 

basic program with 40 cycles, with an annealing temperature of 57°C. For the amplification of 

the NS3-NS4 region, we performed 45 cycles with an annealing temperature of 55°C. PCR 

products were purified using the QIAquick PCR Purification® kit (Qiagen). Purified DNA 

fragments were directly sequenced on both strands using the ABI Prism® BigDyeTM 

Terminator Cycle Sequencing Reaction kit (Applied Biosystems). Additionally, we amplified 

and sequenced a 401 bp fragment of the NS5B region of the HCV genome as described by 

Sandres-Saune and colleagues (Sandres-Saune et al., 2003) for the patient samples for whom 

serum was still available.  

 

Phylogenetic reconstruction  

Multiple alignments of the nucleotide sequences were created for the E1 region, the 

NS3-NS4 region and the concatenated E1/NS4 region using the Clustal X program version 

1.83 (Higgins & Sharp, 1988). For all further analyses of the E1 region, we did not include the 

HVR-1 region, which is the target of strong positive selection and difficult to align 

unambiguously. Maximum likelihood (ML) phylogenetic trees were inferred under the 

Hasegawa-Kishino-Yano (HKY) model of nucleotide substitution with gamma distributed 

rate variation among sites, using the program PhyML (Guindon & Gascuel, 2003). Bootstrap 

analysis was performed using 500 replicates. Mean pairwise nucleotide diversities were 

calculated using ML trees that only included a single viral strain per patient.  

 

Inference of genotype 5a epidemic history 

Estimating HCV evolutionary rate 

For the E1 gene region, we obtained an evolutionary rate estimate from the serially-

sampled core-E1-E2 data by Tanaka et al. (Tanaka et al., 2002). Evolutionary rates were 

estimated using the BEAST v1.2 software and a specific substitution rate for the E1 region of 

interest was inferred (Drummond & Rambaut, 2003, available from http://beast.bio.ed.ac.uk). 

Since there is no appropriate serially-sampled data available for the NS3-NS4 gene region, the 
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NS3-NS4 rate was obtained by scaling the E1 rate using a relative rate analysis, performed in 

PAML (Yang, 1997). 
 

Estimating HCV population history 

HCV demographic history was inferred using a Bayesian coalescent method 

implemented in BEAST v1.2 (Drummond et al., 2002). Since we had no a priori reason to 

assume a particular model of change in viral population size over time, we used the recently 

developed Bayesian skyline plot to estimate epidemic history (Drummond et al., 2005). 

Because the sequences were sampled over a limited time frame and therefore did not contain 

sufficient information about evolutionary rate, we used the nucleotide substitution rates 

estimated above as informative prior distributions (7.2x10-4 ± 1.5 x10-4 substitutions/site/year 

for E1 and 5.4x10-4 ± 1.5 x10-4 substitutions/site/year for NS3-NS4). Samples for which the 

isolation date was not established were included using the following strategies: a uniform 

prior distribution for the sampling year was used for the Belgian and South African samples, 

constrained by the earliest and most recent sampling years, and an exponential distribution 

was used for database sequences with a mean of 1.5 years and an offset based on the year of 

publication. Markov Chain Monte Carlo (MCMC) analyses were run for 15x106 or 25x106 

states depending on the length of the data set, and posterior distributions were calculated after 

a burn-in of 10%. The posterior samples were analyzed using the program Tracer (available 

from http://beast.bio.ed.ac.uk/Tracer).  

 

Sequence submission 

The nucleotide sequence data reported in this paper were deposited in GenBank using 

the National Center for Biotechnology Information (NCBI, Bethesda, MD, USA) Sequin 

v5.26 submission tool under accession numbers DQ164538–DQ164777 and DQ333614–

DQ333690.  

 

RESULTS 

 

HCV genotype 5a cluster in Belgium 

Investigation of the HCV genotype distribution in Flanders, Belgium indicated that 

HCV genotype 5a was the second most prevalent genotype in the West Flanders province 

with 27.7%, after HCV genotype 1 (50.9%). In Belgium, 57.4% of the Belgian patients 

infected with HCV genotype 5a currently live within a 20 km radius in the West Flanders 
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province. HCV genotype 5a was significantly more prevalent in West Flanders in comparison 

to the other provinces of Belgium (p<0.0001; Pearson Chi-Square test), where HCV genotype 

5a occurs in less than 2% of the cases and HCV genotype 1b is the dominant strain. No 

difference could be observed in the gender distribution of HCV genotype 5a infected patients 

(59.9% male and 40.1% female respectively, p=0.339; Pearson Chi-Square test). As was 

noted for HCV genotype 5a in France (Henquell et al., 2004), we found that HCV genotype 

5a infected patients in Flanders are significantly older than patients infected with other HCV 

genotypes (mean age of 58.1 years and 49.8 years respectively, p<0.0001; Mann-Whitney 

test). These results suggest that HCV genotype 5a strains have circulated in Belgium for some 

time.  

 

Phylogenetic analysis of the HCV genotype 5a cluster 

Figure III.1 shows the phylogenetic trees of the E1 region (Figure III.1a), the NS3-

NS4 region (Figure III.1b), the concatenated gene region (Figure III.1c), and the NS5B region 

(Figure III.1d). The phylogenetic analyses showed that samples obtained from individual 

patients over different consecutive years were more closely related to each other than to those 

obtained from other patients, as reported previously (Munro et al., 1996). The phylogenies 

indicate that two subclades can be distinguished, one formed by the Belgian samples and one 

formed by the South African samples. One exception is formed by the Belgian patient BE-07-

1860. In the E1 phylogeny, this patient is more closely related to the African samples than to 

the other Belgian samples (Figure III.1a). In the NS3-NS4 region and concatenated regions, 

this patient clusters separately from both major clades (Figure III.1b and III.1c). It is therefore 

likely that this patient is epidemiologically unrelated to the other Belgian patients. The 

separation of the South African and Belgian strains was not highly supported by bootstrap 

analysis in the separate genes (49.6% in the E1 tree and 63% in the NS3-NS4 tree). However, 

the concatenated data set, which contains more phylogenetic signal, significantly supported 

the monophyletic clades (97%).  

The existence of the two clades suggests that the virus has spread independently in two 

different locations. Furthermore, both clades also have similar nucleotide diversity (mean 

pairwise nucleotide diversity of 0.14 ± 0.03 and 0.16 ± 0.04 in E1 for the Belgian and South 

African sequences respectively; 0.10 ± 0.03 and 0.12 ± 0.03 in NS3-NS4).  

Since a number of genotype 5a strains from a French population have been sequenced 

in the NS5B gene (Henquell et al., 2004), we also sequenced part of the NS5B gene for the 

remaining Belgian and South African samples using the protocol described by Sandres-Saune 
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and colleagues (Sandres-Saune et al., 2003). A phylogenetic reconstruction of the NS5B 

region indicates that the Belgian, South African and French samples were not monophyletic 

(Figure III.1d), although samples from the same country do tend to cluster together. The loss 

of monophyletic relationships for both Belgian and South African sequences in this gene 

region is very likely due to the lower phylogenetic signal of the NS5B region, which has 

approximately half the substitution rate of the E1 and NS3-NS4 substitution rate (Salemi & 

Vandamme, 2002). This was investigated further using the samples for which sequences were 

available in all three gene regions. Both the Kishino-Hasegawa test (p=0.114) and the 

Shimodaira-Hasegawa test (p=0.065) were unable to reject the tree in which the sequences 

were forced to cluster according to geographic origin (Kishino & Hasegawa, 1989; 

Shimodaira, 1999). These findings confirm that the NS5B gene region sequenced contained 

less information about the phylogeography of HCV genotype 5a.  
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Figure III.1 Maximum likelihood phylogenetic trees reconstructed for the South African ( ) and Belgian ( ) 
samples. (a) Phylogeny for a 408-bp fragment in the E1 region. (b) Phylogeny for a 543-bp fragment in the NS3-
NS4 region. (c) Phylogeny for the concatenated gene regions. (d) Phylogeny for a 401-bp fragment in the NS5B 
region. Each sample is indicated by a code representing the origin of the sample (RSA, Republic of South 
Africa; BE, Belgium), a patient number, and the year of sampling (the symbol “??” is used when the year of 
sampling is unknown). We also included HCV genotype 5a reference sequences available in the GenBank 
database. Their GenBank accession numbers, years of sampling, and countries of origin (if known) are shown. 
The numbers at the nodes represent the bootstrap support for 500 replicates; only values over 80% are shown, 
with the exception of the two major clades (>50%). 
 

Estimation of epidemic history  

In order to investigate the origin and spread of HCV genotype 5a in both populations, 

we estimated divergence dates and demographic parameters in a Bayesian coalescent 

framework, as implemented in BEAST v1.2. To calculate Bayesian skyline plots, we analyzed 

the Belgian and South African clusters separately and included only a single sequence per 

patient. Patient BE-07-1860, which clustered with South African strains in E1, was excluded 

from this analysis. The Bayesian skyline plots depict the estimated change in the effective 

number of infected individuals through time and are shown in Figure III.2. In this figure, we 

plot the skyline plots for the two gene regions and those for the concatenated data sets 

separately. The estimated dates for the most recent common ancestors (MRCAs) for the 

separate analyses were the following: 1869 [CI: 1792-1929] for E1 and 1866 [CI: 1818-1913] 

for NS4 of the Belgian subclade; 1883 [CI: 1821-1934] for E1 and 1863 [CI: 1794-1921] for 

NS4 of the South African subclade.  

Although the dates for the MRCAs and the current effective number of infections are 

similar in the Belgian and South African populations, there is some difference in the dynamics 

between the Belgian and the South African plots. The skyline plots show that in Belgium, 

HCV genotype 5a spread at a roughly constant exponential growth through time. In the South 

African population however, there is more evidence of a decrease in the rate of spread 

towards the present. Epidemic growth rates estimated using parametric models applied to the 

concatenated data sets indicate that the number of infected individuals doubled approximately 

every 11 years in the Belgian population (exponential growth model), while the doubling time 

was about 5 years during the exponential phase in South Africa (logistic growth model), 

which corresponds to an estimated growth rate of 0.061 year-1 [CI: 0.044-0.975] and 0.128 

year-1 [CI: 0.059-0.208] respectively.  
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Figure III.2 Superimposed Bayesian skyline plots estimated from the South African (a) and Belgian (b) samples 
in the E1 (blue) and NS3-NS4 (red) regions of the HCV genome. Bayesian skyline plots for the concatenated 
data sets for South Africa (c) and Belgium (d) are shown. The dark lines are the median estimates, and the 
shadings indicate the 95% highest posterior density intervals. 
 

DISCUSSION 

 
Statistical analysis of the HCV genotype distribution in Belgium revealed a cluster of 

HCV genotype 5a in the Western part of Flanders, with HCV genotype 5a being the second 

most prevalent HCV genotype in this area. This is a remarkable finding, because this 

genotype is thought to be a major genotype only in South Africa, although HCV genotype 5a 

also has a worldwide distribution as a minor genotype. In Central France, HCV genotype 5a is 

the third most prevalent genotype. Phylogenetic analysis of the E1 and the NS3-NS4 region of 

the HCV genome revealed two distinct clusters of HCV genotype 5a strains, one originating 

from South Africa and one originating from Belgium. The time to the MRCA of the Belgian 

HCV genotype 5a strains was shown to be approximately 120 years ago, suggesting that these 

strains have circulated in Belgium for quite a long time. Therefore it is reasonable to assume 

that a recent source of infection, such as the contamination of a plasma pool with HCV 

genotype 5a (Thomas et al., 2000), is not the cause of the introduction of this HCV genotype 
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5a strain, and we can only speculate about the possible introduction and transmission events 

that occurred many years ago. A similar evolutionary time scale was calculated for HCV 

genotype 5a samples originating from South Africa. The parameters estimated using the 

Bayesian coalescent approach have rather large confidence intervals. However, this analysis 

takes several sources of uncertainty into account in a statistical rigorous way. Phylogenetic 

uncertainty was accommodated for by sampling genealogies using MCMC. Furthermore, we 

did not fix a particular evolutionary rate but instead imposed an informative prior distribution 

for this parameter.  

It is very tempting to assume that the Belgian HCV genotype 5a cluster originated 

from the South African cluster, since HCV genotype 5a has previously been thought to be 

mainly restricted to South Africa. Our results, however, show that the Belgian HCV genotype 

5a clade has a similar age as the South African clade. Moreover, these two clusters appear to 

have reached comparable population sizes in their respective countries. This finding shines a 

new light on the hypotheses concerning the emergence of HCV genotype 5a. This HCV 

genotype seems not to be restricted to South Africa alone and the HCV genotype 5a genetic 

diversity might be equally pronounced in other populations. We also attempted to investigate 

the relationship between the South African and Belgian samples and a French population 

(Henquell et al., 2004). However, the more conserved NSB5 gene region, which might 

contain appropriate phylogenetic signal between genotypes (Salemi & Vandamme, 2002), 

was not informative enough alone to resolve any relationships within a subtype of a single 

genotype (Figure III.1). 

Taking the results of this study to account, it is reasonable to assume that there has 

been a common ancestral HCV genotype 5a population, and that the virus has spread from 

this common pool in two directions at the same time. It is possible that Congo, or a 

neighbouring area, harbours the common ancestor of the Belgian and South African HCV 

genotype 5a strains, since there was much trading and trafficking between Belgium and its 

colony Congo in the mid- and late 1800s during the regency of king Leopold II. In order for 

this hypothesis to hold, there also must have been contacts between Congo and South Africa. 

Since Central and South Africa were both mostly exploited in the late 1800s, we can assume 

that people travelled from Central Africa to South Africa and vice versa, and this may have 

led to the dissemination of HCV genotype 5a within Africa. It is possible that other clusters of 

HCV genotype 5a will be found in the future, and further sampling of HCV genotype 5a 

strains from other regions of the world will help us to understand the transmission history of 

this genotype. If further sampling of 5a strains led to either cluster losing its monophyletic 
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nature, then it would be necessary to revaluate conclusions that HCV genotype 5a was 

transmitted independently in the 2 countries during the 20th century. 

In contrast to the long-term endemicity of HCV genotype 2 in Martinique (Martial et 

al., 2004), HCV genotype 4 strains in Cameroon (Ndjomou et al., 2003) and HCV genotype 6 

in South East Asia (Tokita et al., 1996), the endemic pool of HCV genotype 5a is not yet 

found. For this reason, we should be cautious in searching for an association between an 

ecologic or historical event and the spread of HCV genotype 5a.  

In Belgium, the growth rates of the HCV genotype 5a strains suggest an exponential 

spread nearly as fast as an established epidemic subtype like 1b (Pybus et al., 2001). In 

contrast to the HCV genotype 5a epidemic, which is localized to a small area, the established 

epidemic subtypes 1a, 1b and 3a are widespread. It is noteworthy that the HCV genotype 5a 

epidemic in Belgium is confined to such a small area of the country. Since collection of blood 

in blood banks is organized on a regional level in Belgium, this could be a possible 

explanation for the localized spread of this genotype. The fact that this Belgian ‘hot spot’ area 

was a rural area characterised by a close-knit society, might be another explanation. In a study 

describing the epidemiological profile of newly diagnosed HCV patients in Belgium, a 

significant association was found between infection with HCV genotype 5a and a transfusion 

history (Gerard et al., 2005). The results of our study also indicate that transmission of HCV 

genotype 5a in Belgium is mainly associated with blood transfusions and hemodialysis.  

In the South African population, the phase of exponential spread was also 

characterized by high growth rates indicative of rapid epidemic spread. The slowdown around 

1950, however, does not appear to be consistent with transmission through blood products, 

which continued until 1990. The South African dynamics might perhaps reflect an iatrogenic 

intervention in the early twentieth century such as the use of unsterilized medical equipment. 

However, we wish to remain cautious in hypothesizing such scenarios based on coalescent 

analyses alone.  

Investigation of the different circulating HCV genotypes and their evolution is not 

only crucial for epidemiological and clinical analyses (Zein, 2000), but might also be helpful 

for the improvement of diagnostic tests and treatment regimens. Since data about the 

epidemiology, natural history and treatment response of HCV genotype 5a infected patients 

are scarce, investigation of clustering of these HCV strains can be a helpful tool to make 

progress in these research areas.  
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EPIDEMIOLOGY AND SPREAD OF AN UNCOMMON GENOTYPE 

HCV is a leading cause of progressive liver disease, including chronic hepatitis, 

cirrhosis and hepatocellular carcinoma. As is the case for other RNA viruses, HCV viral 

diversity involves important clinical implications. HCV isolates from Western Europe and 

North America have limited sequence diversity, resulting from the recent introduction of a 

few strains, such as subtypes 1a, 1b or 3a, from endemic areas (Simmonds et al., 2005). These 

‘epidemic’ strains have spread rapidly in the twentieth century via blood transfusion, use of 

infected blood products, haemodialysis and intravenous drug use, and are characterized by a 

high prevalence and a global distribution. Since they are mostly prevalent in developed and 

rich countries, the majority of epidemiological studies focus on these genotypes. Circulation 

patterns of HCV genotypes in non-western countries are less documented. However, a large 

genomic diversity is found for HCV genotypes 1, 2 and 4 in Africa, and for genotypes 3 and 6 

in India and South East Asia, suggesting a long-term infection in these areas (Pybus et al., 

2001). 

In contrast to other HCV genotypes, there is an evident lack of data on the 

epidemiological history of HCV genotype 5. For many years, this uncommon HCV genotype 

was believed to be confined to the northern part of South Africa and was considered as 

anecdotal elsewhere. However, the epidemiology of this HCV genotype seems to be more 

diverse than first thought. After a few reports on sporadic HCV genotype 5 infections in the 

United Kingdom, the Netherlands, Ireland, Australia, Canada, Brazil, and Germany 

(Davidson et al., 1995; Levi et al., 2002; Murphy et al., 1994; Ross et al., 2000), recent 

studies demonstrate that pockets of HCV genotype 5 infections can be found worldwide. 

Three European studies report an unusually high and local prevalence of HCV genotype 5 in 

Spain (Jover et al., 2001), in Belgium (Verbeeck et al., 2006) and in France (Henquell et al., 

2004). Interestingly, these three studies show a high and very local prevalence ranging from 

10.3% to 27.7% in areas characterized by close-knit societies; a higher mean age associated 

with HCV genotype 5 infections compared to other HCV genotype infections and 

transmission routes related to blood transfusion and hemodialysis, or unknown transmission. 

The cause of these isolated pockets of infection within these areas remains to be resolved. 

Interestingly, none of the patients have a known history of intravenous drug use. Phylogenetic 

analysis of the E1-E2 region of the French and Belgian strains (see reference 43 for the 

methods used to sequence all strains) revealed closely related sequences from five husband 

and wife couples, indicating that sexual or intrafamilial transmission is possibly 
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underestimated. Limited data are available on the biological and clinicopathological features 

associated with HCV genotype 5 infections. Since large-scale clinical trials do not include a 

sufficient number of patients, the optimal treatment schedule remains unknown. For this 

reason, patients infected with HCV genotype 5 are treated with the same regimen as 

individuals infected with HCV genotype 1. Two recent retrospective French studies suggested 

that treatment response of HCV genotype 5 is better compared to HCV genotype 1 response, 

and is very similar to HCV genotypes 2 and 3 response (Bonny et al., 2006; Legrand-

Abravanel et al., 2004). Substained virological response (SVR) is obtained in more than 60% 

of HCV genotype 5 patients treated with the combination of IFN-α (standard or pegylated) 

plus ribavirin for 48 weeks.  

In order to extend our knowledge on this specific HCV genotype, further attempts 

have to be made to collect more epidemiological data from infected patients and samples from 

different geographical regions. Since HCV genotypes are important epidemiological markers 

and useful tools for investigating the spread HCV, standard phylogenetic analysis combined 

with population genetic methods can be applied to estimate the epidemiological history from 

viral gene sequences and to identify the geographical origin of HCV genotype 5. Moreover, 

the different HCV genotypes are predictors of treatment response and have major implications 

on HCV vaccine development. Newly selected inhibitors of HCV replication, such as anti-

polymerases and anti-proteases, are optimized for HCV genotype 1 because of its higher 

prevalence in Europe, Japan and United States and its lower response rate to therapy. 

However, natural polymorphisms of viral targets are less known, or even unknown, for 

uncommon HCV genotypes, and may therefore be underestimated.  

From the perspective of a virologist, any genotype-dependant difference in the 

efficiency of assays to accurately detect, quantify or genotype HCV, has to be carefully 

considered since clinical decisions are based upon the obtained results. For patients with 

chronic hepatitis C and for physicians who have to treat their patients, all HCV genotypes are 

of equal importance and optimal treatment schedules have to be determined for each HCV 

genotype. In this point of view, the less frequent genotypes deserve the same attention as the 

more common genotypes. 
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SUMMARY 

 
HCV genotype 5a was initially believed to be restricted to South Africa but recently, 

pockets of this genotype have been described around the world. To explore the worldwide 

spread of this uncommon genotype and establish the relationships between HCV genotype 5a 

strains from different countries, we performed ML phylogenetic reconstruction, investigated 

phylogenetic signal, and applied Bayesian phylogeographic inference. Although considerable 

phylogenetic noise can be identified in separate gene regions, our analyses reveal a general 

clustering of HCV genotype 5a strains according to geographical origin different from 

common epidemic genotypes. The epidemic history of HCV genotype 5a strains from Spain 

and Syria was estimated using a Bayesian evolutionary analysis approach. The estimated 

dates for the MRCA of the Spanish strains was 1896 [95% highest posterior density interval 

1842-1943] for the E1-E2 region and 1884 [1864-1919] for the NS3-NS4 region. For the 

Syrian strains, the estimated MRCA dates were 1903 [1843-1948] and 1906 [1884-1924] 

respectively. Demographic inference revealed similar Bayesian skyline plots showing an 

exponential growth until approximately 1950, followed by a decrease in the rate of spread 

towards the present. This demographic pattern as well as the phylogeographic signal reflect 

most likely iatrogenic intervention such as the use of unsterilized medical equipment as main 

transmission route, instead of the use of unscreened blood products, which continued until 

1990.  

 

INTRODUCTION 

 
HCV affects an estimated 170 million individuals worldwide, and is a leading cause of 

chronic liver disease. HCV belongs to the family Flaviviridae, genus hepacivirus, and 

contains a single-stranded, positive-sense RNA genome of approximately 9.700 nt (Choo et 

al., 1989). An important feature inherent to all RNA viruses, including HCV, is replication 

using a viral RNA polymerase that lacks proof-reading capacity, resulting in a high mutation 

rate. This potential for genetic variability was realized in the emergence and diversification of 

six major HCV genotypes, which are further divided into several HCV subtypes (Kuiken & 

Simmonds, 2009; Simmonds et al., 2005). Moreover, HCV does not circulate as a 

homogeneous population of viral particles in infected individuals, but as a pool of genetically 

distinct, yet closely related variants often referred to as quasispecies (Martell et al., 1992; 
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Pawlotsky, 2003). HCV genotypes show different geographical distributions and different 

levels of genetic diversity. Phylogenetic and evolutionary studies are helpful tools in 

elucidating the different epidemic histories and routes of transmission of the various HCV 

genotypes. In general, HCV strains from Western countries (for example HCV 1a, 1b and 3a) 

have limited sequence diversity, resulting from a more recent introduction from endemic 

areas. These strains have spread swiftly around the world through infected blood products and 

intravenous drug use (Pybus et al., 2001). Epidemiological studies from non-Western 

countries have shown considerable sequence diversity of some HCV genotypes in distinct 

areas, such as the numerous subtypes of HCV genotypes 1, 2 and 4 that can be found in West 

and Central African countries and in the Middle East (Ndjomou et al., 2003; Pouillot et al., 

2008). These observations suggest that the strains have been endemic to the African continent 

for several hundred years. South East Asia also harbours divergent endemic HCV strains such 

as genotypes 3 and 6.  

In contrast to other HCV genotypes, little is known about the origin, evolution and 

epidemiological profile of HCV genotype 5a. For decades, researchers believed that this HCV 

genotype was confined to South Africa, until recently several pockets of HCV genotype 5a 

infections were reported around the world, for example in Belgium, France, Syria, Spain, 

Brazil, Canada, United Kingdom, the Netherlands, Ireland, Australia and Germany (Antaki et 

al., 2009; Chamberlain et al., 1997; Davidson et al., 1995; Henquell et al., 2004; Jover et al., 

2001; Levi et al., 2002; Murphy et al., 1994; Ribeiro et al., 2009; Ross et al., 2000; Verbeeck 

et al., 2005; Verbeeck et al., 2008). In a previous study, we demonstrated that the Belgian and 

South African strains formed two distinct clusters of similar diversity, and that the strains 

have been spreading independently in these two areas for more than 100 years (Verbeeck et 

al., 2006). Based on these results, we speculated that the virus spread from a common pool, 

located outside of South Africa, in at least two directions at the same time.  

Molecular evolutionary analyses based on coalescent theory are increasingly being 

applied to infer the past epidemic history of HCV (Ferraro et al., 2008; Pybus et al., 2009; 

Pybus et al., 2001; Pybus et al., 2005; Pybus et al., 2003; Pybus et al., 2007). The coalescence 

method estimates the history of changes in the viral population size based on time-measured 

phylogenetic trees. This Bayesian implementation of coalescent inference allows approaching 

the epidemic history using a full probabilistic model that adequately accounts for 

phylogenetic uncertainty. In the absence of a well-defined demographic scenario a priori, the 

Bayesian skyline or skyride plot model can be used to estimate the dynamics of effective 

population size through time (Drummond et al., 2002; Drummond et al., 2005; Ferraro et al., 
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2008; Minin et al., 2008). Recently, phylogeographic diffusion models have been added to the 

Bayesian coalescent framework (Lemey et al., 2009), enabling co-inference of demography 

and spatiotemporal history. 

In this study, phylogenetic analysis of partial E1-E2, partial NS3-NS4 and 

concatenated HCV gene sequences from HCV genotype 5a strains collected from different 

regions of the world was used to explore the evolutionary history for different HCV genotype 

5a strains. Although likelihood mapping identified the presence of considerable phylogenetic 

noise in separate gene fragments, we reveal a clear spatial structure for this genotype. Using 

Bayesian coalescence approach analysis, we date the age and reconstruct historical rates 

population growth of genotype 5a strains circulating in Syria and Spain. 

 

MATERIALS AND METHODS 

 
Study population 

A total of 221 HCV genotype 5a serum samples from various countries around the 

world were collected for this study. The genotype of the strains was determined using the 

VERSANT HCV Genotype Assay 1.0 (LiPA) (Siemens Medical Solutions, Tarrytown, New 

York; manufactured by Innogenetics, Ghent, Belgium). The geographical distribution of the 

samples was as follows: 75 samples from Belgium (BEL; 60 samples from the northern part 

of Belgium and 15 samples from the southern part of Belgium), 58 samples from Central 

France (FRA; Clermont-Ferrand), 34 samples from the Republic of South Africa (RSA; 

Pretoria), 21 samples from Syria (SYR), 13 samples from Spain (SP), 3 samples from 

Germany (GER), 3 samples from Portugal (POR), 3 samples from Luxembourg (LUX), 1 

sample from the Netherlands (NL) and 10 samples collected in the United Kingdom (UK). 

When available, we complemented the genetic data with information on gender, age and date 

of sample collection. Table IV.1 gives an overview of the demographic data per geographic 

area. No detailed information was available concerning recent migration history of the 

patients. The samples were collected over a 17-year period (1993-2009).  
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Table IV.I Overview of the demographic data per geographic area 

Country Code Number of 
samples 

Male (%) Female (%) Mean age 

Belgium BEL 74 33 (44) 41 (56) 61 years 
France FRA 58 24 (41) 34 (59) 66 years 
Republic of 
South Africa 

RSA 34 5 (24) 16 (76) 64 years 

Syria SYR 21 9 (43) 12 (57) 53 years 
Germany GER 3 2 (67) 1 (33) 64 years 
Portugal POR 3 Unknown Unknown Unknown 
Luxembourg LUX 3 0 (0) 3 (100) 50 years 
The 
Netherlands 

NL 1 1 (100) 0 (0) Unknown 

United 
Kingdom 

UK 10 6 (60) 4 (40) 48 years 

Total na* 208   na 
*na: not applicable 

 

PCR amplification and sequencing of E1-E2 and NS3-NS4 regions 

Viral RNA was isolated from 140 µl serum using the QIAamp Viral RNA Mini kit 

(Qiagen Benelux B.V., Venlo, the Netherlands) according to the manufacturer’s instructions, 

and eluted in 60 µl elution buffer. Extracted RNA was immediately stored at -80°C until 

further processing. A one-step RT-PCR was carried out using the OneStep RT-PCR kit 

(Qiagen). For amplification of a 584 bp fragment from the E1-E2 region (including 

hypervariable region 1 or HVR-1) and a 573 bp fragment from the NS3-NS4 region, we used 

the same protocol as described previously (Verbeeck et al., 2006). PCR products were 

purified using the Invitek MSB Spin PCRapace kit (Westburg Benelux, Leusden, the 

Netherlands). Purified DNA fragments were directly sequenced on both strands using the ABI 

Prism BigDye Terminator Cycle Sequencing Reaction Kit (Applied Biosystems). Samples 

from Spain were analysed at the Laboratory of Virology, CHU Clermont-Ferrand. For NS3-

NS4, the same primers were used as for the other HCV genotype 5a strains collected, but for 

the amplification of E1-E2, a different primer set was used that amplifies a 808-bp fragment 

covering the entire E1 gene (detailed primer information is available on request).  

 

Phylogenetic reconstruction 

Multiple alignments of the nucleotide sequences were created for the E1-E2 region, 

NS3-NS4 region, and the concatenated E1-NS4 region using the Clustal X program version 

1.83 (Higgins & Sharp, 1988). Alignments were subsequently adjusted by hand. Because a 

different primer set was used for the amplification of E1-E2 in the Spanish strains, only the 
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overlapping fragment (418 bp) was retained for all sequences in the dataset. The 

hypervariable region was omitted from the E1-E2 alignment. Molecular phylogenies were 

estimated for each alignment using a maximum-likelihood (ML) approach implemented in 

PAUP* v4.0b (Swofford, 2002). Selection of the nucleotide substitution model that best fitted 

each alignment was performed using Modeltest 3.7 based on the Akaike Information Criterion 

(Posada & Crandall, 1998). For both regions, the transversional model with gamma 

distributed rate heterogeneity among sites and invariable sites (TVM+I+G) yielded the 

smallest AIC score, and was therefore used in subsequent analyses. For the concatenated 

dataset, the general time reversible model with gamma distributed rate heterogeneity among 

sites and invariable sites (GTR+I+G) was selected. Substitution model parameters were 

estimated on a initial neighbor-joining tree and fixed throughout heuristic search optimization, 

which implemented the NNI branch-swapping algorithm. Bootstrap analysis was performed 

using 500 replicates to assess the statistical robustness of the estimated phylogenies. In 

addition, we employed likelihood mapping analysis (implemented in TREE-PUZZLE version 

5.2) to investigate the phylogenetic information in the different data sets (Strimmer & von 

Haeseler, 1997). In essence, likelihood mapping estimates the amount of phylogenetic 

information contained in the dataset by maximum likelihood evaluation of many different 

quartets of sequences. Parameter estimates for the HKY substitution model with gamma 

distributed rate heterogeneity (4 categories) were constrained to the values obtained by 

Modeltest analysis. The likelihoods for the tree topologies computed for each subset of four 

sequences (quartets) can be represented by a single point in a triangle. The location of these 

points defines the mode of sequence evolution. The three corners of the triangle represent the 

three fully resolved tree topologies that can be computed for four sequences. The centre of the 

triangle displays the percentage of unresolved trees, reflecting star-like evolution. The edges 

of the triangle show the number of partially resolved trees, and reflect the situation where it is 

difficult to distinguish between two of the three topologies. 

 

Bayesian phylodynamic analyses 

HCV demographic and spatiotemporal histories were inferred using a Bayesian 

MCMC coalescent approach implemented in the BEAST 1.4.8 software (Drummond et al., 

2002). We used the Bayesian skyline plot to estimate and compare the epidemic history of 

HCV in Spain and Syria with the previous results obtained for Belgium and South Africa 

(Drummond et al., 2005; Verbeeck et al., 2006). Since the sequences were sampled over a 

relatively short period of time, they did not contain sufficient information to accurately 
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estimate the evolutionary rate. Therefore, we specified informative prior distributions for the 

E1-E2 and NS3-NS4 evolutionary rates (normal prior with mean = 7.2 x 10-4 and standard 

deviation = 1.5 x 10-4 and normal prior with mean = 5.4 x 10-4 and standard deviation = 1.5 x 

10-4 respectively), as estimated in a previous study (Verbeeck et al., 2006). A relaxed 

uncorrelated lognormal molecular clock model was used, taking into account the variation in 

the evolutionary rate among lineages (Drummond et al., 2006). Samples for which the 

sampling date was unknown, were deleted from the datasets. For the concatenated data set, we 

performed phylogeographic analysis using a model for discretized diffusion that is connected 

to standard models of sequence evolution (Lemey et al., 2009). We employed the GTR model 

of nucleotide substitution with gamma distributed rate variation and specified a normal prior 

on the substitution rate (mean = 6.3 x 10-4, standard deviation = 1.5 x 10-4). Significant 

linkages were concluded for rates yielding a Bayes factor larger than 3. The phylogeographic 

analysis considered all locations as particular discrete states except for the single Dutch strain, 

which was included with an unknown location. MCMC analyses were run for 25 X 106 or 50 

X 106 states depending on the size of the data set or complexity of the model. Posterior 

distributions were calculated after a burn-in of 10%. The posterior samples were analyzed 

using the program Tracer (http://evolve.zoo.ox.ac.uk/Tracer) and (location-annotated) 

maximum clade credibility (MCC) trees were visualized in FigTree.  

 

RESULTS 

 

Phylogenetic analysis of HCV genotype 5a  

To perform a detailed study HCV genotype 5a epidemiological spread, we inferred 

ML phylogenetic trees from a worldwide sampling. Figure IV.1 (a-c) shows the resulting 

phylograms for the E1-E2, NS3-NS4 and concatenated gene region. All samples were named 

by a two or three letter code to indicate the origin of the sample, followed by two digits 

representing the year of sampling if known. The last two digits represent the patient number. 

In general, the phylogenetic clustering of strains largely corresponds to their geographical 

origin. Cluster I contains the Belgian samples and some samples from the UK, cluster II is 

formed by the South African strains, cluster III groups the Syrian samples, cluster IV contains 

French and UK strains, and cluster V harbours the Spanish samples.  

The separate gene analyses reveal many differences in phylogenetic clustering. For the 

purpose of clarity, only the sample names of the strains that did not cluster according to their 

geographical origin are displayed in Figure IV.1. Based on the phylogenetic results of the E1-
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E2 region, the strains from Spain (cluster V) form a subcluster within the French clade. 

However, the results of the NS3-NS4 region indicate that the Spanish strains form a 

monophyletic cluster (cluster V) that is most related to the South African strains, with the 

exception of strain SP-07-09 that does not belong to any of the clusters in the NS3-NS4 

region. For the concatenated dataset, the Spanish strains (cluster V) also cluster 

monophyletically within the French clade. One sample from the UK (UK-00-01) belongs to 

the Spanish subcluster in the three analysed regions. In the NS3-NS4 region and the 

concatenated region, the Spanish subcluster harbours a French sample (FRA-03-19) and a 

sample from the UK (UK-00-07), but these samples cluster in the French clade (clade IV) for 

the E1-E2 region. Five samples, one from Luxembourg (LUX-07-01), two from Portugal 

(POR-??-02 and POR-??-03), one from the UK (UK-99-04) and one from South Africa (RSA-

95-18) belong to the French clade in the three analysed regions. The third sample from 

Portugal (POR-??-01) clusters within the South African clade for all regions. The same holds 

for the sample from the Netherlands (NL-03-01), and two German samples (GER-02-02 and 

GER-05-04). The third German sample (GER-97-01) belongs to the South African clade for 

the E1-E2 region and the concatenated region, but was not assigned to any of the clusters in 

the NS3-NS4 region. The two remaining samples from Luxembourg (LUX-06-02 and LUX-

07-05) are closely related to the Belgian strains for the three gene regions analysed. Two 

Belgian samples (BEL-02-14 and BEL-03-07) are more closely related to the South African 

strains in the E1-E2 region and the concatenated region, but not in the NS3-NS4 region. The 

samples from Syria (clade III) cluster monophyletically within the South African clade (clade 

II) in the three regions analysed, except for sample SYR-08-21. This sample shows a different 

clustering pattern in the NS3-NS4 region. In the E1-E2 region, the Syrian subcluster harbours 

an additional South African strains (RSA-02-12). This strains clusters within the South 

African clade in both the NS3-NS4 and concatenated region. The samples from the UK are 

interspersed in the Belgian and French clades for all regions analysed. Sample UK-00-14 

clusters within the Belgian clade in E1-E2, but was not assigned to any of the clusters for the 

other regions analysed. Finally, six samples that were not belonging to any of the clusters in 

the NS3-NS4 region, cluster according to their geographical origin in the other regions (FRA-

03-50, FRA-02-55, FRA-03-09, FRA-03-25, RSA-01-54, and RSA-02-14). Table IV.2 shows 

the mean pairwise nucleotide diversities for the 5 clades. All clades have comparable 

nucleotide diversities. 
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Figure IV.1 Maximum likelihood phylogenetic tree of (a) a 408-nt fragment from the E1-E2 region (without the 
hypervariable region) of the HCV genome, (b) a 555-nt fragment from the NS3-NS4 region of the genome, and 
(c) the concatenated dataset (963-nt). Clusters are highlighted according to their geographical origin (red: 
Belgium; dark green: Republic of South Africa; light green: Syria; blue: France; orange: Spain.) All displayed 
strains are named by a two or three letter code to indicate the origin of the sample, followed by two digits 
representing the year of sampling if known. The two last digits represent the patient number. Numbers at the 
nodes represent the bootstrap support for 500 replicates. Only values >50% are shown.  
 

Table IV.2 Mean pairwise nucleotide diversities for the different clades in the phylogenetic trees 

 Clade I 

(Belgium) 

Clade II 

(South-Africa) 

Clade III 

(Syria) 

Clade IV 

(France) 

Clade V 

(Spain) 

E1-E2 0.089±0.008 0.106±0.008 0.078±0.007 0.085±0.007 0.097±0.009 

NS3-4 0.074±0.006 0.086±0.007 0.066±0.006 0.065±0.005 0.074±0.006 

 

Likelihood mapping 

Although we report many differences in evolutionary relatedness among genes above, 

bootstrap analyses do not yield convincing support for many clusters. To investigate this in 

more detail, we performed likelihood mapping analysis, a graphical method to visualize the 

phylogenetic content of a set of aligned sequences (Strimmer & von Haeseler, 1997). The 
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results of the likelihood mapping analysis are represented in Figure IV.2. For the E1-E2 

alignment (Fig. IV.2a) and the NS3-NS4 alignment (Fig. IV.2b), a reasonably large 

proportion of quartets remains unresolved (12.7% and 10.7% respectively). Interestingly, 

concatenation of both gene regions yields a considerable reduction in unresolved quartets 

(Fig. IV.2c). In agreement with higher bootstrap values for the concatenated dataset, this 

provides evidence that phylogenetic noise unrelated to recombination is responsible for the 

topological variability among genome regions, as recombination is expected to increase noise 

when concatenating different evolutionary histories. Combining multiple gene regions clearly 

assists in increasing the signal-to-noise ratio. 

 

 

 

Figure IV.2 Likelihood mapping diagrams produced from (a) the E1-E2 dataset, (b) the NS3-NS4 dataset, and 
(c) the concatenated dataset.  
 

Phylogeography 

Based on the results of our likelihood mapping, we employ the concatenated dataset 

(only including the strains for which the sampling date was known) to reconstruct the 

genotype 5 phylogeographic history using a recently developed Bayesian approach. Figure 

IV.3 shows the maximum clade credibility (MCC) inferred from this dataset. Branches are 

annotated with modal estimates for their geographical location states using a colour labelling. 

In agreement with the phylogenetic results, strains show a general tendency to cluster 

according to their geographical origin. Strains from the UK, Germany and Luxembourg do 

not cluster monophyletically. The strain from the Netherlands (indicated in black) from a 

Somalian patient, clusters within the South African clade (indicated in green). Two Belgian 

patients are more closely related to the South African strains than to the other Belgian strains 

(indicated in blue).  
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Figure IV.3 Maximum clade credibility (MCC) phylogeny for the concatenated dataset. Branches are coloured 
according to their location states. Numbers at the nodes represent median posterior probabilities. Only values of 
0.5 or above are shown.  
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Epidemic history of HCV genotype 5a in Spain and Syria 

We estimated the demographic history for the Spanish and Syrian clusters using a 

Bayesian coalescent approach implemented in BEAST v1.4.8. For each gene region, we only 

considered sequences that were clustering. Figure IV.4 shows the separate Bayesian skyline 

plots that represent the estimated change in effective number of infected individuals over time 

in Syria and Spain respectively. The estimated dates for the most recent common ancestors 

were: 1896 [CI, 1842-1943] for E1-E2 and 1884 [CI, 1864-1919] for NS3-NS4 of the Spanish 

subclade; 1903 [CI, 1843-1948] for E1-E2 and 1906 [CI, 1884-1924] for NS3-NS4 of the 

Syrian subclade. The current effective numbers of infections and the expansion dynamics are 

similar for the Spanish and Syrian datasets. After an initial constant population size period, 

the skyline plots show a phase of exponential growth that declines and stabilizes towards the 

present.  

 

 

Figure IV.4 Bayesian skyline plots estimated from the Spanish (a) and Syrian (b) samples in the E1-E2 (blue) 
and NS3-NS4 (red) regions of the HCV genome. The x-axis indicates the year, and the y-axis indicates the 
effective number of infections. The dark lines are the medium estimates and the shadings indicate the 95% 
highest posterior density intervals (95% HPD). 
 

DISCUSSION 

 
In contrast to many other HCV strains, the endemic source and epidemic spread of 

HCV genotype 5a remain unknown. This HCV genotype was first described in the northern 

part of South Africa (Chamberlain et al., 1997; Ohno et al., 1994) and until recently, it has 

been thought to be mainly restricted to this area. However, during the last years, several 

pockets of HCV genotype 5a have been identified around the world, e.g. in Australia, 

Belgium, Brazil, Canada, Ireland, The Netherlands, Spain, France and Syria (Antaki et al., 

2009; Antaki et al., 2008; Chamberlain et al., 1997; Davidson et al., 1995; Delwaide et al., 
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2005; Henquell et al., 2004; Jover et al., 2001; Levi et al., 2002; Ribeiro et al., 2009; Thomas 

et al., 2000; Verbeeck et al., 2006). In our previous study on the origin and spread of HCV 

genotype 5a, we hypothesized the existence of a common ancestor located outside of South 

Africa (Verbeeck et al., 2006). In order to further elucidate the spread of this genotype around 

the world, we collected additional HCV genotype 5a strains from other regions of the world 

and performed phylogenetic as well Bayesian inference of phylogeographic and demographic 

history.  

The results of our analyses are based on two different genomic regions, namely the 

E1-E2 region which is known to have a high mutation rate, and the NS3-NS4 region which is 

a more conserved region. Due to the limited volume of serum for more than half of the 

samples, we were not able to perform an additional phylogenetic analysis of the NS5B region. 

Although this region is often used for studying phylogenetic relationships between different 

HCV genotypes or different HCV subtypes belonging to the same HCV genotype, we showed 

in a previous study that the phylogenetic signal of this region may be too low to study subtle 

differences within one HCV subtype (Verbeeck et al., 2006).  

The phylogenetic clusters largely correspond to the geographical origin of the strains, 

although some exceptions are noted. For example, the strain from the Netherlands (NL-03-01) 

clusters within the South African clade in the three gene regions. Epidemiological information 

indicated that this patient was born in Somalia, and only recently moved to the Netherlands. 

Since this strain is more closely related to the African strains, it is likely that this patient 

acquired the infection in Africa before moving to the Netherlands. One sample from a 

German patient (GER-97-01) and one sample from Portuguese patient (POR-??-01) also 

grouped with the South African strains for all analysed gene regions. Since epidemiological 

information on these strains and patients is lacking, no definitive conclusion can be made, but 

our results indicate that these patients were possibly infected in South Africa or by a strain 

circulating in Europe with a direct South African origin. The same holds for two Belgian 

strains (BE-03-07 and BE-02-14), of which one was acquired by vertical transmission from 

the other Belgian strain. The Bayesian phylogeographic analysis of the concatenated data set 

clearly confirms the general clustering of strains according to their geographical origin, 

adding to the phylogeographic patterns that have been observed for HCV. Endemic genotypes 

can be largely restricted to particular geographical areas, but within that area, they may 

exhibit an appreciable spatial structure. This appears to be the case for HCV genotype 6 in 

East Asia (Pybus et al., 2009) and genotype 2 in Africa (Markov et al., 2009). Epidemic 

genotypes on the other hand, have rapidly spread throughout the world promoted by infected 
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blood products and intravenous drug use. HCV genotype 5a now appears to be spreading 

globally, but the spatial structure suggests that it may not have undergone the same 

transmission dynamics as epidemic genotypes. When this occurs, the molecular signal for 

spatial subdivision may also fade away for this genotype. 

The phylogenetic variability we observed among gene regions needs to be interpreted 

in the light of low bootstrap support for many phylogenetic clusters. In agreement with this, 

likelihood mapping reveals a reasonably large proportion of unresolved quartets for the 

separate gene regions. When concatenated however, the signal-to-noise ratio improves. This 

finding indicates that the concatenated is most informative, which is at odds with an 

explanation of recombination among the gene regions since this would yield increased 

phylogenetic noise when concatenating different evolutionary histories. The poor signal may 

be a general characteristic of HCV evolution and phylogenetic clustering, and this may also 

partly explain why very few evolutionary estimates have been obtained from serially sample 

data. The cause of the poor signal remains to be established, but we cannot attribute it to a 

lack of sequence diversity. Positive selection may impact the degree of homoplasy in the 

sequence data, in particular for E1-E2, but further studies are needed to resolve this issue. It is 

interesting to note that in the presence of such phylogenetic noise, the application of Bayesian 

inference tools for joint estimation of discretized diffusion and evolutionary history is 

particularly attractive because we allow the discrete location states to assist in resolving 

topological uncertainties. 

The MRCA for the Spanish subclade is dated in the late 19th century and for the Syrian 

subclade the MRCA is dated in the early 20th century. These findings support a more recent 

epidemic transmission of HCV genotype 5a in these countries. For both the Spanish and 

Syrian populations, the skyline plots show a phase of exponential spread, followed by a 

slowdown around 1950. Again, this pattern is not consistent with transmission through 

unscreened blood products, which continued until 1990. It rather reflects other iatrogenic 

interventions, such as the use of unsterilized medical equipment. The same dynamics were 

seen for the South African population (Verbeeck et al., 2006). A recent study on the 

prevalence of HCV genotype 5a in Syria (Antaki et al., 2009) showed that the mode of 

transmission is mainly associated with familial transmission, since a higher rate of positive 

family history was noted for these patients compared to patients infected with other HCV 

genotypes in the same geographical region. In the non-genotype 5a patient group, a trend 

towards a higher proportion of blood transfusion and haemodialysis was identified. These 

results are in accordance with our assumption that transmission in this area is likely to be 
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associated with iatrogenic interventions. In the Spanish patient cohort study (Jover et al., 

2001), only 18% of the patients received a blood transfusion. One patient (2%) was an 

intravenous drug user. For 80% of the patients, the transmission route was unknown. These 

findings also support possible iatrogenic transmission as main route of infection. However, 

since we do not have detailed epidemiological and medical information on the patients, we 

can only base our hypotheses on coalescent analyses. Therefore we have to remain cautious in 

hypothesizing transmission histories. A case-control study on the epidemiology and virology 

of HCV genotype 5a in France was conducted by Abergel and colleagues (Abergel et al., 

2007). HCV genotype 5a contamination was associated with living in a small rural area called 

Vic le Comte in non-transfused patients, with transfusion in patients living outside Vic le 

Comte and with receiving injections in patients from Vic le Comte. The results of this study 

suggest that the spread of HCV genotype 5a in this area was caused by iatrogenic route before 

1972 (through injections performed by a local physician) and then via transfusion to the 

whole district. A detailed evolutionary study on the origin of HCV genotype 5a in France is 

being conducted by Henquell and colleagues to further investigate this hypothesis (manuscript 

in preparation). Since Syria was occupied by the French from 1920 on and since the MRCA 

of Syria is dated several decades before the MRCA of France, it may seem plausible that 

transmission occurred from Syria to France, and that local iatrogenic interventions and blood 

transfusions are responsible for the further local spread in France. However, the phylogenetic 

trees do not show a direct link between Syrian and French strains, but rather between South 

African and Syrian strains. Without a comprehensive sampling of the full genotype 5a 

diversity, and facing the apparent phylogenetic noise, it may prove difficult to establish 

detailed epidemiological linkage, in particular transmission events that occurred more distant 

in the past. 

The Bayesian coalescence approach is a useful tool to reconstruct the past population 

dynamics of HCV. Detailed studies on the origin and evolution of several HCV genotypes in 

different geographical regions have been performed. For example, the high prevalence of 

HCV genotype 4a in Egypt is the result of rapid exponential epidemic growth that occurred 

during the period of parenteral antischistosomal therapy (Pybus et al., 2003). The exponential 

spread of HCV genotypes 1, 2 and 4 in Cameroon coincided with the mass campaign against 

trypanosomiasis and mass vaccinations in this area (Njouom et al., 2007).  

In contrast, little is still known about the origin of HCV genotype 5a. Remarkably, the 

HCV genotype 5a epidemics are localized in small areas suggesting that local iatrogenic 

interventions are responsible for the spread of this HCV genotype in restricted geographical 
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areas. Since the endemic pool of HCV genotype 5a is still not yet found, we can only 

speculate about possible historical or ecological transmission events that led to the worldwide 

spread of this uncommon HCV genotype.  
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SUMMARY 

 

The HCV genotype of 2301 patients diagnosed with chronic hepatitis C infection 

between 2001 and 2009 in Flanders, Belgium, was determined. HCV genotype 1 was the most 

prevalent genotype in all provinces, followed by HCV genotype 3 in East Flanders, Antwerp, 

Flemish Brabant and Limburg. In Brussels, HCV genotype 4 was the second most prevalent 

genotype. This observation is due to the immigration of patients from the Middle East and 

Africa. Remarkably, a cluster of HCV genotype 5a was found in West-Flanders, where it 

accounts for 26.2% of HCV infections. To explore the transmission history of HCV genotype 

5a in this small rural geographical area, face-to-face interviews based on detailed 

questionnaires and maximum likelihood phylogenetic analysis were performed. We could not 

identify one major transmission source explaining the whole epidemic. Instead, several 

smaller possible transmission chains were identified and confirmed phylogenetically. Overall, 

the HCV genotype 5a epidemic in West Flanders seems to be mainly associated with blood 

transfusion and unsafe medical practices.  

 

INTRODUCTION 

 
HCV is a leading cause of chronic liver disease and confronts many regions of the 

world with a severe disease burden. Worldwide, more than 170 million people are infected 

with this virus (WHO, 1999). Since its discovery in 1989, there is a growing interest in 

different aspects of HCV research, including HCV epidemiology, evolution, host interactions 

and antiviral defence mechanisms. Despite considerable research efforts, several aspects are 

still poorly understood.  

Phylogenetic analyses have revealed that HCV can be classified in 6 different 

genotypes and multiple subtypes (Simmonds et al., 2005). These six genotypes have different 

geographical distributions (Cristina, 2005). HCV genotypes 1a, 1b and 3a are highly prevalent 

“epidemic” strains that are found globally. These strains spread swiftly around the world 

during the twentieth century, most likely through infected blood, blood products and injecting 

drug use, and have relatively low levels of genetic variation. In contrast, other HCV strains 

are highly divergent but are found in restricted geographic areas. These “endemic” strains 

reflect long-term transmission at low levels in particular regions. Genotypes 1, 2 and 4 appear 

to be endemic to regions of West and Central Africa and the Middle East, whereas divergent 
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endemic strains of genotypes 3 and 6 strains are found in South East Asia (Pawlotsky, 2003). 

HCV genotype 5a infections are mainly found in the northern part of South Africa, where 

40% of the HCV patients carry this genotype (Chamberlain et al., 1997). In other regions of 

the world, HCV genotype 5a infections are scarce, and therefore, little is known about the 

geographical distribution, evolution and treatment response of this uncommon genotype.  

In Belgium, HCV prevalence has been estimated at about 0.8%, representing about 

80.000 patients (Beutels et al., 1997; Van Damme et al., 2002). A study of the 

epidemiological profile of HCV patients in Belgium conducted between 1992 and 2002 

showed that HCV genotype 1 is the most prevalent genotype, followed by HCV genotype 3. 

HCV genotype 2 and HCV genotype 4 are roughly equally distributed, and HCV genotypes 5 

and 6 are only encountered sporadically (Gerard et al., 2005). In 2006 however, a remarkable 

cluster of at least 100 HCV genotype 5a infected patients was identified in the West Flanders 

province of Belgium (Verbeeck et al., 2006).  

In this paper, we describe the general epidemiological profile of HCV genotypes in 

Flanders, Belgium for the period between 2001 and 2009. Next, we focus on the uncommon 

HCV genotype 5a cluster in West Flanders. In order to find out how HCV genotype 5a was 

introduced in the population and to study its local spread, we conducted face-to-face 

interviews with the infected patients using a detailed questionnaire to learn more about the 

medical history and the HCV infection of each individual patient. We performed phylogenetic 

analyses to confirm the links between the patients that were found during thorough 

investigation of the questionnaires.  

 

MATERIALS AND METHODS 

 
Study population 

Between January 2001 and August 2009, blood samples of 2301 new patients with 

chronic hepatitis C were received for HCV genotyping at the University Hospital of Leuven. 

Genotyping was performed using the INNO LiPA 1.0 or the INNO LiPA 2.0 (developed by 

Innogenetics Inc., Ghent, Belgium and distributed by Siemens Healthcare Diagnostics, IL, 

USA) according to the manufacturer’s instructions. Demographic and geographic information 

(age, gender, city of residence) were collected for all patients.  

Patients infected with HCV genotype 5a were invited to participate in our study. In 

total, 67 patients were willing to participate. Informed consent was obtained from all patients. 
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Face-to-face interviews based on a detailed questionnaire were conducted for all 67 patients in 

order to explore possible transmission routes. The questionnaire investigated HCV diagnosis, 

HCV treatment outcome, HCV family history, hospitalisation history, general medical care, 

blood transfusion history, contact with blood products, blood donations, military history, 

tattooing, piercing, acupuncture, IDU, visits to general doctors, visits to dentists, travelling to 

foreign countries, and possible links with South Africa. For the female patients, additional 

questions concerning pregnancy and childbirth were included. The study was approved by the 

ethical committee of the University Hospital Leuven.  

 

Phylogenetic analysis 

In order to reconstruct the phylogenetic relationships between the HCV genotype 5a 

patients, 98 serum samples were collected from 61 different patients. Viral RNA was isolated 

from 140 µl serum using the QIAamp Viral RNA Mini kit (Qiagen Benelux B.V., Venlo, the 

Netherlands) according to the manufacturer’s instructions, and eluted in 60 µl elution buffer. 

One-step RT-PCRs were carried out using the OneStep RT-PCR kit (Qiagen) to amplify a 584 

bp fragment from the highly variable E1-E2 region (genome location: nt 554 to nt 1138 

according to the numbering of the H77 strain) and a 573 bp fragment from the more 

conserved NS3-NS4 region (genome location: nt 5058 to nt 5631 according to the numbering 

of the H77 strain) as described previously (Verbeeck et al., 2006). Purified DNA fragments 

were directly sequenced on both strands using the ABI Prism BigDye Terminator Cycle 

Sequencing Reaction Kit (Applied Biosystems).  

Multiple nucleotide sequence alignments were created for the E1-E2 region, NS3-NS4 

region, and the concatenated E1-NS4 region using the Clustal X program version 1.83 

(Higgins & Sharp, 1988). Alignments were adjusted by hand. For the E1-E2 region, the 

hypervariable region was excluded from the analysis, since it is impossible to unambiguously 

align this region. Molecular phylogenies were estimated for each alignment using a 

maximum-likelihood (ML) approach implemented in PAUP* v4.0b (Swofford, 2002). Model 

selection for each sequence alignment was performed with the Modeltest 3.7 software (Posada 

& Crandall, 1998) under the Aikake Information Criterion. For the E1-E2 region and the 

concatenated region, the general time reversible model with gamma distributed rate 

heterogeneity among sites and invariable sites (GTR+I+G) was selected. For the NS3-NS4 

region, the transversional model with gamma distributed rate heterogeneity among sites and 

invariable sites (TVM+I+G) had the smallest AIC score. Substitution model parameters were 

estimated on a initial neighbor-joining tree and were fixed throughout heuristic search 
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optimization during which the NNI branch-swapping algorithm was used. Bootstrap analysis 

was performed using 500 replicates to assess the statistical robustness of the estimated 

phylogenies. 

 

Statistical analysis 

Statistical analysis was performed using SPSS 11.5 (SPSS Inc., Chicago, USA). P-

values ≤0.05 were considered statistically significant. The Chi-Square test was used for the 

detection of significant differences between dichotomous variables. For continuous variables, 

the Mann-Whitney test was used.  

 

RESULTS 

 
General HCV genotype distribution in Flanders, Belgium 

In this study, the HCV genotype of 2301 HCV positive patients was determined. HCV 

genotype 1 was the most prevalent genotype and was found in 1401 (60.9%) of patients. HCV 

genotype 3 was the second most prevalent genotype with 466 (20.3%) infected patients, 

followed by HCV genotype 4 (184 patients, 8.0%), HCV genotype 2 (145 patients, 6.3%) and 

HCV genotype 5 (104 patients, 4.5%). Only one patient was infected with HCV genotype 6. 

No mixed infections with different genotypes were detected. HCV subtype information was 

obtained for 80.4% of samples (11.2% 1a, 42.6% 1b, 0.7% 1a/1b, 3.6% 2a/2c, 1.0% 2b, 

18.1% 3a, 0.1% 3b, 0.3% 4a/4c/4d, 2.4% 4c/4d, 0.2% 4f and 0.2% 4h).  

In total, 1392 (60.5%) patients were male, and 909 (39.5%) were female. For HCV 

genotypes 1 and 3, significantly more men were infected than women (Pearson Chi-Square 

tests, P<0.001). For the other HCV genotypes, no significant differences according to gender 

could be found. The mean age ± standard deviation (SD) of the total study population was 

51.5 ± 15.6 years (range: 5-94). Patients infected with HCV genotype 3 were significantly 

younger than patients infected with one of the other genotypes (42.4 ± 10.3 years; range: 5-

84; Mann-Whitney test, P<0.001).  

 

Description of HCV genotype 5a cluster in West Flanders, Belgium 

Figure V.1 displays the HCV genotype distribution for the northern part of Belgium 

(Flanders and Brussels). For the southern part of Belgium only 37 samples were collected in 

the different provinces. Since this number is too low to represent the general genotype 
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distribution in the southern part of Belgium, these data were deleted from the dataset for 

further analyses.  

 

 
 

Figure V.1 Geographic distribution of the HCV genotypes in Flanders and Brussels (Belgium). The pie charts 
are scaled according to the number of samples analysed in each province.  
 

In each province, HCV genotype 1 is the most prevalent. In Antwerp, Limburg, East 

Flanders and Flemish Brabant, HCV genotype 1 is followed by HCV genotypes 3, 4, 2 and 5a 

respectively. In Brussels, HCV genotype 4 is more prevalent than HCV genotype 3. 

Remarkably, HCV genotype 5a is a minor genotype in all provinces, except for West 

Flanders, were it is the second most prevalent genotype. In this province, more than a quarter 

of the patients (26.2%) is infected with the uncommon HCV genotype 5a. A Pearson Chi-

Square test indicated that the number of HCV genotype 5a patients is significantly higher 

compared to the number of HCV genotype 5a patients in other provinces (P<0.001). The 

HCV genotype 5a patients are significantly older (mean age 62 ± 14.7; range: 13 - 88; Mann-

Whitney test: P<0.001).  

The data on the treatment response of the HCV genotype 5a patients are not based on 

the official medical records, but on the information given by the patients during the interview. 

Therefore, we do not have the exact information on the dosage for each patient. In total, 49 

patients received antiviral therapy. Of these, 59.2% (29/49) showed sustained virological 

response (SVR) after completion of therapy, 14.3% (7/49) were non-responders, and 26.5% 

(13/49) relapsed after therapy.  
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Epidemiological investigation of the HCV genotype 5a cluster in Flanders 

In total, 104 patients were infected with HCV genotype 5a. Of these, 67 patients were 

willing to be interviewed at their home using a standardized questionnaire to identify potential 

risk factors. All 67 patients were born and are living in Belgium. Forty-four patients (65.5%) 

are living in West Flanders, 4 (6.0%) in East Flanders, 5 (7.5%) in Flemish Brabant, 6 (9.0%) 

in Antwerp, 6 (9.0%) in Limburg, and 2 (3.0%) in Brussels.  

Among the HCV genotype 5a patients, 49 (73.1%) received blood transfusion and 24 

(35.8%) patients were blood donors before they were diagnosed with HCV. The questionnaire 

contained several questions that addressed the possibility of transmission via needles or 

syringes. None of the patients reported a history of IDU. Thirteen patients underwent 

acupuncture treatment, most of them at the practice of the family doctor. Two patients have a 

tattoo, and 22 patients have one or more piercings. Seventeen patients received multiple 

injections from multi-dose vials, mainly for pain relief. Two patients reported that they 

received several injections during their military service, and that hygienic procedures were not 

followed correctly. Vertical transmission does not seem to occur often, only two “mother-

child” couples were identified. The same holds for horizontal or familial transmission. We 

identified only one “husband-wife” couple, one “father-son” couple and two sibling couples. 

The patients were asked to give an overview of the family doctors and dentists that they 

visited in the past. The names of three different family doctors appeared on top of the list. 

These family doctors were mainly medically active between 1960 and 1980. Two of them are 

also infected with HCV genotype 5a, and performed several deliveries. Patient-to-doctor or 

doctor-to-patient transmission might have occurred since hygienic procedures were less strict 

prior to the identification of HCV in 1989. No obvious links between HCV infection and 

dentistry history were identified. Patients were also requested to provide us with an overview 

of the surgical procedures they underwent and details on when and where these were 

performed. Surgeries were executed in several hospitals, at different wards, and in a period 

spanning more than 50 years. Therefore, it is very difficult to make any links between HCV 

transmission and surgical history. 

Since HCV genotype 5a is most frequently found in South Africa, we asked the 

patients if they had ever visited that country and whether they had any direct contact with 

blood or blood products during their stay in South Africa. Eight patients visited South Africa 

but none of them had contact with blood products, which excludes the possibility that one of 

the patients was infected in South Africa through blood products or surgery. Five patients had 

travelled to Congo. Two of them were active in a medical setting and performed surgical 
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procedures during their stay. Two other patients were there on holiday and reported no contact 

with blood products. One patient was active in a military setting in Congo, and had a knee 

surgery during his stay between 1959 and 1961.  

 

Phylogenetic reconstruction 

We were able to collect serum samples from 61 HCV genotype 5a infected patients for 

phylogenetic analysis. Thirty-one of these patients completed the questionnaire, enabling us to 

investigate possible transmission routes in detail for this subset of patients. Figure V.2 shows 

the phylogenetic tree for the concatenated dataset. Only one viral strain per patient was 

included for clarity purpose. Each patient is identified by a unique identification number. 

Numbers in bold represent patients of whom both a questionnaire and a serum sample were 

available. In general, the phylogenetic signal of the dataset is rather low, since the main 

branches of the tree are not supported by high bootstrap values. However, some smaller 

clusters with higher bootstrap values can be recognized. Remarkably, for most of these 

clusters, possible common infection sources were identified during detailed inspection of the 

questionnaires. The strains indicated in green originate from patients that visited the same 

family doctor for several years. The doctor himself is also infected with HCV genotype 5a, 

but unfortunately, we were not able to collect a serum sample. This sub-cluster (indicated by 

the dashed rectangle) harbours some additional strains from patients that live in the same rural 

area. We do not have a questionnaire from these patients and therefore can not confirm 

whether these patients also visited this family doctor. The strains indicated in orange 

correspond to a “mother-son” couple where vertical transmission occurred. The two patients 

who received multiple injections during their military service at the same military base, 

cluster together with a bootstrap value of 99 (strains indicated in blue). Three patients that do 

not live in West-Flanders also cluster with a high bootstrap value. The corresponding strains 

are indicated in red. They all received blood transfusion in the same year and in the same 

geographical region. One of the patients was also a blood donor in this geographical region 

before he/she was diagnosed with HCV, and delivered multiple blood donations during almost 

10 consecutive years. The strains shown in yellow are also associated with blood transfusion 

procedures. Two of the three patients (BE03048920 and BE04458951) were blood donors in 

the same geographic region and in the same year as the third patient (BE02218930) received a 

blood transfusion. The small clusters that can be observed for the concatenated gene region, 

were also present in the phylogenetic trees of the separate E1-E2 region and NS3-NS4 region 

(data available on request).  
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Figure V.2 Phylogenetic maximum likelihood tree for the concatenated gene region of HCV genotype 5a strains. 
Each strain is indicated by a unique patient number. Strain names printed in bold correspond to patients from 
whom both a serum sample and a questionnaire were available. Possible inter-patient transmission clusters are 
indicated by a colour code (see text for further details). Numbers at the nodes represent bootstrap values. Only 
values of >50 are shown.  
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DISCUSSION 

 
This study aimed at evaluating the HCV genotype distribution in Flanders and 

Brussels (Belgium) and at investigating the mechanisms underlying the occurrence and spread 

of an uncommon HCV genotype 5a cluster which was described in a previous study 

(Verbeeck et al., 2006).  

Between January 2001 and August 2009, a total of 2301 patients were diagnosed with 

HCV at the University Hospital of Leuven. Only HCV carriers presenting for the first time 

were included in this study. The study population consists of blood samples from patients 

attending the medical consultation at the hospital and blood samples from outpatients from 

other hospitals in Flanders that do not have their own HCV genotyping facilities. Patients with 

anti-HCV antibodies who are HCV RNA negative are not included. The selected study 

population is a representative sample of the total HCV population in Flanders since patients 

from all provinces are included.  

The global genotype distribution in our patient group indicates that HCV genotype 1 is 

dominant (60.9%), followed by HCV genotype 3 (20.3%), HCV genotype 4 (8%), HCV 

genotype 2 (6.3%), HCV genotype 5 (4.5%) and HCV genotype 6 (one case). This 

distribution pattern largely corresponds to the results obtained during a previous survey 

performed in drug users from Belgium in 2005 (Mathei et al., 2005). Since the study 

population in this paper was limited to drug users, the reported prevalence of HCV genotype 3 

was higher than in our study. Compared to the results reported by Gérard and colleagues 

(Gerard et al., 2005), the proportion of HCV genotype 3 patients in Belgium seems to be 

growing over the last decade. This phenomenon is also observed in other European countries 

(Bourliere et al., 2002; Chlabicz et al., 2008; Christofidou et al., 2000; Roman et al., 2008) 

and is probably due to the increase of IDU contamination, which has become the most 

common way of new HCV transmission since blood screening became available in 1991 

(Kleter et al., 1998). Patients infected with HCV genotype 3 were significantly younger than 

patients infected with one of the other HCV genotypes in our dataset. This also fits in the IDU 

scenario. Since HCV genotype 3 has recently been associated with accelerated fibrosis 

progression (Bochud et al., 2009), the growing share of this genotype may have important 

consequences for the management of patients infected with this genotype.  

A more detailed analysis of the HCV genotype distribution per Flemish province 

revealed some interesting findings. HCV genotype 1 is the most prevalent genotype in all 

provinces, followed by HCV genotype 3 in East Flanders, Antwerp, Flemish Brabant and 
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Limburg. In the Brussels capital region, HCV genotype 4 is the second most prevalent 

genotype. This HCV genotype is most common in the Middle East and in Northern and 

Central Africa (Smith et al., 1997). Egypt has the highest HCV prevalence worldwide, and 

more than 90% of the patients are infected with HCV genotype 4 (Ray et al., 2000). Recent 

studies indicate that HCV genotype 4 prevalence has increased in European countries due to 

the immigration of HCV genotype 4-infected patients (Ansaldi et al., 2005; Delwaide et al., 

2006; Payan et al., 2005; Schroter et al., 2002; van Asten et al., 2004; van de Laar et al., 

2005). A study on the emergence of HCV genotype 4 in The Netherlands revealed three 

epidemiological profiles, one associated with immigration from the Middle East and Africa, a 

second profile linked to injecting drug use, and a third one consisting of men who have sex 

with men (MSM) that are co-infected with HIV (de Bruijne et al., 2009). Brussels is a 

geographical region with a relatively high immigration rate, which could be a possible 

explanation for the rise in HCV genotype 4 prevalence in this region. Moreover, HCV 

genotype 4 is increasing in the IDU population in Belgium (personal communication, Prof. F 

Nevens).  

Another remarkable finding is the fact that HCV genotype 5a is the second most 

prevalent genotype in West Flanders, whereas it is only found sporadically in other Flemish 

provinces. In order to study the epidemiology of HCV genotype 5a in Flanders, a thorough 

investigation of possible transmission routes and risk factors was conducted using a detailed 

questionnaire. For the patients infected with HCV of non-genotype 5a strains, epidemiological 

information is lacking. Therefore, we are unable to discuss risk factors associated with 

transmission for these HCV genotypes, and we can not compare the HCV genotype 

distribution in different risk groups which is a drawback of our study. A survey in HCV 

patients using a simple questionnaire during the consultations as suggested by De Maeght and 

colleagues (De Maeght et al., 2008) can provide information on the risk factors and 

transmission profiles of HCV in Belgium.  

In the present study, 104 patients (4.5%) were infected with HCV genotype 5a of 

which 65.5% resided in West Flanders. The main transmission route seems to be blood 

transfusion, as 73.1% of the HCV genotype 5a patients received one or more transfusions 

before they were diagnosed with HCV. Moreover, 24 patients (35.8%) were blood donors 

before they were diagnosed with HCV, and they may have unconsciously contributed to the 

spread of the HCV genotype 5a virus. In our previous study addressing the origin and spread 

of HCV genotype 5a, we hypothesized that transmission of HCV genotype 5a in Belgium was 

mainly associated with contaminated blood products, and that HCV has been circulating in 
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Belgium since mid 1800 (Verbeeck et al., 2006). Since systematic HCV screening of blood 

donors has been introduced in Belgium since 1991, the virus has been able to spread for more 

than a century. A study on the epidemiology of HCV genotype 5a in central France suggests 

that this uncommon genotype was transmitted by iatrogenic route before 1972 in this region, 

and later on via transfusion to the whole district (Abergel et al., 2007). In Syria, transmission 

via blood transfusion, IDU and tattooing was identified in 30% of the HCV genotype 5a 

patients, while no obvious transmission mechanism could explain the infection in the 

remaining portion of patients (Antaki et al., 2009). In southeast Spain, the origin of infection 

was unknown for 80% of the patients, 16% acquired infection by blood transfusion and 4% of 

patients were IDUs (Jover et al., 2001).  

In contrast to HCV genotypes 1, 3 and 4 for which epidemiological data are well 

established, the epidemic spread of HCV genotype 5a remains unknown. Since HCV 

genotype 5a is the predominant genotype in South Africa (Chamberlain et al., 1997), it may 

well be that this genotype originated in that part of the world and was subsequently introduced 

in Belgium. However, our study reveals no direct epidemiological links with South Africa. 

Some patients visited South Africa, but none of them had contact with blood products or 

underwent surgery. One general surgeon and one urologist were professionally active in 

Congo. Since they performed surgical operations, it is possible that they had contact with 

HCV infected patients during their stay in Congo. Although HCV genotype 5a is not 

commonly found in Congo, we hypothesized in a previous study that this region could 

harbour the original source of this genotype (Verbeeck et al., 2006).  

The data on treatment regimen and outcome of the HCV genotype 5a patients studied 

here are derived from patient interviews and not from the official medical records. The results 

should therefore be interpreted with caution. SVR was observed in 59.2% of our study 

population, a success rate that is comparable with the SVR rate described for Syrian HCV 

genotype 5a patients (Antaki et al., 2008) and French HCV genotype 5a patients (Legrand-

Abravanel et al., 2004).  

The standardized questionnaires were only taken by HCV genotype 5a patients. Since 

no control patients infected with other HCV genotypes were interviewed, we are not able to 

statistically compare patients and controls. Since HCV genotype 5a infections are rare, they 

theoretically represent an excellent marker to follow the epidemiological spread. Tracing the 

predominant transmission routes mainly depends on information obtained from the patients 

themselves, and is therefore subjected to the obvious disadvantages of this kind of studies, 

such as recall bias. However the results of our phylogenetic analysis confirm some findings of 
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the face-to-face interviews. Figure V.2 shows the existence of some smaller sub-clusters of 

strongly related HCV strains in patients that may have been infected by a common source. 

Based on the combined results of both the epidemiological and phylogenetic study, small and 

localized clusters of transmission have been identified but statistical evidence to prove this 

phenomenon is lacking. 

When, where and how HCV genotype 5a originated and started spreading in the 

human population, still remains an unsolved issue. Our results suggest that several 

independent transmission events have led to the local spread of this genotype, and that 

transfusion and unsafe medical practices are the main transmission routes.  
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SUMMARY 

 

The genome of HCV exhibits a high genetic variability. This remarkable heterogeneity 

is mainly attributed to the gradual accumulation of mutational changes, whereas the 

contribution of recombination events to the evolution of HCV remained controversial so far. 

While performing phylogenetic analyses including a large number of sequences deposited in 

the GenBank, we encountered a full-length HCV sequence (AY651061) that showed evidence 

for inter-subtype recombination and was, therefore, subjected to a detailed analysis of its 

molecular structure. The obtained results indicated that AY651061 does not represent a 

“simple” HCV 1c isolate, but a complex 1a/1c mosaic genome, showing five putative 

breakpoints in the core to NS3 regions. To our knowledge, this is the first report on a mosaic 

HCV full-length sequence with multiple breakpoints. The molecular structure of AY651061 is 

reminiscent of complex homologous recombinant variants occurring among other members of 

the flaviviridae family, eg. GB virus C, dengue virus, and Japanese encephalitis virus. Our 

finding of a mosaic HCV sequence may have important implications for many fields of 

current HCV research which merit careful consideration. 

 

INTRODUCTION 

 
HCV is a single-stranded RNA pathogen belonging to the genus Hepacivirus in the 

Flaviviridae family (Garnier, 2002). Six major HCV genotypes and almost 80 confirmed or at 

least provisionally assigned subtypes have been identified (Simmonds et al., 2005), generally 

showing a distinct geographic distribution (Lavanchy, 2000; Weck, 2005). HCV exhibits a 

high genetic variability. This remarkable heterogeneity is mainly attributed to the gradual 

accumulation of mutational changes, primarily due to the error-prone nature of the RNA-

dependent RNA-polymerase (Simmonds, 2004; Simmonds et al., 2005). The contribution of 

recombination events to the evolution of HCV, however, remains controversial. Researchers 

paid considerable attention to the identification and characterisation of possible HCV 

recombinants after a first mosaic HCV genome had been described in 2002 (Kalinina et al., 

2002). Consequently, during the last six years the occurrence of additional inter-genotypic 

(Kageyama et al., 2006; Legrand-Abravanel et al., 2007; Noppornpanth et al., 2006), inter-

subtype (Colina et al., 2004), or inter-quasispecies (Moreno et al., 2006) recombinant variants 

with yet unknown replicative and clinical potentials were reported worldwide. In 
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chimpanzees, inoculated simultaneously with HCV subtypes 1a, 1b, 2a, and 3a, 

recombination between the different genomes was also noted (Gao et al., 2007). Although 

multiple recombination events were reported for other members of the Flaviviridae family 

(Twiddy & Holmes, 2003), we are not aware of any such observations in HCV. In this 

communication, we therefore present for the first time evidence for numerous inter-subtype 

breakpoints in an HCV full-length sequence. 

 

MATERIALS AND METHODS 

 
During a survey of approximately 1,200 partial HCV core sequences retrieved from 

GenBank (http://www.ncbi.nlm.nih.gov/Genbank/index.html. Last accessed August 6, 2008), 

we encountered several ambiguous HCV genotype and subtype assignments (Ross et al., 

2008). Among these deviating HCV isolates was a full-length sequence that had been 

deposited in GenBank under the accession number AY651061. The details of the 

amplification and cloning procedures used to generate this particular sequence can be inferred 

from the US patent application #20070065911 (available at: http://depatisnet.dpma.de/. Last 

accessed August 6, 2008). In brief, 11 overlapping nucleotide fragments covering the entire 

genome were amplified by RT-PCR from a serum sample of an Indian patient with chronic 

HCV infection. After purification of the amplicons from the gel, the fragments were inserted 

into a pET21 (+) vector. Subsequently, competent E. coli BL21 (DE3) cells were transformed 

with the obtained plasmid DNA and selected on a LB agar plate with antibiotic and ITPG/X-

gal. Various clones expressing high levels of the inserted HCV fragments were chosen for 

inoculation of LB medium. Plasmid DNA was prepared by alkaline lysis method. All 

expanded clones were digested to excise the respective HCV fragments, which were subjected 

to confirmatory sequencing. The multiple sequences thus obtained for the different regions of 

the HCV genome were joined by Chromas and Chromas-pro software. Before submission to 

the GenBank, the entire genome was also cloned and sequenced. AY651061 was 

subsequently classified as a subtype 1c variant. Since our analyses based on nucleotides 461 – 

676 (numbering according to (Choo et al., 1991)) of AY651061 consistently indicated a 

clustering with genome fragments from HCV subtype 1a and not 1c variants, this 

phylogenetic incongruence prompted us to carry out a more detailed investigation of this 

specific strain. First, we performed ML analyses of the core, E1, E2, p7, NS2 and NS3 

regions of AY651061 and of HCV reference strains from GenBank by using PAUP v.4.0 
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(Swofford, 2002). For each genomic region, the evolutionary model was selected by 

Modeltest 3.7 (available at: http://darwin.uvigo.es/software/modeltest.html. Last accessed 

August 6, 2008) (Posada & Crandall, 1998). Phylogenies were estimated by an extensive ML 

approach with nucleotide substitution models and rate heterogeneity parameters (proportion 

of invariable sites and alpha shape of the discredited gamma distribution) as determined by 

the program. Bootstrap analysis (5,000 replicates) was performed using the neighbour-joining 

method. Next, putative recombination events and corresponding breakpoints were identified 

with SimPlot, v.3.5.1 (available at: http://sray.med.som.jhmi.edu/SCRoftware/simplot/. Last 

accessed August 6, 2008) (Lole et al., 1999). The window width and the step size were set at 

400 bp and 20 bp respectively. Bootscanning was performed with AY651061 as a query 

sequence. Finally, ML trees of the genome fragments between the identified breakpoints were 

reconstructed by using PAUP v.4.0. Also for these tree reconstructions, the exhaustive ML 

analysis was conducted with the model settings as selected by Modeltest 3.7, and neighbor-

joining bootstrap analysis (5.000 replicates) was performed. 

 

RESULTS 

 

Our initial observation on a 216 bp core fragment of AY651061 was corroborated by 

further phylogenetic analyses of the E1 to NS3 regions of this particular viral strain. As 

shown in Figure VI.1, the subgenomic AY651061 sequences form a phylogenetic cluster with 

HCV 1a variants in the core and E2 regions (Figure VI.1a and VI.1c) but were more similar to 

HCV 1c isolates in the E1, p7, NS2 and NS3 regions (Figure VI.1b, VI.1d-1f), suggesting a 

mosaic structure. The phylogenetic clustering is supported by high bootstrap values for each 

of the examined regions. 
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Figure VI.1 Phylogenetic trees based on maximum likelihood analyses for the core (a) to NS3 (f) regions of 
AY651061 (represented in bold) and representative HCV subtypes 1a, 1b and 1c sequences retrieved from the 
GenBank database. Identical sequences were removed from the alignment file for the ML analysis of each 
separate region. The numbers at the nodes of the trees represent bootstrap values (only values of 65 or above are 
shown). The clusters harbouring the AY651061 strains are indicated by dashed rectangles. 

 

Bootscanning analysis using the approach of a “sliding window” implemented in 

SimPlot indicated five putative breakpoints (nts 801, 1261, 2181, 3041, and 3781) in the 

AY651061 sequence spanning from the core to the NS3 regions (Figure VI.2). ML tree 

reconstruction based on the nucleotide fragments between the identified breakpoints finally 

showed that the proposed clustering was confirmed phylogenetically (Figure VI.3). 

AY651061 clusters with HCV subtype 1a in the 5’-UTR/core (partial) region (Figure VI.3a), 

the E1 (partial)/E2 (partial) region (Figure VI.3c) and the NS2 (partial)/NS3 (partial) region 

(Figure VI.3e). On the other hand, the AY651061 strain is more similar to the HCV 1c 

subtypes in the core (partial)/E1 (partial) region (Figure VI.3b), the E2 (partial)/NS2 (partial) 

region (Figure VI.3d), and the NS3 (partial)/3’-UTR region (Figure VI.3f). Our findings 

indicate that AY651061 should be considered as a complex mosaic genome which consists of 

stretches of nucleotides that belong to both HCV 1a and 1c strains. 

 



                                                                                                       Chapter VI - Recombinant HCV genome pattern 

 112

 

 

Figure VI.2 Plot created by the BootScan option of SimPlot, v3.5.1. AY651061 was chosen as query sequence 
and was compared with consensus sequences representing subtypes 1a, 1b and 1c that were obtained by grouping 
several reference sequences from GenBank. The y-axis represents the number of permutated trees using a sliding 
window of 400 bp, with a step size of 20 bp. Vertical dashed lines indicate inter-subtype recombination 
breakpoints identified by bootscanning analysis. At the bottom, a schematic representation of the HCV genome 
is shown. 
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Figure VI.3 ML phylogenetic trees (a-f) based on the nucleotide fragments between the breakpoints that were 
identified by SimPlot analysis. AY651061 is represented in bold. Identical sequences were removed from the 
alignment file for ML analysis of each separate region. Bootstrap values of 70 or above are shown. The clusters 
harbouring the AY651061 strain are indicated by dashed rectangles. 

 

DISCUSSION 

 

To our knowledge, this is the first report on a putative HCV full-length sequence with 

multiple breakpoints. The interpretation of the findings reported in this communication, like 

the conclusions drawn in most comparable studies on other members of the family 

Flaviviridae (Holmes et al., 1999; Twiddy & Holmes, 2003; Worobey & Holmes, 2001; 

Worobey et al., 1999), was evidently based on scrutinising information deposited in the 

GenBank database by the use of biomathematical tools. The details on the strategy of genome 

sequencing and cloning of AY651061 available from US patent application #20070065911 on 

the one hand show that the size and location of the individual PCR fragments utilised to 

generate the full-length sequence do not correspond to the recombination breakpoints 

identified by our investigation. This observation, in conjunction with the fact that several 

clones of both the subgenomic fragments and the entire genome were analysed by R. V. 

Guntaka and co-workers, strongly argue against the consideration that the mosaic structure of 
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AY651061 was simply the result of sequencing errors involving a contaminated or multiply 

infected sample (Meyerhans et al., 1990; Odelberg et al., 1995). On the other hand, we could 

not entirely exclude this possibility since we did not have direct access to the original material 

containing the Khajal HCV isolate preventing us from further molecular analyses like the use 

of HCV 1a and 1c subtype-specific oligonucleotide primers spanning the identified 

recombination breakpoints. 

The AY651061 sequence has already been described in a report on HCV 

recombination published by Cristina and Colina (Cristina & Colina, 2006). These authors, 

however, included AY651061 as a non-recombinant reference sequence in their SimPlot 

analyses and, therefore, their impression that the query sequence D10749 is a 1a/1c 

recombinant form with breakpoints in the E1/E2 regions now has to be put under question. A 

similar classification artefact due to the inclusion of recombinants as reference sequence has 

been identified for HIV-1 (Abecasis et al., 2007). Interestingly, the putative breakpoints that 

we identified in AY651061 were almost evenly distributed over the first 4,000 nucleotides of 

the genome, covering the core to NS3 regions. Thus, these recombination events were not 

located predominantly in the NS2/NS3 (Kageyama et al., 2006; Kalinina et al., 2002; 

Legrand-Abravanel et al., 2007; Noppornpanth et al., 2006) or the NS5 regions (Colina et al., 

2004; Moreno et al., 2006) that had been described previously as the most likely sites for the 

occurrence of HCV recombination events. 

The molecular structure of AY651061, as revealed by our study, is highly reminiscent 

of findings in full-length sequences of another member of the Flaviviridae family, ie GB virus 

C (GBV-C), a pathogen closely related to HCV (Simons et al., 1995). In GBV-C, numerous 

homologous recombinations were detected, leading to the formation of genomes with a rather 

complex mosaic composition (Twiddy & Holmes, 2003). Worobey and Holmes (Worobey & 

Holmes, 2001), for instance, reported on three such GBV-C sequences, one of which showed 

signs of no less then nine apparent recombination events involving genetic material from at 

least four different sources and three GBV-C subtypes. Besides the observations in GBV-C 

sequences, multiple recombinations were also detected in a number of mosquito-borne 

flaviviruses, among them different serotypes of dengue virus (Holmes et al., 1999; Tolou et 

al., 2001; Twiddy & Holmes, 2003; Worobey et al., 1999), Japanese encephalitis virus (Gould 

et al., 2004; Twiddy & Holmes, 2003), and St. Louis encephalitis virus (Twiddy & Holmes, 

2003). Our first observation on a complex mosaic genome pattern in HCV, has to be 

confirmed and extended by further reports. In the light of the ever increasing amount of HCV 
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sequences available in publically accessible databases, the growing awareness of the 

possibility of HCV recombination, and the advent of more powerful biomathematical tools 

that facilitate the detection and characterisation of multiple recombination events (Worobey & 

Holmes, 1999), we are confident that more sequences will eventually be added to the list of 

complex mosaic HCV genomes. However, they will probably remain a limited fraction of all 

available HCV genome sequences. Undoubtedly, the recognition of additional multiple 

recombinant HCV forms will raise numerous new questions related to HCV research and may 

also lead to a reconsideration of the current concept of HCV genotyping which is essentially 

based on the intrinsic assumption that the genotype and subtype assignment inferred from one 

region also holds true for the genome as a whole (Nolte, 2001; Simmonds et al., 2005; Weck, 

2005). 
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STRENGTHS AND WEAKNESSES OF HCV GENOTYPING METHODS 

 

The correct assessment of HCV genotypes and subtypes is of utmost importance. The 

therapeutic management of patients suffering from HCV starts with the determination of the 

HCV genotype. Clinical studies have shown that HCV genotype is an independent prognostic 

factor in predicting treatment outcome and in guiding duration of antiviral therapy. Hence, 

correct HCV genotyping is an indispensable tool for the tailoring of antiviral treatment. Other 

important prognostic indicators are age, gender, HCV viral load at baseline, body mass index 

and extent of hepatic fibrosis. The diversity of related quasispecies present at baseline has also 

been inversely associated with response to therapy, although these results remain 

controversial (Weck, 2005). Several multicenter clinical trials regarding combination therapy 

in chronic hepatitis C patients have indicated that HCV genotype 1 infected patients respond 

worse to therapy than patients infected with HCV genotypes 2 and 3. Based on these studies, 

it is currently recommended to treat patients infected with HCV genotype 1 for 48 weeks 

(Farnik et al., 2009), whereas for patients infected with HCV genotypes 2 and 3, therapy is 

stopped after 24 weeks (Tarantino & Craxi, 2009). For the less abundant HCV genotypes 4, 5 

and 6 fewer study material is available. Based on the current literature, it is recommended to 

treat these patients with the 48-week course of antiviral therapy (Nguyen & Keeffe, 2005).  

The existence of several HCV genotypes does not only involve clinical implications, 

but it is also interesting from the taxonomic and phylogenetic point of view. Phylogenetic 

analyses have indicated a relationship between blood transfusion history and HCV genotype 1 

spread, and between intravenous drug use and spread of HCV subtypes 1a and 3a (Pawlotsky 

et al., 1995; Pol et al., 1995). Furthermore, HCV genotyping has also proven its value in 

forensic medical cases such as intraspousal transmission (Ross et al., 1999) and in identifying 

transmission chains in hospital settings (Allander et al., 1995; Knoll et al., 2001; Massari et 

al., 2001).  

The gold standard for HCV genotype determination is RT-PCR followed by 

nucleotide sequencing and phylogenetic analysis, but this approach is expensive, time-

consuming and impractical for large-scale use. Therefore, commercial assays based on 

sequencing of informative coding regions of the HCV genome have been developed. These 

assays use genotype-specific oligonucleotide probes that will bind target products. An 

important question is which region of the HCV genome is most suited to serve as a base for 

the development of these assays. Most commercial assays are directed to the 5’-UTR. This is 
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the preferred region for both quantitative and qualitative RT-PCR due to its high degree of 

conservation between the different HCV genotypes. An obvious advantage of this approach 

lies in the fact that assay failures caused by the presence of mutation in the probe binding sites 

are rare. Despite the very high degree of conservation, this genomic region shows enough 

variability to discriminate between the six HCV genotypes (Lee et al., 1997; Stuyver et al., 

1996; Weck, 2005). However, a number of studies have shown that genotyping methods 

directed to the 5’-UTR falsely identify some variants of HCV genotype 6. Moreover, the 

distinction between HCV subtypes 1a and 1b is not always accurate (Chinchai et al., 2003; 

Stuyver et al., 1996). Other regions in the HCV genome commonly used for genotyping 

purpose are the core/E1 region and the NS5B region. Since these regions show a higher 

degree of variability compared to the 5’-UTR, discrimination between the different subtypes 

of HCV genotype 6 and between HCV subtypes 1a and 1b is improved.  

In Chapter II of this thesis, we evaluated two commercially available genotyping 

assays belonging to the most widely used HCV genotyping assays in clinical laboratories: the 

VERSANT HCV Genotype Assay (LiPA) 1.0 and the VERSANT HCV Genotype Assay 

(LiPA) 2.0. The LiPA 1.0 assay was validated for 77 samples containing the infrequently 

found HCV genotype 5a. This assay was not evaluated for other HCV genotypes. A 100% 

concordance between genotype assignment by the LiPA 1.0 and genotyping based on 

phylogenetic analysis of the NS3-NS4 region was observed, despite sequence heterogeneity in 

the probe binding sites of some samples (Verbeeck et al., 2005). We choose to perform 

nucleotide sequencing of the NS3-NS4 region because this region has a higher genetic 

variability compared to the 5’-UTR, which is targeted by the LiPA 1.0. Although this assay 

proved accurate for our HCV genotype 5a strains, it does not allow discrimination of HCV 

genotype 6 subtypes c-l from HCV genotype 1, and only has a limited subtyping accuracy. In 

a study by Halfon et al. on the accuracy of LiPA 1.0, 184 samples were genotyped by 

sequencing part of the NS5B region as reference method. The overall accuracy of the line 

probe assay was 74%. For HCV genotype 1a, 76% of samples were correctly genotyped. The 

genotyping accuracy for HCV genotypes 2a, 2b and 2c was only 9%. For genotypes 1b and 

3a, the accuracy was 95% and 96% respectively (Halfon et al., 2001). In another study, 

concordance between NS5B sequencing and LiPA 1.0 was 100% at the genotype level, but 

only 80% at the subtype level. Misclassification of HCV genotype 1a samples occurred in 

22% of the samples (Chen & Weck, 2002). To overcome these limitations, a new assay has 

been developed which uses additional sequence information of the core region. Evaluation of 

this LiPA 2.0 assay was performed for all circulating HCV genotypes. In total, 99.4% of the 
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interpretable genotyping results agreed with the results obtained by phylogenetic analysis, 

rendering it an accurate and reliable assay suited for large-scale genotyping. A comparison 

study between LiPA 1.0 and LiPA 2.0 showed that the new assay outperforms the previous 

version of the assay (Verbeeck et al., 2008b). This improvement can be attributed to the 

additional information contained in the core region, which can better distinguish between 

HCV genotype 6 subtypes c-l and HCV genotype 1, and between HCV subtypes 1a and 1b. 

Inaccurate subtyping does not affect clinical treatment decisions, but does have implications 

for epidemiological studies of HCV subtypes.  

A common problem of genotyping methods is the presence of very low amounts of 

viral RNA in samples. Ideally, HCV genotyping should be performed at diagnosis of chronic 

HCV infection or at the start of antiviral therapy. In practice however, HCV genotype results 

are often obtained after therapy initiation. Hence, the viral load in the collected samples can 

be very low which in turn will cause genotyping failures. For example, the LiPA assay does 

not work well in samples with HCV viral loads below 10.000 International Units (IU)/ml 

(Payne et al., 2001). Therefore, a more sensitive transcription-mediated amplification (TMA)-

LiPA assay has been developed. The TMA method uses two enzymes, namely T7 RNA 

polymerase and reverse transcriptase (RT), and two primers. One primer has a T7 RNA 

polymerase binding site. The cDNA synthesized by the RT functions as a template from 

which T7 RNA polymerase can make numerous copies of RNA. The RNA molecules re-enter 

the TMA cycle and become templates for the next replication cycle. This assay has an 

excellent sensitivity of 5-10 IU/ml (Comanor et al., 2003).  

In addition to commercially available genotyping assays, several other non-

commercialized methods for HCV genotyping have been described. Subtype-specific RT-

PCR assays for example contain primers specific to different HCV subtypes. These primers 

are designed to generate PCR products of differing sizes. Genotypes can subsequently be 

assigned based on amplicon size after gel electrophoresis. Although this method is easier and 

faster to perform than genomic sequencing, genotype misidentification is possible as a result 

of genomic variability in the primer-binding sites (Furione et al., 1999; Kleter et al., 1995; 

Okamoto et al., 1992). Another method that serves genotyping purpose is the PCR restriction 

fragment length polymorphism (RFLP) assay. This method is based on the presence of 

different restriction enzyme binding sites found in different HCV genotypes. Interpretation of 

the genotype depends on the restriction patterns obtained with more than one enzyme and can 

be quite complicated (Buoro et al., 1999). Since RFLP methods are labour intensive and do 

not accurately differentiate between HCV subtypes, they are not widely used in clinical 
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laboratories (Weck, 2005). Pyrosequencing has also been described as a low-cost, high 

throughput and accurate method for HCV genotyping (Elahi et al., 2003). Pyrosequencing is a 

non-electrophoretic DNA sequencing method based on the sequencing-by-synthesis principle. 

This technique employs a cascade of four enzymatic reactions that causes detectable light 

signals (bioluminescence) upon nucleotide incorporation in the growing DNA chain due to 

the release of pyrophosphate (Ronaghi et al., 1998). This technique has been taken to the next 

level in the form of next generator sequencing methods that promise to harvest viral genetic 

data in unprecedented quantities at a rapid rate and at relatively low cost.  

Because correct HCV genotype assignment is a prerequisite for investigating the 

epidemiology and evolution of HCV, a study on the specificity and accuracy of two 

commercially available genotyping assays used in our laboratory was an obvious stepping 

stone for our study on HCV evolution. 

 

ORIGIN AND EVOLUTION OF HCV 

 

The relatively recent identification of HCV precludes detailed historical records on its 

epidemiology, leaving only viral genetic analyses as means to probe the HCV epidemic 

history. Investigating the origin of HCV is by definition a challenging endeavour due to 

several difficulties inherent to evolutionary studies of rapidly evolving RNA viruses.  

Such viruses leave no fossil records and there is a lack of suitable archived patient samples 

old enough to provide sufficient historical depth in epidemiological and evolutionary studies. 

Moreover, HCV infections are characterized by a lack of symptoms associated with both 

initial and chronic infection. Therefore, it is likely that HCV infections are under-diagnosed 

and under-reported. Since the beginning of chronic infection is hardly accompanied by 

clinical symptoms, it is very difficult to estimate past epidemiological and evolutionary 

profiles from medical records. Another problem in investigating the origin and very distant 

past of HCV is the rapid rate of sequence change. To persist in an infected individual, HCV 

must replicate continuously and therefore the virus needs a replication machinery that speeds 

up viral genome replication. To this extent, HCV encodes its own polymerase which lacks 

proofreading capacity and produces far greater numbers of mutations per replication cycle 

than that of its host. The resulting rapid rate of virus sequence change potentially obscures 

traces of genetic relationships for viral lineages that diverged in a distant past. The rate of 
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nucleotide misincorporation has been calculated to be on the order of 10-3 per site per year 

(Ina et al., 1994; Ogata et al., 1991), which is similar to other RNA viruses.  

To evade the host’s immune system and antiviral therapy, HCV is subjected to intense 

selection pressures. Rapid, adaptive changes are favoured and resulting mutants can replace 

the original viral population over a period of several weeks. Consequently, the viral 

population seen at present in a patient sample may not be representative anymore for the viral 

population that was present many years ago.  

Despite the difficulties described above, the rapid evolution provides a rich source of 

genetic information to reconstruct more recent epidemic histories. In the absence of historical 

and archeological records of infection, the evolution of HCV can only be inferred indirectly 

from its present epidemiology and from genetic analysis of contemporary virus populations 

(Simmonds, 2001). One extremely useful tool to estimate the time of evolutionary events is 

the concept of the molecular clock, which arises from the observation that the amount of 

genetic diversity between homologous sequences of two species is a function of the time since 

their evolutionary separation (Bromham & Penny, 2003). Given the lack of other evidence 

enabling us to reconstruct virus histories, the molecular clock has been enthusiastically 

adopted as the method to calculate times of divergence within contemporary virus populations 

(Bollyky & Holmes, 1999; Korber et al., 2000; Simmonds, 2001).  

A molecular clock can be assumed if the rate of evolution is relatively constant over 

time. Although this assumption does not pose major problems when investigating more recent 

evolutionary events, we need to be cautious with reconstructing the earlier history of HCV. In 

fact, it would be problematic to assume that the rates of sequence change measured over 20 

years or less can be extrapolated to calculate the time of origin of more divergent HCV 

genotypes. Nevertheless, molecular clock studies have proven useful in reconstructing local 

HCV epidemics. For example, Tanaka et al. estimated that HCV genotype 1 appeared in 

Japan around 1882, whereas emergence in the USA was delayed until 1910 (Tanaka et al., 

2002). Pybus et al. used molecular clock-based estimates to test the hypothesis that the HCV 

genotype 4a epidemic in Egypt, the country with the highest HCV prevalence worldwide, was 

fed by extensive antischistosomiasis injection campaigns (Pybus et al., 2003). The 

introduction of the “relaxed” molecular clock that allows the rate of sequence evolution to 

vary among the different parts of a phylogeny, played an important role in evolutionary 

studies of rapidly evolving viruses.  
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As mentioned above, the major problem with HCV is that there is little information 

available at present that could assist us in identifying the endemic sources of current HCV 

epidemics. Nevertheless, studies on HCV genotype distributions in Western and in non-

Western countries are helpful to formulate hypotheses on the origin of the different HCV 

genotypes. Western African countries, such as Ghana, Burkina-Faso, Benin and Guinea, show 

a predominance of HCV genotype 2 infections. Remarkably, the genetic diversity of HCV 

genotype 2 in these countries is much greater than the diversity observed in Western countries 

(Jeannel et al., 1998; Mellor et al., 1995). Similarly, HCV genotype 4 infections in Central 

Africa (Gabon, Congo, Central African Republic) are also characterized by extreme subtype 

diversity (Stuyver et al., 1993; Xu et al., 1994). The greatest diversity of HCV genotypes 3 

and 6 is seen in Southern Asia (Lu et al., 2007; Mellor et al., 1995; Pybus et al., 2009). These 

observations are similar of the great sequence diversity of HIV-1 that is seen in Central Africa 

and that provides genetic evidence for that area to be the original source of the worldwide 

HIV-1 epidemic (Gao et al., 1999). By analogy, the HCV genetic diversity in sub-Saharan 

Africa and South East Asia argues for the long-term presence of HCV in human populations 

from these areas (Simmonds, 2001).  

Figure VII.1 shows a simplified representation of the history of the current HCV 

epidemic for HCV genotypes 1, 2, 3 and 6 (see figure legend for details).The recent HCV 

epidemic in both transfusion recipients and IDUs results from longstanding endemic HCV 

infections of populations in Africa and Asia, with movement into new transmission networks 

in industrialised nations (Pybus et al., 2005). 

Estimation of the exact time of origin of the different HCV genotypes remains 

problematic, and although extrapolation of relatively short-term rates of substitution can give 

misleading results, it can already provide us with interesting information albeit hypothetical. 

Molecular clock studies hypothesized that divergence of HCV genotypes has occurred more 

than 500-2000 years ago (Pybus et al., 2001; Smith et al., 1997).  

Several explanations for the long-term endemic transmission of HCV have been 

proposed, including cultural or religious practices such as circumcision, ritual scarification 

and genital mutilation, as well as acupuncture (Shepard et al., 2005). Despite the fact that 

these factors possibly contributed to HCV transmission to some degree, a more widespread 

mechanism seems to be required to maintain HCV transmission over many centuries and 

across many continents. 
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Figure VII.1 Simplified representation of the current HCV epidemic. The cylinders represent constant sized 
populations of HCV infected individuals, while cones represent growing populations. Cross-section dashed 
circles represent changing sizes of ancestral populations. The curved arrows indicate the seeding of different 
HCV strains into new transmission networks within industrialized nations. (Modified from (Pybus et al., 2005). 

 

Pybus et al. proposed two potentially ubiquitous routes of endemic HCV transmission 

(Pybus et al., 2007). The first route comprises the combined effects of domestic, sexual, 

vertical and intra-familial transmission, or other blood-to-blood contacts in the household that 

might lead to HCV transmission. The second route of HCV transmission is by a vector. This 

hypothesis arose from the observation that endemic HCV appears to be concentrated in tropic 

and sub-tropic regions, where humans are subjected to higher biting rates by a wide range of 

arthropods. Moreover, other human pathogenic viruses of the family Flaviviridae, for example 

dengue viruses, yellow fever virus and japanese encephalitis virus, are also vector borne. 

Although HCV has been isolated from bodies and heads of mosquitoes collected in the houses 
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of HCV infected individuals (Chang et al., 2001; Hassan et al., 2003), these studies failed to 

evidence HCV replication in mosquitoes. However, Pybus et al. suggest that mechanical 

transmission of HCV on mouthparts of biting arthropods, even with very low possibility of 

transmission per biting act, could contribute to endemic HCV transmission.  

 

INFERRING POPULATION HISTORY USING HCV GENOTYPE 5A AS A MARKER  

 

The molecular clock describes the rate at which mutations are accumulated in the 

population and can be useful to calculate a time-scale for viral evolution. However, the 

resulting pattern of nucleotide substitution – how genetics is shaped – is governed by 

population genetic forces, such as viral demographics. The extend of viral epidemics is 

largely determined by the number of susceptible hosts and by the ease of infecting these hosts. 

In this point of view, it can be predicted that viral dynamics should reflect host population 

dynamics. Reconstructing the epidemic history of viruses can provide additional information 

necessary to unravel evolutionary mysteries and to test hypotheses formulated on the 

emergence and spread of viral infections. Considerable efforts have been made to develop 

mathematical tools enabling researchers to study population dynamics. These methods are 

based on the coalescent theory, originally introduced by Kingman (Kingman, 1982). The 

coalescent model describes how population size is related to the distribution of coalescent 

events in population genealogies. By combining the coalescent theory with phylogenetic 

methods, the history of ancestry between sampled individual within the population can be 

estimated. Using a single viral sequence of each infected patient in the studied population 

allows us to replace ‘individuals’ by ‘infections’. Hence, we can use phylogenetic gene trees 

to estimate transmission trees. In other words, viral gene sequences can be used to investigate 

the change in the number of infections over time. Coalescent methods estimate the effective 

population size (Ne) which reflects the size of an idealized population instead of the 

population under investigation. However, the dynamics of the actual number of viral 

infections are mirrored in the effective number of infections. Using the coalescent theory, 

Pybus et al. investigated the HCV epidemiology and found significant differences in epidemic 

behaviour among HCV subtypes, which are probably the result of subtype-specific 

transmission patterns (Pybus et al., 2001).  
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Estimating the demographic history of viral populations using the coalescent method 

implies that a demographic model describing the change in effective population size can be 

specified. Commonly used demographic models are constant size, exponential growth, 

logistic growth and expansion growth (Pybus & Rambaut, 2002). In addition, these models 

can be combined to construct more complex models. The use of an adequate model is of 

utmost importance to obtain non-biased and valid estimates of the demographic history. 

Model selection techniques have been developed to investigate which of different 

demographic models best fits the dataset (Pybus et al., 2000). However, comparing the fit of 

several demographic models is a time-consuming task, and an adequate fit is not guaranteed if 

the model is overly simplistic. To address these difficulties, a flexible model called the 

skyline plot was developed (Pybus et al., 2000). This model is able to fit a wide range of 

demographic scenarios. A general drawback of coalescent estimations is that demographic 

history is inferred from an estimated genealogy, not from the sampled gene sequences. 

Consequently, the error associated with phylogenetic reconstruction is ignored. This problem 

is solved by the introduction of the Bayesian skyline plot, which uses standard MCMC 

sampling procedures to average over all plausible genealogies thereby estimating a posterior 

distribution of effective population size through time (Drummond et al., 2005).  

Bayesian coalescent methods have proven very useful in estimating the demographic 

history of different HCV genotypes. The history of HCV genotypes 1, 2 and 4 in Cameroon 

was inferred using this approach (Njouom et al., 2007). Results showed that HCV genotypes 

1 and 4 have produced long-term endemics and that HCV genotype 2 was introduced more 

recently in Cameroon. The exponential spread of these three genotypes observed between 

1920 and 1960 coincided with the mass injection campaign against trypanosomiasis and with 

mass vaccinations in Cameroon. In another study, the relationship between HCV genotype 2 

in Cameroon and in West Africa was investigated (Pouillot et al., 2008). Estimates of the 

epidemic history indicated that HCV genotype 2 was introduced more recently in Cameroon 

compared to West Africa and that HCV genotype 2 spread relatively slowly within the West 

African population, in contrast to the rapid, exponential spread of this HCV genotype in 

Cameroon. The estimated epidemic history of HCV genotypes 1a and 3a among IDUs 

indicates a period of exponential growth during the last century (Pybus et al., 2005). This 

pattern is consistent with the introduction of these genotypes into new transmission networks, 

such as IDU. HCV genotype 1a is characterized by an additional phase of constant population 

size that possibly reflects endemic subtype 1a infection in West Africa. The transmission 

dynamics of HCV genotype 4a in Egypt were also explored (Pybus et al., 2003). The effective 
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number of HCV infections in Egypt underwent an exponential growth between 1930 and 

1955, which provides genetic evidence that the Egyptian HCV epidemic was initiated by anti-

schistosomiasis injection campaigns. HCV genotype 6 is endemic to Asia, and coalescent 

analyses showed that the epidemic history can be split into two distinct phases: a pre-1900 

phase characterized by long-term low-level infections, and a post-1900 phase portrayed by 

rapid exponential transmission of local epidemic strains (Pybus et al., 2009). In contrast to 

other HCV genotypes, the endemic source and epidemic spread of HCV genotype 5a is poorly 

understood. HCV genotype 5 is characterized by limited sequence divergence since only one 

subtype has been assigned to this HCV genotype. HCV genotype 5a infections are 

sporadically reported in local clusters. Therefore, HCV genotype 5a makes an interesting case 

to trace its epidemiological spread and to seek its endemic origin.  

The Bayesian coalescent framework was applied in Chapter III and Chapter IV of this 

doctoral thesis. In Chapter III, we aimed to investigate the endemic origin and epidemic 

spread of HCV genotype 5a using HCV genotype 5a samples collected in Belgium and South 

Africa (Verbeeck et al., 2006; Verbeeck et al., 2008a). We calculated a similar evolutionary 

time scale for the Belgian and South African strains, and the HCV genotype 5a epidemics 

appeared to have reached comparable population sizes in their respective countries. These 

results were surprising, since HCV genotype 5a has always been assumed to originate from 

South Africa. For that hypothesis to hold, one would expect that the Belgian and South 

African clades have different ages, with the Belgian clade nested within the South African 

diversity. Our findings prompted us to formulate a new hypothesis on the origin of HCV 

genotype 5a. Bearing our results in mind, it is reasonable to assume that the virus spread from 

a common ancestral HCV genotype 5a population in at least two directions at the same time. 

This implicates that the endemic source of HCV genotype 5a might be located outside of 

South Africa.  

In Chapter IV, we tried to reconstruct the worldwide spread of HCV genotype 5a. By 

combining phylogeographic and coalescent approaches, we were able to infer HCV 

demographic and spatiotemporal histories. HCV genotype 5a clusters correspond largely to 

the geographical origin of the strains. In other words, the molecular signal for spatial 

subdivision is still present in our data, suggesting that HCV genotype 5a may not have 

undergone the same transmission dynamics as epidemic genotypes. Nevertheless, HCV 

genotype 5a appears to be spreading globally and the HCV genotype 5a epidemic might be 

even larger than initially thought.  
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INVESTIGATING HCV TRANSMISSION CLUSTERS  

 

The global epidemic of HCV was mainly triggered and fed by the increasing use of 

parenteral therapies, IDU and blood transfusion. Between the two World Wars, massive 

injection campaigns were started. Immediately after World War II, blood transfusion became 

a common clinical practice, and blood derivatives started to be produced and administered 

(Giangrande, 2000). Although these advances in medical practice were synonymous to 

effective treatment, people were simultaneously faced with an unfortunate hitch inherent to 

the use of poorly sterilized medical equipment and unscreened blood products. Epidemics of 

infectious diseases, such as HCV, emerged rapidly.  

In-depth epidemiological and molecular evolutionary approaches have been used to 

study the emergence of the major HCV subtypes in different countries. In most cases, 

researchers were able to prove that the HCV epidemics coincided with local outbreaks of 

unsafe parenteral treatments (Prati, 2006). Parenteral anti-schistosomiasis therapy campaigns 

were responsible for the HCV genotype 1b epidemic in Japan (Tanaka et al., 2005) and the 

HCV genotype 4a epidemic in Egypt (Pybus et al., 2003). The latter actually continued until 

1986, when oral medicine was introduced and replaced parenteral treatment strategy. The 

HCV genotype 1b epidemic growth in Spain coincided with the Spanish Civil War (Tanaka et 

al., 2006). In China, the Chinese Cultural Revolution, the increase of blood transfusion and 

the increasing use of other unsafe medical procedures between 1960 and 1970 caused the 

emergence of the local HCV 1b epidemic (Nakano et al., 2006). The HCV genotype 3a 

epidemic in the former Soviet Union and the HCV genotype 1a epidemic in the USA were 

mainly linked to the increasing IDU population (Nakano et al., 2004; Tanaka et al., 2006).  

In Chapter V, we used molecular phylogenetic tools to investigate the local HCV 

genotype 5a epidemic in Flanders, Belgium. The main transmission route was shown to be 

blood transfusion. We identified a small cluster of patients that visited the same family doctor 

who was also infected with HCV genotype 5a, showing that unsafe medical procedures play 

an important role in spawning local epidemics. In addition, we showed that phylogenetics can 

corroborate results obtained by epidemiological surveys, such as the questionnaire that was 

used in this study. Combining different disciplines of research will improve the current 

knowledge on HCV epidemics.  
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THE DOWNSIDE OF RECOMBINANT STRAINS 

 

Knowledge of the distribution of the different genotypes around the world may help us 

to understand the epidemiology and evolutionary aspects of HCV. Moreover, HCV genotype 

is a key factor in treatment decision and disease prognosis. The potential of recombination can 

confound or adversely affect these research areas is the existence of recombinant forms of 

HCV. Like HIV-1, HCV is characterized by high levels of genetic diversity. Although it is 

well known that recombinant strains of HIV-1 have a relatively high prevalence all over the 

world, there has been limited evidence of HCV recombination between different genotypes or 

subtypes (Sentandreu et al., 2008), suggesting that resulting recombinant forms are often not 

viable (Smith et al., 1997). Until 2002, when the first mosaic HCV genome (2k/1b) was 

described (Kalinina et al., 2002), HCV evolution was thought to proceed in a clonal manner, 

with diversity generated through the accumulation of mutations (Legrand-Abravanel et al., 

2007). However, during the last 7 years, inter-genotypic, intra-genotypic and inter-

quasispecies recombination was reported all over the world (Colina et al., 2004; Kageyama et 

al., 2006; Moreno et al., 2006; Noppornpanth et al., 2006). In Chapter VI, we describe a 

complex HCV 1a/1c mosaic genome, showing five putative breakpoints located between the 

core and NS3 region of the HCV genome (Ross et al., 2008). This is the first report on a HCV 

recombinant with multiple breakpoints. In other members of the family Flaviviridae, for 

example in dengue virus (Worobey et al., 1999) and Japanese encephalitis virus (Twiddy & 

Holmes, 2003), numerous homologous recombination events leading to the formation of 

rather complex mosaic genomes have been described. In GB virus C (GBV-C), a pathogen 

closely related to HCV, recombinant forms containing genetic material from up to 4 different 

sources or from at least 3 different GBV-C subtypes were found (Worobey & Holmes, 2001).  

The exact mechanism by which recombinant strains are formed, remains to be 

elucidated. Kalinina et al. showed that the parental strains of the 2k/1b recombinant had two 

hairpin structures up- and downstream of the cross-over point. These hairpin structures were 

absent in the recombinant strain. Based on these observations, a two-step mechanism to 

explain formation of recombinant forms was proposed. In a first step, cRNA is synthesized 

with the donor RNA (1b) as template. When the RdRp reaches the first hairpin structure, 

transcriptional pausing takes place. The transcriptional complex with the RdRp and the 

nascent RNA dissociates from the template RNA. In the next step, the transcriptional complex 

together with the nascent RNA will bind to the second hairpin structure on the acceptor RNA 
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(2k) and consequently, the nascent RNA is elongated on the acceptor RNA template. This 

results in the formation of a recombinant 2k/1b strain (Kalinina et al., 2004).  

 

GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES 

 

The main objective of this doctoral thesis was to investigate the origin, evolution and 

spread of HCV genotype 5a. Since HCV genotype 5a infections are as yet relatively rare, they 

serve as an excellent marker to trace viral spread and to study viral population dynamics over 

time. We have shown that HCV genotype 5a infections are more commonly found than 

previously thought. Although we were unable to exactly locate the endemic source of HCV 

genotype 5a, we provided evidence that South Africa might not harbour the common ancestor, 

opposed to what was previously assumed. Studying the worldwide epidemic history of HCV 

genotype 5a revealed that this genotype is spreading globally, but the relatively conserved 

spatial structure suggests that it may not be part of the epidemic genotypes such as HCV 

genotypes 1a, 1b and 3a. In Belgium, the HCV genotype 5a epidemic is localized mainly in 

West Flanders, and seems to be associated with a local blood transfusion network and use of 

unsterilized medical equipment by family doctors.  

The incidence of HCV infections in developed countries has decreased significantly 

within the last decade due to improved blood screening, effective virus-inactivation 

procedures for blood derivatives and the introduction of second-generation anti-HCV tests. A 

sharply contrasting picture arises in developing countries. HCV epidemics continue to grow 

in poor regions of the world, where blood transfusion, contaminated injection equipment and 

ritual practices remain major causes of HCV transmission.  

Reconstruction of virus history by analysing the current viral distributions is fraught 

with the problem of recombination. Recombination seems to play an important role in the 

evolution of many RNA viruses by shuffling genetic variation, and has important implications 

on the decisions concerning treatment regimens. Treatment schedules are mainly based on the 

HCV genotype infecting the patient, but what choice has to be made when a patient is infected 

with a recombinant form? Moreover, the existence of recombinant forms could have an 

impact on the development of vaccines to control HCV (Colina et al., 2004). It is therefore 

clearly important to determine the role of recombination in the evolution of HCV. The 

assumption that recombination would be unimportant in RNA viruses is already proven 

wrong (Worobey & Holmes, 1999). Hence, more studies on the existence of HCV 
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recombinant forms are needed to further improve our knowledge and to estimate their impact 

on several aspects of HCV research fields.  

The growing field of phylogeography will create an important advantage in molecular 

epidemiology studies. Phylogeography is on its way to becoming one of the most integrative 

fields in evolutionary biology (Hickerson et al., 2009). By inferring spatial and temporal 

processes from viral gene sequences, as was shown in Chapter IV, new insights will be 

obtained regarding the epidemiology and spatial diffusion patterns of viruses. A new and 

exiting phase is entered that will enable researchers to gain more insight in evolutionary 

processes underlying viral epidemics.  

The results presented in this doctoral thesis shed new light on the existing hypotheses 

concerning the origin and epidemic behaviour of HCV genotype 5a, and attempted to 

formulate a possible explanation for the existence of the remarkable HCV genotype 5a cluster 

in West Flanders, Belgium. We also showed that recombination in HCV could pose a danger 

to phylogenetic studies and treatment decisions. With this work, we have contributed to the 

growing field of HCV epidemiology, and we have underlined the importance of evolutionary 

studies to unravel viral epidemics. We anticipate that further similar research efforts will 

elucidate the remaining mysteries on the origin and spread of HCV.  
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