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Abstract 
 

Hepatitis C virus (HCV) infection is a major cause of chronic liver disease, cirrhosis 

and death. It is estimated that 180 million people are infected with HCV worldwide. It is a 

highly genetically diverse virus, separated into 6 confirmed genotypes and multiple subtypes. 

Sequence variation is caused mainly by high rate of replication and the lack of proof reading 

activity in the viral RNA polymerase, and, less frequently, by recombination events. 

Determination of genotype and knowledge of the sequence diversity are important for studies 

on molecular epidemiology and evolution, for classification and nomenclature, and for clinical 

management. 

This thesis is concerned with the investigation of the genetic variability of HCV, and is 

separated into two sections. In the first part, the molecular epidemiology of HCV infection in 

Cyprus is presented for the first time among the general population and within high-risk 

groups. A protocol for the amplification and sequencing of two genomic regions in all 

genotypes was designed. Phylogenetic analysis of the resulting sequences revealed high 

genetic heterogeneity, a polyphyletic infection, multiple points of introduction, and the 

existence of recombinant and unclassified strains on the island. All HCV genotypes were 

discovered, except genotype 6. The most prevalent genotype was 1, followed by 3, 4, 2 and 5. 

The high risk groups only exhibited strains belonging to 3a, 1b and 1a. Certain monophyletic 

clusters among their sequences demonstrate needle or syringe sharing between individuals, but 

the infection in injecting drug users on the island seems to be running in parallel to that of the 

general population. 

The second part of the thesis describes the characterisation of uncommon HCV 

variants found in the general population. This was done using strain-specific experimental 

design for amplification and sequencing of multiple PCR products spanning the near-full 

genome. Sequence comparisons and phylogenetic analyses gave the following results: Two 

2k/1b strains were identified, significantly increasing the 2k/1b sequence data in the databases, 

confirming the spread of this strain among intravenous drug users and its association with 

countries of the former Soviet Union, and implying a more complicated evolutionary history 

that that currently held. One unclassified strain appearing to belong to genotype 1 was 

discovered here for the first time and a near-full reference sequence is provided. The strain is 

genetically distant from other subtypes and is on the verge of belonging to a new genotype. 
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Two strains of a previously discovered unclassified genotype 4 type were sequenced along the 

near-full genome for the first time, providing reference sequences for this variant, possibly 

novel subtype 4v. Considering the dominance of 1a and 1b strains in public databases, these 

strains will all provide valuable sequence information for research purposes. 

The molecular epidemiology of HCV in Cyprus and near-full genome sequences of 

unclassified novel strains are presented here for the first time, highlighting the current drift of 

certain subtypes into Europe, and the significance of intravenous drug use and immigration. 

Better knowledge of the global HCV sequence diversity is needed to understand the 

evolutionary diversity of the epidemic and guide efforts for vaccine and drug development, 

and near-full genome reference sequences of uncommon subtypes are required for better HCV 

classification, molecular evolutionary studies and optimised treatment. 
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Περίληψη 
 

Η μόλυνση με τον ιό της ηπατίτιδας C (HCV) είναι ένας από τους κύριους παράγοντες 

για χρόνια ηπατική πάθηση, κίρρωση και θάνατο. Υπολογίζεται πως 180 εκατομμύρια 

άνθρωποι παγκοσμίως είναι μολυσμένοι με το τον ιό αυτό. Είναι ένας γενετικά ποικιλόμορφος 

ιός, που χωρίζεται σε 6 γονότυπους και πολλούς υπότυπους. Η ποικιλομορφία στο γονιδίωμα 

του προκαλείται κυρίως από τον υψηλό ρυθμό αναπαραγωγής και την έλλειψη της ιδιότητας 

να διορθώνει λάθη στην RNA πολυμεράση, και λιγότερο συχνά, από ανασυνδυασμούς. Ο 

προσδιορισμός του γονότυπου και οι γνώσεις για την ετερογένεια ανάμεσα σε αλληλουχίες 

είναι σημαντικά για μελέτες μοριακής επιδημιολογίας και εξέλιξης, για την ταξινόμηση και 

ονομασία, και για την κλινική αντιμετώπιση.  

Το κείμενο αυτό ασχολείται με την μελέτη της γενετικής ποικιλότητας του HCV και 

χωρίζεται σε δύο μέρη. Στο πρώτο μέρος περιγράφεται για πρώτη φορά η μοριακή 

επιδημιολογία της HCV λοίμωξης στην Κύπρο ανάμεσα στο γενικό πληθυσμό και σε ομάδες 

υψηλού κινδύνου. Σχεδιάστηκε πρωτόκολλο για πολλαπλασιασμό και αλληλούχιση δύο 

γονιδιωματικών περιοχών, που καλύπτει όλους τους γονότυπους. Η φυλογενετική ανάλυση 

που έγινε με τις αλληλουχίες αυτές αποκάλυψε ψηλή γενετική ετερογένεια, πολυφυλετική 

λοίμωξη, πολλαπλά σημεία εισδοχής και την ύπαρξη ανασυνδυασμένων μορφών και μορφών 

που δεν ταξινομούνται με τους γνωστούς υπότυπους. Βρέθηκαν στελέχη από όλους τους 

γονότυπους, εκτός από τον 6. Ο κυρίαρχος γονότυπος ήταν ο 1, και μετά οι 3, 4, 2 και 5. Οι 

ομάδες υψηλού κινδύνου παρουσίασαν στελέχη μόνο από τους υπότυπους 3a, 1b και 1a. Η 

ύπαρξη κάποιων μονοφυλετικών σχέσεων με στελέχη από αυτές τις ομάδες δείχνει τη χρήση 

χρησιμοποιημένων συριγγών ή βελόνων ανάμεσα σε κάποια άτομα, αλλά η λοίμωξη στους 

χρήστες ενδοφλέβιων ναρκωτικών φαίνεται να κινείται παράλληλα με αυτή στο γενικό 

πληθυσμό.  

Το δεύτερο μέρος του κειμένου περιγράφει τον χαρακτηρισμό σπάνιων στελεχών 

HCV που βρέθηκαν στο γενικό πληθυσμό. Αυτό έγινε με πρωτόκολλο, το οποίο σχεδιάστηκε 

για το κάθε στέλεχος ξεχωριστά, για πολλαπλασιασμό και αλληλούχιση 

αλληλεπικαλυπτόμενων προϊόντων PCR, που να εκτείνονται σε σχεδόν ολόκληρο το 

γονιδίωμα. Η σύγκριση αλληλουχιών και η φυλογενετική ανάλυση είχαν ως αποτέλεσμα τα 

ακόλουθα: Δύο στελέχη 2k/1b εξακριβώθηκαν, αυξάνοντας σημαντικά τα δεδομένα 

αλληλουχιών για το 2k/1b στις διεθνείς βάσεις δεδομένων, επιβεβαιώνοντας την εξάπλωση 
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αυτού του είδους ανάμεσα σε χρήστες ενδοφλέβιων ναρκωτικών και την συσχέτισή του με 

χώρες της πρώην Σοβιετικής Ένωσης, και υποδηλώνοντας μια εξελικτική ιστορία πιο 

πολύπλοκη από ότι έχει τεθεί μέχρι σήμερα. Ένα στέλεχος που φαίνεται να ανήκει στον 

γονότυπο 1, αλλά που δεν ταξινομείται με κανένα γνωστό υπότυπο, ανακαλύφθηκε εδώ για 

πρώτη φορά και κατατίθεται η αλληλουχία του σχεδόν ολόκληρου γονιδιώματος. Το στέλεχος 

είναι γενετικά απομακρυσμένο από τους άλλους υπότυπους και θα μπορούσε να 

αντιπροσωπεύει και καινούριο γονότυπο. Δύο στελέχη ενός είδους που ανήκει στον γονότυπο 

4 αλλά δεν ταξινομείται σε κάποιο γνωστό υπότυπο, αλληλουχήθηκαν σε σχεδόν ολόκληρο το 

γονιδίωμα για πρώτη φορά, παρέχοντας στελέχη αναφοράς για αυτό το είδος, που πιθανά 

ανήκει σε νέο υπότυπο, τον 4v. Έχοντας υπόψη την κυριαρχία των υποτύπων 1a και 1b σε 

βάσεις δεδομένων, τα στελέχη αυτά θα  παρέχουν πολύτιμες πληροφορίες για ερευνητικούς 

σκοπούς.  

Η μοριακή επιδημιολογία της HCV λοίμωξης στην Κύπρο και η αλληλούχιση στο 

σχεδόν ολόκληρο γονιδίωμα καινούριών στελεχών παρουσιάζονται εδώ για πρώτη φορά, 

υπογραμμίζοντας την πρόσφατη μετατόπιση κάποιων υποτύπων προς την Ευρώπη και 

τονίζοντας το σημαντικό ρόλο των χρηστών ενδοφλέβιων ναρκωτικών και των μεταναστών. 

Χρειάζεται πιο λεπτομερής γνώση για την ετερογένεια του HCV ανά το παγκόσμιο για να 

γίνει κατανοητή η εξελικτική ποικιλομορφία της επιδημίας και να καθοδηγήσει τις 

προσπάθειες για ανακάλυψη εμβολίου και ανάπτυξη φαρμάκων. Στελέχη αναφοράς που να 

είναι γνωστή ολόκληρη η αλληλουχία τους για πιο σπάνια είδη είναι σημαντικά για καλύτερη 

ταξινόμηση, μοριακές μελέτες, και βελτιστοποίηση της θεραπείας.  
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1. Introduction 
 

1.1. Hepatitis C infection 

Hepatitis C virus (HCV) infection is a life-shortening liver disease associated with 

complex and expensive morbidity and decreased quality of life, a major contributor to liver 

cirrhosis and hepatocellular carcinoma (HCC) worldwide, and the most common indication for 

liver transplantation in developed countries (Alter, 1997; Charlton, 2001; Wasley and Alter, 

2000). It is recognised as a major global public health problem, infecting an estimated 180 

million people, comprising ~3% of the global population, and although the incidence of 

hepatitis C infection has dramatically decreased during the past decade, millions more are still 

newly infected every year (Sy and Jamal, 2006). Accurate numbers, however, are lacking, in 

particular for developing countries where most of the world’s population resides, and so global 

estimates of the prevalence are difficult to define (Rinaldi, 2006).  

The prevalence of HCV varies widely with geographical location and within 

populations. The overall prevalence of HCV is almost 1% in the United Kingdom,  2% in 

North America, 3-4% in some Mediterranean and Asian countries and more than 10% in parts 

of Central Africa and Egypt (Health Protection Agency, 2008; Wasley and Alter, 2000). In 

fact, over 85% of the world’s HCV-infected subjects exist in regions of Africa, Southeast Asia 

and Middle Eastern countries. In particular, HCV is highly prevalent in Egypt with more than 

19% of the population infected and chronic HCV representing one of the top five leading 

causes of death, due to the unintended transmission of HCV during a national campaign for 

the parenteral treatment of schistosomiasis (Frank et al., 2000). The current state of HCV 

infection predicts a dramatic global rise of HCV-related cirrhosis and death from HCC in the 

next three decades (Deuffic-Burban et al., 2006; Deuffic-Burban et al., 2007; Sweeting et al., 

2007). Therefore, HCV is, and will continue to be, a major drain on healthcare resources 

worldwide, highlighting the urgent need for intervention to minimise the burden of disease in 

those already infected and to reduce the incidence of new infections (Thomson, 2009). 

 Hepatitis C has been termed the “silent pandemic” because it may cause no noticeable 

symptoms for decades as it slowly destroys the liver. Hence, in most cases during this 

asymptomatic period, the carrier does not know they are infected and will not present for 

medical care until it is too late for effective therapy and during which time they are likely to 

have unknowingly transmitted the infection to others, who will in turn act in the same way. 
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Consequently, early hepatitis C infection is infrequently diagnosed. Acute infection can be 

defined as HCV RNA detection in serum in the absence of detectable antibodies. HCV RNA 

can be detected in the serum within 1 to 2 weeks after exposure (Thimme et al., 2002). Most 

patients acutely infected with HCV become antibody positive within 3 months, although 

seroconversion can sometimes take 6 months or longer (Farci et al., 1991). In about 15-20% of 

acute HCV infections, the patient will recover spontaneously, but in most cases the disease 

will progress to chronicity, and the patients are at risk for the development of extrahepatic 

manifestations, compensated and decompensated cirrhosis, and HCC. Chronic hepatitis C is 

marked by the persistence of HCV RNA in the blood for at least 6 months after onset of acute 

infection.  

The chronic nature of hepatitis C infection influences the clinical approach and 

management of this disease. Cirrhosis develops in an estimated 10% to 15% of individuals 

with chronic HCV infection, and this usually happens within the first 20 years. The rate of 

progression to cirrhosis is highly variable, and is influenced by several external and host 

factors, such as the amount of alcohol consumption, older age at infection, male gender, the 

degree of inflammation and fibrosis present on liver biopsy, jaundice, coinfection with human 

immunodeficiency virus (HIV) or hepatitis B virus (HBV), and comorbid conditions 

(reviewed by Chen and Morgan, 2006; Seeff, 2002; Thomson, 2009). The liver biopsy is the 

gold standard for the grading and staging of chronic hepatitis C. 

An understanding of the natural history and long-term outcomes of HCV infection is 

essential for clinicians in order to identify patients at risk of HCV-related complications and 

offer effective management, treatment, and counselling.  

 

1.2. Transmission 

Hepatitis C is a blood-borne infection, and until the introduction of diagnostic 

screening in 1991, the virus was transmitted mainly through blood, blood products, 

haemodialysis, and organ transplantation (Alter, 2002; Alter, 2007; Memon and Memon, 

2002). Once blood donation screening by both antibody and nucleic acid testing became 

standard practice in developed countries, transfusion-related HCV transmission was 

significantly reduced. However, in developing countries unsafe medical practices, therapeutic 

injections, inadequate disinfection practices, non-sterile medical and dental procedures, and 

unscreened blood transfusions may still account for significant HCV transmission and serve as 
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a bridge to the general population. The transmission is also associated with additional 

percutaneous exposures such as unsanitary skin scarification, piercing and tattooing.  

HCV infection in the Western world now occurs predominantly by intravenous drug 

use through sharing of needles or other injecting equipment, and is considered the current 

major risk factor and reservoir for infection (Aceijas and Rhodes, 2007; Aitken et al., 2008; 

Crofts et al., 1999; Esteban et al., 2008; Judd et al., 2005; Micallef et al., 2007; Pybus et al., 

2005; Shepard et al., 2005; Sweeting et al., 2009; Sy and Jamal, 2006). Injecting drug users 

constitute by far the largest pool of HCV infection in industrialised countries. Prevalence 

varies between 27% and 74% in different cohorts, which is extremely high (Hagan et al., 

2007; Sutton et al., 2008; Thomson, 2009). Users who have practising injecting drugs for 

many years display the highest prevalence of HCV infection, whereas short- term users exhibit 

prevalence rates of 20-46%, which are still significantly high (Shepard et al., 2005; Sweeting 

et al., 2009). Despite these very high rates of infection, antiviral therapy has not been 

consistently offered to this population, as they are at high risk of re-infection and are not 

considered to represent a cost-effective use of high cost combination therapy. Strategies for 

the reduction of the burden of HCV infection in this extremely high-risk population are 

therefore essential, as they are the population in which the majority of incident infections 

occur. Due to the high prevalence of such high-risk behaviour and others, such as unsanitary 

tattoo and piercing practises, and getting into fights frequently, imprisoned populations are 

also considered at high risk for HCV infection and transmission (Holsen et al., 1993; 

McGovern et al., 2006; Miller et al., 2009a; Reindollar, 1999; Rhodes et al., 2008; Spaulding 

et al., 2006; Weinbaum et al., 2005; Zalumas and Rose, 2003).  

 Unlike HIV and HBV, sexual transmission of HCV is very infrequent (Vandelli et al., 

2004). Such methods of spread of HCV infection have been reported recently (Ghosn et al., 

2008; Richardson et al., 2008; Urbanus et al., 2009; van de Laar et al., 2007), but sexual 

behaviour and HCV transmission has been a controversial issue for many years. In the USA 

and Europe there appears to be an epidemic of acute HCV emerging among HIV-infected men 

who have sex with men (MSM), as opposed to heterosexual partners, as transmission in this 

group is more likely to be permucosal rather than percutaneous, and correlates with the 

numbers of sexual partners, the sharing of drugs through the nasal or anal route and high-risk 

sexual practices (Danta et al., 2007). 

Vertical transmission of HCV has been recorded but is much less frequent than other 

routes of transmission, but the likelihood appears to double in women coinfected with HIV 
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(Chang, 1996; Dowd et al., 2008; England et al., 2006; Ferrero et al., 2003; Indolfi and Resti, 

2009; Ngo-Giang-Huong et al., 2010; Parthiban et al., 2009; Pembrey et al., 2005; Rapicetta 

et al., 2000; Shebl et al., 2009; Weiner et al., 1993).  

As discussed earlier, newly HCV-infected individuals are often asymptomatic for 

many years before presenting for medical care and realising they are carriers of the virus. This 

fact presents the main danger for transmission of this disease, giving it a very large window of 

opportunity to spread to multiple other hosts.  

 

1.3. HCV genome organisation and life cycle 

It has now been over 20 years since the identification of HCV, the aetiological agent of 

hepatitis C (Choo et al., 1989). Historical accounts of this discovery have been described in 

various review papers (Alter, 1999; Farci, 2002; Houghton, 2009). Briefly, in the 1970´s many 

cases of parenterally-transmitted hepatitis were found to be due to neither hepatitis A nor B 

(Feinstone et al., 1975). The unknown infectious agent was therefore then named non-A, non-

B hepatitis (NANBH). Many laboratories throughout the world made extensive efforts to 

characterise the NANBH aetiological agent, but this proved extremely difficult (Shih et al., 

1986). The causative agent of NANBH was finally identified in 1989, following the isolation 

of a small clone using a blind cDNA immunoscreening approach (Choo et al., 1989) and 

henceforth named hepatitis C virus.  

HCV is a small, enveloped virus belonging to the Hepacivirus genus within the family 

Flaviviridae, consisting of a single-stranded, positive-sense RNA genome approximately 

9,600 nucleotides long. Following the identification of the first complete HCV genome, its 

genetic organisation could then be elucidated (Choo et al., 1991; Kato et al., 1990). The viral 

genome is composed of a single open reading frame (ORF) encoding a polyprotein precursor 

of about 3000 amino acids, flanked by 5’- and 3’-non-coding regions (NCR), of 341 and 

approximately 230 nucleotides in length, respectively (Figure 1). Both NCRs bear highly 

conserved RNA structures essential for polyprotein translation and genome replication. The 

HCV polyprotein is co- and post-translationally processed by cellular and viral proteases at the 

level of the endoplasmic reticulum (ER) to yield ten mature structural and non-structural (NS) 

proteins. HCV structural proteins include the core nucleocapsid protein and the envelope 

glycoproteins E1 and E2. They are separated from the non-structural proteins by the short 

membrane polypeptide p7. The NS proteins include the NS2 protease, NS3 serine 

protease/RNA helicase, the NS4A protease cofactor polypeptide, NS4B, NS5A 
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phosphoprotein and NS5B RNA-dependent RNA polymerase (RdRp) (Dubuisson, 2007; 

Penin et al., 2004). The existence of one or more previously unknown HCV proteins 

potentially produced due to ribosomal frameshifts has been suggested recently (Choi et al., 

2003; Varaklioti et al., 2002; Walewski et al., 2001; Xu et al., 2001). The NS proteins and p7, 

reported to have ion channel activity, are essential for polyprotein processing and viral 

replication and have become the centre of attention for intensive drug development and 

clinical testing work for the last 1-2 decades (de Bruijne et al., 2009a; De Francesco et al., 

2003; Dubuisson, 2007; Harrison, 2007; Manns et al., 2007; Meier and Ramadori, 2009; 

Moradpour et al., 2002; Parfieniuk et al., 2007; Pawlotsky, 2005; Sherman et al., 2007; 

Webster et al., 2009). Tremendous progress has been made in the characterisation of HCV 

component structures, despite the lack of a productive cell culture system until recently. These 

insights have helped in understanding the mechanisms of HCV replication and pathogenesis. 

Most importantly, detailed knowledge of the structure of key viral proteins holds the promise  

xx 

 

 
Figure 1. A schematic depiction of the HCV genome is seen at the top, with simplified RNA secondary 
structures in the 5’- and 3’-NCRs, the core region and the NS5B stem-loop 3 cis-acting replication element (5B-
SL3). In the middle, the polyprotein precursor is represented, and this is processed into the mature structural and 
non-structural viral proteins (bottom). Numbers above each protein denote amino-acid locations, according to 
strain H77 (GenBank Acc. No. AF009606). The diamonds indicate cleavage sites of the polyprotein by host 
peptidases, and the arrows point out sites cleaved by the HCV NS2/3 and NS3/4A proteases. Dots in E1 and E2 
indicate the glycosylation of the envelope proteins. Reproduced from Moradpour et al., 2007. 
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that efficient and specific inhibitors of HCV replication could be developed within the 

foreseeable future.  

HCV virions circulate in various forms in the blood of the infected host, but the 

infectious populations appear to be the forms bound to very-low-density lipoproteins (VLDL) 

and low-density lipoproteins (LDL) (Monazahian et al., 2000). Electron microscopy studies of 

HCV particles have been hindered by the low amount of virus particles available in serum and 

the lack of an efficient cell culture system. HCV is thought to adopt a classical icosahedral 

scaffold with a 50-60 nm diameter (Wakita et al., 2005) in which its E1 and E2 glycoproteins 

are anchored to a lipid envelope, derived from the host cell. Underneath the membrane is the 

nucleocapsid that likely is composed of multiple copies of the core protein, forming an 

internal icosahedral viral coat encapsidating the viral genomic RNA. E1 and E2 are essential 

for host-cell entry, by binding to receptors and inducing fusion between the viral envelope and 

the host cell membrane (Bartosch et al., 2003).  

 

 

 

 
Figure 2. HCV life cycle. (a) virus attachment and internalisation, (b) cytoplasmic release and uncoating, (c) 
IRES-mediated translation and polyprotein processing, (d) RNA replication, (e) packaging and assembly, (f) 
virion maturation and release. The topology of the HCV proteins at the ER membrane is shown schematically. 
Reproduced from Moradpour et al., 2007.  
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Two decades after the discovery of this virus, many central questions concerning the 

HCV life cycle and host interactions remain unsolved (Chevaliez and Pawlotsky, 2006). A 

simplified diagram of the current knowledge on this is seen in Figure 2. The main target of 

HCV is the hepatocyte, in which it replicates. Entry of the HCV virion into the host cell is a 

complex and highly regulated process, not yet fully understood. Initial attachment of the virion 

to the cell may require the presence of both glycosaminoglycans and the LDL receptor 

(Agnello et al., 1999; Barth et al., 2003; Monazahian et al., 1999). Entry then proceeds 

through interaction with the scavenger receptor class B type I (SR-BI), the tetraspanin CD81, 

occludin, and the tight junction proteins Claudin-1, -6 or -9 (Dubuisson et al., 2008; Evans et 

al., 2007; McKeating et al., 2004; Pileri et al., 1998; Ploss et al., 2009; Scarselli et al., 2002; 

Zeisel et al., 2007). Most of these potential HCV receptors have been shown to be necessary, 

but not sufficient, for viral entry. It is important to remember, however, that the process of 

viral binding and entry may vary with the details of the experimental model used and with the 

environment of the virus-host cell interaction in vivo. The dendritic cell-specific intercellular 

adhesion molecule-3-grabbing nonintegrin (DC-SIGN or CD209) and the liver/lymph node-

specific intercellular adhesion molecule-3 (ICAM-3)-grabbing integrin (L-SIGN or CD209L) 

have also been proposed as tissue-specific capture receptors for HCV present in various cell 

types that could play a critical role in viral pathogenesis and tissue tropism (Gardner et al., 

2003; Lozach et al., 2004; Lozach et al., 2003; Pöhlmann et al., 2003). 

After attachment to the cell surface, fusion between the viral and cellular membranes 

leads to the release of the HCV RNA genome into the cytosol through removal of the 

nucleocapsid proteins. This is controlled by the viral surface glycoproteins, believed to belong 

to class II fusion proteins (Yagnik et al., 2000). The 5’NCR of the viral RNA contains an 

internal ribosome entry site (IRES) that binds the 40S ribosomal subunit and initiates 

polyprotein translation in a cap-independent manner. The resulting polyprotein is targeted to 

the ER membrane and cleaved by viral and host proteases to produce the mature viral proteins 

(Bartenschlager and Lohmann, 2000; Lindenbach and Rice, 2005; Penin et al., 2004). 

Expression of the HCV proteins leads to rearrangements of intracellular membranes to form a 

replication complex that associates all the viral NS proteins, cellular components and nascent 

RNA strands, creating a structure called the membranous web (Bartenschlager et al., 2004; 

Egger et al., 2002; Kapadia and Chisari, 2005) The elucidation of this process was possible 

due to the recent development of an infectious cell culture replicon system (Lindenbach et al., 

2005; Wakita et al., 2005; Zhong et al., 2005). This strategy may help in compartmentalisation 
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and local concentration of viral products, physical support and organisation of the RNA 

replication complex, tethering of viral RNA during unwinding, supply of lipid constituents 

important for replication, and protection of viral RNA from double-strand RNA-mediated host 

defences and RNA interference. HCV replication occurs in two steps catalysed by the NS5B 

RdRp. During the first step, the positive-strand genome RNA serves as a template for the 

synthesis of a negative-strand intermediate. In the second step, negative-strand RNA serves as 

a template to produce numerous positive-strand RNA molecules that will subsequently be used 

for polyprotein translation, synthesis of new intermediates of replication or packaging into 

new virus particles (Bartenschlager et al., 2004). The positive-strand RNA progeny is 

transcribed in a five to ten fold excess compared to negative-strand RNA. 

Accumulation of HCV genomic RNA and the structural proteins leads to the assembly 

of a nucleocapsid, which acquires its envelope within an intracellular compartment, and the 

virion is then secreted via the classical secretory pathway. Little is known about the 

mechanisms of HCV nucleocapsid assembly and release, due to lack of appropriate study 

models. 

 

1.4. HCV genetic heterogeneity, nomenclature and classification 

The HCV genome is noted for its high genetic variability, and exhibits substantial 

global sequence diversity. This phenomenon is caused by its rapid replication rate and the lack 

of proof-reading activity of its RNA polymerase. In a single patient with chronic HCV 

infection, the turnover rate is about 1012 virions per day, leading to a mutation rate estimated at 

10-3-10-4 base substitutions per site per year (Bartenschlager and Lohmann, 2000; Bukh et al., 

1995; Sentandreu et al., 2008). This high genetic heterogeneity works as an advantage to the 

virus, giving it its incredible propensity to escape host immune responses and selective 

pressure by antiviral drugs, enabling it to persist for the lifetime of the host.  

The heterogeneity of the HCV genome has lead to a proposed consensus of six 

genotypes (1-6) and numerous closely related subtypes (a, b, c,...) based on sequence variation 

in the 5’NCR, core, E1 and NS5B regions (Robertson et al., 1998; Sentandreu et al., 2008; 

Simmonds, 1999; Simmonds et al., 2005; Simmonds et al., 1993). In addition to genotypes, 

HCV exists within its hosts as a pool of constantly evolving, genetically distinct but closely 

related variants referred to as quasispecies (Martell et al., 1992; Weiner et al., 1991). New 

variants still continue to be identified, usually for genotype 4 and 6 (Koletzki et al., 2009; Li et 

al., 2006; Li et al., 2009a; Li et al., 2009b; Noppornpanth et al., 2008; Wang et al., 2009; Xia 
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et al., 2008a) as a result of long endemicity of these genotypes in certain geographical areas 

(Pybus et al., 2001). Furthermore, a possible new genotype (7a) has been discovered recently 

(Murphy et al., 2007a). At the level of complete genomes, HCV exhibits around 30-35% 

nucleotide variation between genotypes and 20-25% variation in subtypes of the same 

genotype (Simmonds et al., 2005). Intensive sequencing of HCV genomes is currently being 

conducted by labs all over the world, and over 90,000 HCV sequences, including 1,200 full-

length genomes, have been deposited so far in generic data banks (GenBank, 

http://www.ncbi.nlm.nih.gov/genbank). However, these figures are significantly biased 

towards 1a and 1b sequences, because they are the most prevalent in developed countries, 

where most HCV research is carried out. Databases dedicated specifically to HCV sequences 

are publicly available, allowing sequence classification, annotation and analysis of large 

collections. Such databases are the Los Alamos HCV sequence database 

(http://www.hcv.lanl.gov), the European HCV database (http://euhcvdb.ibcp.fr) and the 

Japanese HCV database (http://s2as02.genes.nig.ac.jp). 

The genotype is presently a major factor in both the choice of treatment and prognosis 

(Zeuzem, 2004). The relationship between HCV sequence variability and liver disease status 

or resistance to current antivirals is unclear and is probably multifactorial (Pawlotsky, 2003a; 

Pawlotsky et al., 1999; Pawlotsky et al., 1998). The realisation of the diversity of HCV has 

important clinical implications since 80-90% of patients infected with genotypes 2 and 3 are 

curable with the current standard therapy (a combination of pegylated interferon-α and 

ribavirin), whilst only about 40-50% of patients infected with genotypes 1 and 4 are cured in 

this way.  

Until 2001, HCV was thought to evolve in a clonal manner, with diversity generated 

through the accumulation of mutations. It has even been suggested that any recombination 

events are very rare in vivo and that the resulting virions are not viable (Simmonds et al., 

1994; Smith and Simmonds, 1997). However, homologous recombination has been 

demonstrated between different genotypes or different subtypes of a genotype. A 2k/1b 

recombinant was found in St. Petersburg, Russia (Kalinina et al., 2002), and seems to be 

circulating among intravenous drug users in Russia. Isolates of this strain have also been 

found in Ireland, Estonia, Uzbekistan, Western Siberia and France (Kurbanov et al., 2008a; 

Kurbanov et al., 2008b; Moreau et al., 2006; Morel et al., 2010; Tallo et al., 2007). Several 

other events of recombination have also been reported to date from various parts of the world 

(Colina et al., 2004; Cristina and Colina, 2006; Kageyama et al., 2006; Legrand-Abravanel et 
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al., 2007; Moreno et al., 2006; Moreno et al., 2009; Noppornpanth et al., 2006; Sentandreu et 

al., 2008), but are isolated events and do not appear to be circulating in infected populations. 

HCV recombination break points have been located mainly in the non-structural proteins, but 

an intratypic recombinant with a break point in the structural region has also been identified 

(Cristina and Colina, 2006; Moreno et al., 2009). As genotyping of HCV is more commonly 

based on sequence analysis of a single genomic region, the variety and prevalence of 

recombinant HCV strains is generally thought to be underestimated, since at least two 

different genomic regions would be required for their detection. 

Therefore, recombination events are now starting to be taken into account as 

contributors to HCV evolution as well as its high mutation rate. Because of the consequences 

that recombination events have on virus evolution, vaccine development, treatments, infection 

management and control programmes, it is clearly very important to precisely define the role 

of recombination in the evolution of HCV and the creation of genetic variation. Research on 

HCV recombination events is still in its initial stages and the mechanism of recombination 

generation is still unknown. Genetic transfer from one genotype to another requires the co-

existence of the two genotypes in the same cell, which means the patient must be infected with 

two or more strains. For the recombinant to spread further, it must not only be viable, but also 

have an advantage over other strains of the virus. 

In general, sequence characteristics of a particular subtype can be found throughout the 

HCV genome. In order to determine the subtype classification of an unknown strain, 

phylogenetic analysis based on the full-length of the genome would be the most accurate 

method. However, most strains to date have been classified based on short sequence analysis 

of the core, E1 and NS5B regions, and the current consensus for identification and subtype 

assignment states the requirement of analysis comparing at least two coding regions of the 

genome (Robertson et al., 1998; Sandres-Saune et al., 2003; Simmonds et al., 2005; 

Simmonds et al., 1994; Stuyver et al., 1994). The 5’NCR is the most conserved region on the 

HCV genome and is routinely used for HCV RNA detection and genotyping in diagnostic 

applications, but it does not allow accurate classification of the subtype level (Stuyver et al., 

1996; Tamalet et al., 2003). Hence, other, less conserved, and therefore more discriminative 

genomic regions are required for phylogenetic analysis in order to identify HCV subtypes. For 

these reasons, the most extensive databases that exist contain partial sequences of the 5’NCR, 

core, E1 and NS5B regions (http://hcv.lanl.gov).  
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1.5. Molecular epidemiology and global distribution of HCV 

HCV genotype distribution differs by geographic region and by year and mode of 

transmission (Schroter et al., 2004; Zein, 2000). Although different HCV genotypes appear to 

have originated in different geographic regions, such as genotypes 1, 2, 4 and 5 in Africa and 

genotype 3 and 6 in Asia, globalisation is radically changing the face of worldwide HCV 

epidemiology as a result of modern transmission and human migration (Esteban et al., 2008). 

Knowledge of genotype distribution in different parts of the world may help clarify the 

epidemiology and evolution of HCV, and has proven a useful tool for identifying risk groups 

and distinguishing different routes of transmission (Nakano et al., 2004). Certain modes of 

transmission are associated with HCV subtype infections, suggesting separate HCV 

epidemics, but spill-over between different risk groups underlines the value of molecular 

epidemiological studies to gain insight into the origin and dynamics of HCV infections at the 

population level.  

Geographically, genotypes 1-3 display a worldwide distribution, while genotypes 4-6 

have a more restricted geographical pattern and represent long-term endemic infection (Pybus 

et al., 2001). Genotype 4 is found mainly in North Africa and Mediterranean countries, Egypt 

in particular, but has recently been spreading to Europe and North America largely via 

intravenous drug users and immigrants, with a high incidence in Greece (Cenci et al., 2007; 

Chamberlain et al., 1997a; Chlabicz et al., 2008; Kamal and Nasser, 2008; Katsoulidou et al., 

2006; Nguyen and Keeffe, 2005; Nicot et al., 2005; Savvas et al., 2005; Timm et al., 2007; 

van Asten et al., 2004). Genotype 5 is restricted primarily to South Africa (Chamberlain et al., 

1997b; Verbeeck et al., 2006), but has also recently been found in West Flanders, Belgium 

(Verbeeck et al., 2006), central France (Henquell et al., 2004), and Syria (Antaki et al., 2009), 

albeit in much smaller numbers. HCV genotype 6 is found in Southeast Asia (Huy and Abe, 

2004).  

In the geographical area close to Cyprus, in the eastern Mediterranean region, HCV 

genotypes are not distributed uniformly. In western Turkey, genotype 1b is the most prevalent 

(Altuglu et al., 2008). Also, a study done in northern Cyprus with civilians, Turkish soldiers, 

and Northern Cyprus soldiers revealed genotype 1b as the most prevalent (92.4%) (Altindis et 

al., 2006). In Egypt, the incidence of HCV infection is significantly higher than other 

countries worldwide and most cases are infected with subtype 4a (Abdel-Hamid et al., 2007). 

Studies carried out with patients in the Middle East revealed a predominance of HCV 
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genotypes 4 and 1 (Ramia and Eid-Fares, 2006; Watson et al., 1999). In Greece, genotype 1 is 

the most prevalent, followed by genotype 3, 4, 2, and 5 (Katsoulidou et al., 2006).  

 Subtypes 1b and genotype 2 are associated mainly with contaminated blood 

transfusions and other types of nosocomial transmission, especially in older patients. Among 

injecting drug users, however, HCV subtypes 1a and 3a predominate, with both subtypes 

showing an exponential population growth during the 20th century (Cochrane et al., 2002; 

Morice et al., 2006; Pybus et al., 2005; van Asten et al., 2004). Genotype 3a in particular has 

been associated significantly with transmission through intravenous drug use in industrialised 

countries (Bourliere et al., 2002; McCaw et al., 1997; Pawlotsky et al., 1995). It is prevalent 

mainly in North and South America, Europe, and Australia where practicing intravenous drug 

abuse is common, and seems to have been transmitted from a common origin through a unique 

worldwide epidemic that spread rapidly among drug users (Morice et al., 2006; Pybus et al., 

2005). As pointed out above, genotype 4 subtypes are also becoming increasingly prevalent in 

populations of intravenous drug users recently, especially in southern Europe, and its 

introduction into the European intravenous drug user population seems to be more recent than 

that of 1a and 3a (Chlabicz et al., 2008; Kamal and Nasser, 2008; van Asten et al., 2004). 

Finally, one type of recombinant strain, 2k/1b, is also strongly associated with intravenous 

drug use, and has been found in Russia, Estonia, Uzbekistan, Ireland, and France in 

individuals from countries of the former Soviet Union (Kalinina et al., 2002; Kurbanov et al., 

2008a; Kurbanov et al., 2008b; Moreau et al., 2006; Morel et al., 2010; Tallo et al., 2007). 

 

1.6. HIV/HCV coinfection 

Due to sharing common transmission routes, it is very frequent that individuals are 

simultaneously infected with both HCV and HIV (Kim and Chung, 2009).  This type of 

coinfection is mostly common in haemophiliacs, intravenous drug users, and more recently, 

MSM (Kretzschmar and Wiessing, 2008; Liu et al., 2008; Miller et al., 2009b; Re et al., 2008; 

Richardson et al., 2008; Urbanus et al., 2009; van de Laar et al., 2009). The effects of the 

hepatitis C disease are worse and its natural progression is accelerated in the coinfected 

population than in HCV monoinfected individuals and conversely, HCV has been associated 

with a faster progression of HIV to acquired immunodeficiency syndrome (AIDS) (Di Martino 

et al., 2001; Ragni and Belle, 2001). The consequences of coinfection include increased viral 

persistence, higher viral loads, a faster rate of progression to liver fibrosis, higher rates of 

hepatic decompensation, and worse treatment outcomes following interferon-based therapy 
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(Kim and Chung, 2009; Sulkowski, 2008). There is also the suggestion that some HIV 

protease inhibitors may be hepatotoxic (Sulkowski, 2008). Additionally, liver transplantation 

is complicated for this population due to the patients’ immunocompromised state (Koziel and 

Peters, 2007). Despite the increasing prevalence of simultaneous infection, and the increased 

severity of the combined clinical symptoms, the pathogenesis of HIV/HCV coinfection is still 

not fully understood.  

 

1.7. Current therapy and new therapeutic targets 

The current standard regimen for treating HCV infection includes a 24- or 48-week 

course of a combination of pegylated interferon-α and ribavirin, depending on the infecting 

genotype (Fried et al., 2002). A sustained virological response is considered to be the absence 

of HCV RNA in the peripheral blood of the patient 24 weeks after the treatment has ended. 

However, this response only occurs in about 80% of patients infected with genotypes 2 and 3, 

and less than 50% of patients infected with genotypes 1 and 4 (Pawlotsky, 2004; Taylor, 2000; 

Thomson, 2009). Virological response is therefore dependent on genotype, which may serve 

as a predictor for treatment duration and response (Ferenci, 2004; Pawlotsky, 2000; Zein, 

2000; Zein et al., 1996; Zeuzem, 2004). Not only are there response issues dependant on the 

HCV genotype, but it has also been reported that older patients, African-Americans and 

HIV/HCV coinfected patients respond less well (Feld and Hoofnagle, 2005; Fleckenstein, 

2004). A correlation has been found between a small stretch of sequence within the NS5A 

region of the viral genome and therapeutic outcome. This region has been termed the 

interferon sensitivity-determining region (ISDR) because of its potential role in modulating 

the response to interferon therapy, and is said to do this by directly interacting with one or 

more cellular proteins associated with the interferon-mediated antiviral response (Katze et al., 

2002; Pawlotsky, 1999; Pawlotsky, 2003b; Pawlotsky et al., 1998). Finally, current therapy is 

expensive, significantly limiting treatment to within developed countries, and displays a 

number of serious side effects in patients, including depression, fatigue, anaemia and 

neutropenia. Consequently, there is an immediate urgency for the development of new, more 

cost-effective treatments that target the virus more effectively, while causing as few adverse 

effects to the patient as possible.  

Research into new means of anti-HCV therapy has focused on viral enzymes, host 

proteins involved in viral replication or cell entry, and the development of an effective 

vaccine. The problem faced by these efforts is the highly genetically heterogeneous nature of 
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the virus, along with its extraordinary replication pace and mutation rate. This virus has an 

incredible ability to quickly create variants of itself that can evade the immune system and 

escape the action of antiviral drugs. As a result, this characteristic has hampered the search for 

an effective vaccine or antiviral drugs. Propagation of HCV in vitro has been exceptionally 

difficult and only recently has a successful infectious cell-culture replicon system been 

developed (Lindenbach et al., 2005; Wakita et al., 2005; Zhong et al., 2005), providing a 

powerful tool for the investigation of the viral life cycle and the discovery, assessment and 

development of new antiviral agents. It is fully developed only for a genotype 2 strain and this 

approach needs to be expanded to include more genotypes and subtypes in order to 

accommodate the broad genetic variability of clinical isolates. The replicon system also 

facilitates early analysis of viral resistance, cross-sensitivity studies and assessment of the 

efficacy of combination therapy and has been adapted for high-throughput screening of new 

drugs (Hao and Duggal, 2009). Progress in HCV research has also been hindered by the lack 

of an appropriate small animal model. This is because HCVcan only be transmitted to humans 

and chimpanzees. Developments have been made using a mouse model with a chimeric human 

liver (Mercer et al., 2001; Meuleman et al., 2005), but, although an extremely significant step, 

it is limited in its availability and applications. These slow, but significant advances in HCV 

research have made the search for anti-HCV drugs easier and produced some promising 

potential candidates for treatment.  

While efficient preventative vaccines are available for HBV, efforts are still ongoing 

for the development of one for HCV. Vaccination trials against HCV in humans and 

chimpanzees were not initially successful, as re-infection was reported (Lai et al., 1994; Prince 

et al., 1992). The demonstration of the existence of a natural immunity to HCV, however, 

allows optimism that the development of an at least partially protective vaccine is achievable 

(Bassett et al., 2001; Houghton and Abrignani, 2005; Weiner et al., 2001). An affordable and 

globally available vaccine would be of utmost importance to reduce the significant numbers of 

new HCV infections per year. 

The primary focus of research efforts for combating HCV involves the development of 

new specific small molecule inhibitors targeting stages of the virus life cycle, i.e. the viral NS 

genes in particular the NS3 serine protease and the NS5B RNA polymerase, which have been 

characterised at the biochemical and structural levels (de Bruijne et al., 2009a; De Francesco 

and Carfi, 2007; Soriano et al., 2009; Webster et al., 2009). It should be noted that, although 

abundant structural data may be obtained by X-ray crystallography, the in vivo mechanism of 
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action and their precise role during replication are not fully understood, creating an obstacle in 

the development of the most efficient inhibitors.  

To date, many inhibitors that have reached very promising stages of clinical trials have 

demonstrated dangerous side effects, halting their development, and so the search is still on for 

a drug that can be potent without causing toxicity. The other issue with small molecule 

inhibitors is that, when they are used in monotherapy, drug-resistant mutations rapidly develop 

and resistant strains are selected within the host, increasing the viral load again (Pawlotsky, 

2003c; Thompson and McHutchison, 2009). Also, due to genetic differences, the efficacy of 

one inhibitor may differ greatly between genotypes, especially considering that these drugs are 

designed based on genotype-specific three-dimensional protein structures (Hinrichsen et al., 

2004; Kuntzen et al., 2008a; Reiser et al., 2005). This specificity suggests that drug regimens 

will be developed in a genotype-specific manner so that not all patients receive the same 

treatment. The success of future anti-HCV drugs depends on the fitness of resistant mutants 

and on the availability of suitable combination partners. It is likely that multiple drugs, 

targeting different proteins, will be developed and combined to provide the broadest spectrum 

of action on the different HCV genotypes and to avoid the rapid emergence of drug-resistant 

mutations. This will cause a significant change in HCV clinical management and crucial 

questions include what combinations will be most effective in which patients, whether HCV-

targeted drugs will be sufficient for successful elimination of the virus, and whether patients 

can be cured without stimulation of the host immune system by either interferon, therapeutic 

vaccines or other immunomodulatory drugs.  

 The mechanisms underlying the ability of HCV to persist for the lifetime of the host 

are still open questions for the scientific community, and they need to be completely 

understood in order to aid anti-HCV research further. As it stands, huge efforts are underway 

for drugs that are under development to safely reach the public and meet the requirements of 

the urgency to prevent the global morbidity and mortality rates predicted by the current 

prevalence and incidence of HCV infection. Even though it is possible that a cure may one day 

be found for hepatitis C, the best strategy to stop this silent epidemic is prevention. In order to 

reduce risks of infection, to catch new infections early, and to minimise the risks of 

transmission, prevention efforts should focus on safer blood supplies and injection practises in 

developing countries, reducing the incidence of initiation of injecting drug abuse, on reducing 

risks among current users, introducing routine testing within high-risk cohorts, raising general 
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public awareness, and identifying, counselling and providing clinical management for already 

infected individuals.  

 

1.8. Aims and outline of the thesis 

The main aim of this thesis is to contribute to the current knowledge on HCV genetic 

diversity, molecular evolution and epidemiology, with particular reference to Cyprus. To do 

this, the project is divided into two large sections, which differ in scope and methodology.  

In the first part of the thesis the aim is to portray a representative picture of the current 

molecular epidemiology and genotype distribution of HCV infection in Cyprus for the first 

time. The objectives include the design of a reverse transcription (RT)-PCR and sequencing 

protocol that has the ability to efficiently amplify strains of all HCV genotypes in two 

genomic regions, and to apply this protocol to samples available from the general population 

and from specific high-risk cohorts. Specifically, the groups to be investigated include the 

general HCV-infected population, intravenous drug users seeking therapy in rehabilitation 

centres, a cohort of incarcerated individuals and patients coinfected with HIV-1. The different 

cohorts were sampled and studied sequentially, through collaborations established between the 

laboratory of Biotechnology and Molecular Virology and various clinicians, the Anti-drugs 

Council, the National Monitoring Centre for Drugs and Drug Addiction and clinicians in the 

State Correctional Facilities. Cyprus is a small country with a population of approximately 

800,000, but unique with respect to its geographical position, as it lies between Europe, 

Africa, and Asia. It is very close to North Africa, where the prevalence of HCV is the highest 

in the world. It has a high rate of influx of tourists and political and economic immigrants 

from Eastern Europe and countries of the former Soviet Union, Africa and Southeast Asia. 

Also, as it is now a member state of the European Union, entry into Cyprus is easy, thus 

facilitating the introduction of new infectious diseases. As such, it is expected that a certain 

heterogeneity will be observed in the genotype distribution of HCV, as seen for HIV 

(Kousiappa et al., 2009a; Kousiappa et al., 2009b). In this section, the experimental design 

will be presented and discussed, along with the patient characteristics of each group, the 

genotype distribution within and among the cohorts, and the relationships of the identified 

strains with each other and with strains from international databases, through phylogenetic 

analysis and interpretation of clusters. The purpose of this is to establish the degree of 

phylogenetic heterogeneity of HCV on the island and to discuss the possible sources of HCV 

import from knowledge on global molecular epidemiology, which has never before been 
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attempted. Additionally, the intention was also to submit the identified sequences to public 

databases in order to make them available to the scientific community for further 

epidemiological studies. 

The second part focuses on specific strains identified from the molecular epidemiology 

study. The aim was to select rare isolates and analyse them in more detail by near-full genome 

sequencing. The objective was to design and develop strain-specific protocols for the specific 

amplification and sequencing of genome fragments of particular isolates. Specifically, 

recombinant strains, which are uncommon for HCV, and novel strains which have not yet 

been classified into subtypes have been presented and submitted to sequence databases in 

order to contribute to current knowledge of HCV genetic variability and classification.  
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2. Part I: Molecular Epidemiology of HCV in Cyprus 
 

2.1. Specific objectives 

The objectives in this section of the thesis are to study the molecular epidemiology of 

HCV infection in Cyprus and uncover the genotype distribution in various risk groups. 

Specifically, the aims were to establish collaborative networks to facilitate sampling, to design 

an RT-PCR and sequencing protocol for amplification of all HCV genotypes in two genomic 

regions, and to carry out phylogenetic analysis of the strains in order to investigate the current 

sequence diversity and the points of introduction of the virus onto the island. The groups were 

investigated in a consecutive manner, and included HCV-infected individuals from the general 

population seeking medical care, intravenous drug users in rehabilitation centres, individuals 

from the state correctional facilities undergoing routine HCV testing, and samples from 

another project focusing on the molecular epidemiology of HIV in Cyprus, which were 

diagnosed positive for HCV in routine diagnostic tests. All sequences have been made 

publicly available for publication in the GenBank international sequence database. 

 

2.2. Methods 

 

2.2.1. Study subjects 

2.2.1.1. General population (2005-2009) 

From 2005 to 2009 blood samples were obtained from 111 chronically infected HCV 

patients aged 18-84, who were attending private clinics and public hospitals in the Nicosia, 

Larnaca, Limassol, and Paphos districts. This was made possible by setting up a long term 

collaborative network (the Cyprus HCV Network) with hepatologists and gastroenterologists 

in these institutions. All patients tested positive for HCV antibodies by a second-generation 

immunoassay (INNO-LiPA), and for HCV RNA by diagnostic RT-PCR (COBAS Amplicor, 

Roche Diagnostics, Branchburg, NJ, USA). These tests were carried out as part of routine tests 

and were done externally and independently of this research. All patients included in this 

study gave their informed consent, and clinical and epidemiological data were collected by use 

of questionnaires. Each questionnaire and corresponding sample was given a laboratory code 

to protect the identity of each participant. Blood sampling for this study was carried out by 

qualified personnel at each hospital or clinic.  
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2.2.1.2. Intravenous drug users (2008) 

Following the establishment of the ongoing collection of HCV samples from the 

general population of Cyprus, a separate collaborative network was set up with the Cyprus 

National Monitoring Centre for Drugs and Drug Addiction, the Cyprus Anti-drugs Council 

and all detoxification centres on the island, in order to carry out sampling in a more 

specialised high-risk cohort. The study subjects were consenting intravenous drug users 

seeking therapy in detoxification centres around the island at the time of sample collection. 

Two rounds of sampling were carried out in July and November 2008. The rehabilitation 

centres where the sampling took place were as follows: Aghia Skepi, a long-term inpatient 

therapeutic community for withdrawal from substance abuse and social rehabilitation; 

Ghephyra, an outpatient substitution treatment program, for users who have failed with other 

therapeutic programs and buprenorphine is administered in parallel to psychosocial 

intervention and psychological and medical aid; Anosis, a long-term inpatient detoxification 

program, for abstinence from drug use and safe management of withdrawal symptoms through 

administration of analgesics and psychosocial support; Ploeghos, an outpatient psychosocial 

treatment program, for users who have failed with other therapeutic programs and 

buprenorphine is administered in parallel to psychosocial intervention and psychological and 

medical aid; Veresie Clinic, a clinic offering detoxification services through psychological and 

medical services, and where naltrexone implant procedures are performed. An informed 

consent form was signed by each subject, a questionnaire was filled in with an interviewer 

from the Cyprus Monitoring Centre for Drugs and Drug Addiction, and blood samples were 

taken by qualified personnel as with the subjects from the general population. All samples and 

questionnaires were coded at random with a laboratory identifier number so as not to reveal 

the personal identity of the study subjects. Immunoassays were performed on all samples for 

detection of HCV, HBV, HIV-1 and HIV-2 antibodies, using the AxSYM anti-HCV, HIV and 

HBsAg systems (Abbott Diagnostics, Chicago, IL). These tests were done externally at a 

clinical laboratory certified for carrying out routine diagnostics assays. Forty one individuals 

in total were included in this study, representing 87% of intravenous drug users requesting 

detoxification support at the time of sampling. This work has obtained bioethical approval 

from the Cyprus National Bioethics Committee (EEBK/EQ/2008/15). 
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2.2.1.3. Incarcerated population (2009-2010) 

For the purposes of routine diagnostic testing, twenty five blood samples were 

collected from persons serving a prison sentence at the Cyprus state correctional facilities, 

between June 2009 and January 2010, in collaboration with the clinician in charge. Blood 

samples were collected by qualified personnel at the penitentiary clinic and were safely 

transported to the laboratory of Biotechnology and Molecular Virology for processing. Sixteen 

of these were tested PCR-positive for HCV and were therefore selected retrospectively to be 

included in the study of the molecular epidemiology of the HCV infection in Cyprus, as a 

high-risk cohort. The sixteen individuals were asked for written consent to participate and for 

their samples to be included in this project. Seven of these study subjects were available to fill 

out a questionnaire and epidemiological data were thus obtained. Each sample and 

questionnaire was coded with a random laboratory identifier code for protection of the identity 

of the study subjects.  

 

2.2.1.4. HIV/HCV coinfected cohort (2005-2009) 

The final high risk cohort looked at in this study were HIV-1 patients coinfected with 

HCV. These samples were chosen from a bank of HIV-1 samples maintained by the 

Laboratory of Biotechnology and Molecular virology through its ongoing collaboration with 

the Gregorios AIDS Clinic, which is the National Reference Clinic for HIV in Cyprus. HIV-1 

seropositive samples were collected from consenting patients and plasma is stored for the 

ongoing project of the molecular epidemiology and genotypic drug resistance of HIV-1 in 

Cyprus (Kousiappa et al., 2009a). From the clinical data available, all samples known to be 

coinfected with HCV were selected for this study (14 samples) and previously stored aliquots 

of plasma were used. The samples are numbered with a laboratory identifier code and clinical 

and epidemiological data previously collected for the HIV-1 project was accessed by using 

these codes.  

 

2.2.2. Sample collection and processing 

Blood (4-5 ml) was collected from each participant in a BD Vacutainer® PPT™ 

(Becton Dickinson and Co., Franklin Lakes, NJ) tube and transported safely to the Laboratory 

of Biotechnology and Molecular Virology. Plasma was isolated after centrifugation at 1,100 

RCF (relative centrifugal force) for 10 min in an Eppendorf Centrifuge 5810 R (Eppendorf), 

and stored in aliquots at -70oC until it was used for RNA extraction. Viral RNA was extracted 
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from 200 µl plasma using the QIAmp® UltraSens® Virus kit (Qiagen, Venlo, the 

Netherlands) following the manufacturer’s instructions. All potentially infectious material was 

handled in a bio-safety level 3 area following appropriate health and safety measures.  

 

2.2.3. Experimental design 

All HCV RNA samples were amplified by a nested RT-PCR.  Partial sequences from 

the Core-E1 and NS5B regions of the HCV genome were targeted. For each region, 

degenerate forward and reverse primers were designed to amplify all HCV genotypes (Table 

1) by manually studying multiple alignments of HCV sequences covering all subtypes 

available on the Los Alamos HCV sequence database (http://hcv.lanl.org), to perform inner 

and outer PCR. All PCR-positive samples were sequenced using the inner forward and reverse 

primers. The experimental design is described schematically in Figure 3.  

 

 
Table 1. Primers for amplification and sequencing of the Core-E1 and NS5B regions. 

Name Type Polarity Sequence (5’-3’) a Position b 

Core-E1     

735 Outer Forward GACCTCATGGGGTACATYCCBSTCGTHGG 735-763 

834 Inner Forward GCAACAGGGAATYTDCCYGGTTGCTCYTTYTC 834-865 

1318 Inner Reverse CAGTTCATCATCATRTCCCAWGCCATNCGRTGDCC 1,284-1,318 

1324 Outer Reverse GGBGACCARTTYAKCATCATRTCCCAWGCC 1,295-1,324 

NS5B     

8172 Outer Forward TAYGGRTTCCARTACTCNCCHGVRCAGCGGGT 8,172-8,203 

8244 Inner Forward ATGGGBTTYKCRTATGAYACCCGHTGYTTTGA 8,244-8,275 

8713 Inner Reverse GABACRTTKGAGGARCADGATGTTATNARCTC 8,682-8,713 

8821 Outer Reverse GARTTGACWGGRGWGTGTCKDRCTGTYTCCCA 8,790-8,821 
a Degenerate positions are shown with IUB base codes (R: A or G; W: A or T; S: G or C; K: G or T; Y: C or T; 
B: C, G or T; D: A, G or T; H: A, C or T; V: A, C or G; N: A, C, G or T). 
b Positions numbered according to strain H77 (GenBank Acc. No. NC_004102). 

 
 

2.2.4. Reverse transcription nested PCR and sequencing 

15 µl of the RNA was used in a one-step RT-PCR using Superscript™ III One-Step 

RT-PCR Platinum Taq HiFi (Invitrogen, Carlsbad, CA), following a heat-shock step at 70 oC  

bb 
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Figure 3. Schematic diagram of the experimental design of PCR and sequencing for the two regions studied in 
the molecular epidemiology. (A) The HCV genome coordinate map numbered according to strain H77 (Acc. No. 
NC_004102); (B) the outer PCR product locations with numbers designating the names and 5’ ends of the 
corresponding outer PCR primers; (C) the inner PCR product locations with numbers designating the names and 
5’ ends of the corresponding inner PCR primers; (D) the sequencing product locations with the numbers on the 
scale indicating the start and end of each reading, and the numbers and arrows in the cylinders indicating the 
sequence primer name and directionality. 
 

 

for 20 s to denature the RNA secondary structure. The RT-PCR was performed in a 50 µl 

reaction with 20 pmol each of the outer primers (Table 1). Reverse transcription was carried 

out at 55oC for 60 min, and then 94oC for 2 min. This was followed by 43 cycles of 94 oC for 

15 s, 57 oC for 30 s and 68 oC for 1 min per kilobase of product, and a final elongation step at 

68 oC for 5 min. A nested PCR was performed using 3 µl of the first round PCR product with 

40 pmol each of the inner PCR primers (Table 1), using Platinum® PCR SuperMix 

(Invitrogen, Carlsbad, CA, USA) in a 50 µl reaction. Cycling conditions were as follows: 94 

oC for 2 min, 40 cycles of 94oC for 20 s, 30 s at the appropriate annealing temperature and 

72oC for 1 min per kilobase of product, and a final elongation step at 72oC for 5 min. The 
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annealing temperatures for the secondary Core-E1 and NS5B PCR were 56 oC and 53 oC, 

respectively. PCR amplification was confirmed by visualisation of bands with ethidium 

bromide staining on a 2% agarose gel and PCR products were purified using the QIAquick ® 

PCR Purification Kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions. 

The concentration of each PCR product was measured at 260 nm on the NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). 

Cycle sequencing reactions were carried out on the amplicons of all PCR-positive 

samples bidirectionally using the inner forward and reverse PCR primers for each region 

(Table 1) by means of the BigDye® Terminator system v3.1 (Applied Biosystems, Foster 

City, CA). The reactions were performed at 94 oC for 1 min, followed by 25 cycles of 96 oC 

for 10 s, the appropriate annealing temperature for 5 s, and 60 oC for 4 min. The annealing 

temperatures were 57 oC for primer 834, 57 oC for primer 1318, 56 oC for 8244, and 53 oC for 

8713. The products were purified using the DyeEx spin kits (Qiagen) and sequenced directly 

on the ABI 3300 Genetic Analyser (Applied Biosystems). The resulting readings were 

analysed with the Sequencing Analysis Software v5.2 (Applied Biosystems) and checked 

manually. The nucleotide sequences obtained for both the Core-E1 region (417 bp, positions 

867-1283 according to strain H77) and NS5B region (405 bp, positions 8277-8681 according 

to strain H77) were aligned with the H77 nucleotide reference sequence using the 

CLUSTALX 1.83 alignment software with default parameters (Thompson et al., 1997). 

 

2.2.5. Subtyping and phylogenetic analysis 

Subtyping based on the sequence obtained for each region was performed using the 

Oxford HCV Subtyping Tool v1.0 (de Oliveira et al., 2005), after which the aligned sequences 

were compared to reference strains of known subtypes derived from the Los Alamos HCV 

database (Kuiken et al., 2005) using the neighbour-joining method (Saitou and Nei, 1987) in 

MEGA version 4 (Tamura et al., 2007). Pair-wise distance matrices were generated using the 

Kimura-2-parameter distance estimation approach (Kimura, 1980). The reliability of the 

phylogenetic clustering was evaluated using bootstrap analysis with 1,000 replicates 

(Felsenstein, 1985). Bootstrap values above 70% were considered sufficient for subtype 

assignment. Clusters were determined by an arbitrary threshold of genetic distance < 5%  

(Lewis et al., 2008). 

 For the purpose of a deeper investigation into possible phylogenetic relationships 

between the dataset obtained from the intravenous drug users cohort and other HCV strains, 
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each sequence was uploaded individually into the HCVBLAST tool on the Los Alamos HCV 

database website (http://hcv.lanl.gov/content/sequence/BASIC_BLAST/basic_blast.html) to 

recover the most closely related sequences available in the database (>95% sequence 

similarity, as defined by the percentage of identical residues per position along the given 

length of sequence). For a deeper and more sophisticated analysis, phylogenies for these 

sequences were constructed with MrBayes (Huelsenbeck and Ronquist, 2001) using a general 

time-reversible (GTR) model of nucleotide substitution with a proportion of invariant sites (i) 

and gamma distribution of rates (G). The Monte-Carlo Markov Chain search was run for 

5x106 generations, with trees sampled every 100th generation (with a burn-in of 50%) and a 

posterior consensus tree generated (from 25,000 trees). From this consensus tree, the posterior 

probability of nodes was used as phylogenetic support for each transmission cluster group. 

Cluster group size was determined using nodes with a posterior probability of 1. 

 

2.2.6. Reference strains 

The GenBank accession numbers of the reference strains used in each phylogenetic 

analysis are shown in the respective figures of the neighbour-joining trees in the results 

section, apart from the general analysis of all Cypriot strains, for which the accession numbers 

are listed here. For both the Core-E1 and NS5B regions the reference sequences used were: 1a, 

AF511950, EF407419 and NC_004102; 1b, AY587016, D11355 and EF032892; 1c, 

AY051292 and D14853; 2a, AB047639, AY746460 and D00944; 2b, AB030907, AF238486 

and D10988; 2c, D50409; 2k, AB031663; 2k/1b, AY587845; 3a, AF046866, D17763 and 

X76918; 3b, D49374; 3k, D63821; 4a, DQ418788 and Y11604; 4d, DQ418786 and 

DQ516083; 5a, AF064490 and Y13184; 6a, AY859526, DQ480513 and Y12083; 6b, D84262; 

6c, EF424629; 7a, EF108306.  

 

2.2.7. Statistical analysis 

To test for a statistically significant correlation between the PCR results and 

demographic and clinical variables from the general population samples, the χ2-test for 

categorical variables and the t-test for continuous variables were used. In the intravenous drug 

user cohort, variables were compared between hepatitis C positive and negative individuals 

using the Mann-Whitney test for continuous variables and χ2-test or Fisher exact test where 

appropriate.  
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2.2.8. Nucleotide sequence accession numbers 

The accession numbers for sequences obtained in this study and submitted to GenBank 

are EU684591-737, HQ537010-2 & HQ537033-6 for the general population sequences, 

GQ332540-65 for the intravenous drug users’ sequences, HQ537013-25 & HQ537037-52 for 

the sequences of the incarcerated population, and HQ537026-32 & HQ537053-9 for the 

sequences of the HIV/HCV coinfected group.  

 

2.3. Results and Discussion 

 

2.3.1. PCR fidelity 

On an analysis performed on 107 samples from the general population, 77 samples 

were PCR-positive for Core-E1 and 70 for NS5B, presenting 73.8% and 71.0% PCR success 

rates, respectively. Statistical analysis to determine the association between PCR result and 

whether the patients were on therapy revealed a statistically significant more frequent negative 

PCR result for patients on therapy with P-values < 0.016. Fifty-six patients (52.3%) were on 

interferon therapy when blood was taken, and 51 patients (47.7%) were also taking ribavirin. 

Forty-nine patients (45.8%) were not on therapy at the time blood was taken. Considering the 

two groups separately, from the patients on interferon therapy, 35 exhibited PCR-positive 

results and 21 showed negative results, compared to 44 positive results and 7 negative results 

from the patients not on interferon (P=0.008). Of the patients also taking ribavirin, 32 had 

positive PCR results and 19 had negative results compared to 47 positive and 9 negative 

samples from patients not taking ribavirin (P=0.016). Furthermore, the correlation between 

PCR result and viral load showed that samples from patients with a detectable viral load (more 

than 135 copies/ml) exhibited more frequently a positive PCR result than those with 

undetectable viral load with a P-value of 0.002. From the patients with undetectable viral load 

at the time blood was taken, 6 had positive PCR results and 13 had negative results, compared 

to patients with detectable viral load, of which 58 were positive and 21 negative (P=0.002; 

patients with unknown viral load were excluded from this analysis). 

An analysis was also performed on the intravenous drug user samples, whose antibody 

test results were available. Of the 20 samples found to be HCV positive in the AxSYM anti-

HCV system, only 14 were PCR positive in the Core-E1 region and 12 of these in the NS5B 

region also. PCR success rate was determined by comparing PCR results (positive or negative) 

with the results from AxSYM, which gives a value for the sample/cut-off rate ratio (S/CO) for 
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each sample, where a value above 1 is considered positive. The S/CO values for the positive 

samples in this study were 4-124. A Mann-Whitney test showed that the PCR positive samples 

were those with significantly higher S/CO values than the PCR negative samples for both 

regions tested, as seen in Table 3 (P=0.001). It is known that chronic HCV patients generally 

do have higher anti-HCV antibody titres than convalescent individuals (Houghton, 2009). 

Therefore, viral RNA extraction from blood plasma, RT-PCR and sequencing of the 

Core-E1 and NS5B regions were designed and successfully applied for genotyping of HCV 

strains, enabling detection of at least genotypes 1-5, and the determination of the genetic 

heterogeneity of HCV in this cohort of patients from Cyprus. The RT-PCR assay design is 

considered successful as over 70% of samples were PCR-positive in both regions and those 

that were not belonged mainly to patients receiving therapy and/or with low viral load with 

statistical significance (low P-values).  

 

2.3.2. Patient characteristics 

 

2.3.2.1. General population (2005-2009) 

 The study group consisted of 111 HCV seropositive patients between the ages of 18 

and 84, from two private gastroenterology clinics and all public hospitals in Cyprus. A list of 

the patient demographic characteristics is seen in Table 2. The epidemiological features of the 

study subjects varied, as 53 (49.1%) patients were Cypriots and 37 (34.3%) being from 

countries of the former Soviet Union (Russia, Georgia, Moldova, Belarus and Ukraine), but 

the group also included patients from other countries, such as Greece, Britain, Pakistan, Italy, 

Egypt, Iran, Romania, and Bulgaria.  

 Thirty-nine patients (35.1%) had a history of transfusion with blood products, six 

(5.4%) stated they were intravenous drug users, ten (9.0%) traced infection to dental or 

surgical procedures, and 52 (46.8%) did not know the source of infection. The route of 

transmission for a large percentage of patients was unknown, mainly because this virus can be 

carried for many years without diagnosis and because safety measures for the prevention of 

HCV transmission in hospitals and screening of donated blood and blood products were not 

carried out until the early 1990s. Also, considering the patients’ diverse nationalities, it is 

worth noting that unsafe medical practice still occurs in some developing countries. The 

patients investigated in this group were therefore epidemiologically diverse, showing a wide 

range of ages, countries of origin, and routes of transmission for HCV. 
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Table 2. Characteristics of the general population cohort. 
Characteristics Patients (N=111)  
Gender (%) a   

Male 55 (50)  
Female 53 (48)  

   
Age (years) (%) a   

Median (IQR) 40 (32-57)  
18-29 23 (21)  
30-39 33 (31)  
40-49 11 (10)  
50-59 22 (20)  
60 and older 19 (18)  

   
Region of origin (%) b   

Cyprus 53 (50)  
Russia 15 (14)  
Georgia 14 (13)  
Greece 5 (5)  
Moldova 4 (4)  
Bulgaria 3 (3)  
Ukraine 3 (3)  
Egypt 3 (3)  
Other - Europe 3 (3)  
Other - Asia 3 (3)  

   
Route of transmission (%)   

Blood transfusion 39 (35)  
Surgical procedure 6 (5)  
Dental procedure 4 (4)  
Intravenous drug use 6 (5)  
Tattoo 2 (2)  
Sexual transmission 1 (1)  
Other / unknown 53 (48)  

   
Use of medication (%)   

Interferon – ribavirin 59 (53)  
No medication 52 (47)  

   
Plasma HCV-RNA (log copies/ml)   

Median (IQR) 5.5 (2.5-6.2)  
   
 Core-E1 NS5B 
RT-PCR (%)   

Positive 82 (74) 80 (72) 
Negative 29 (26) 31 (28) 

   
Genotype (%)   

1 52 (47) 49 (44) 
2 3 (3) 1 (1) 
3 15 (14) 15 (14) 
4 9 (8) 8 (7) 
5 1 (1) 1 (1) 
Unknown 31 (28) 37 (33) 

IQR, interquartile range.   
a Information available for 108 subjects. 
b Information available for 107 subjects.  
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2.3.2.2.  Intravenous drug users (2008) 

In this part of the study, the prevalence and molecular epidemiology of HCV among 

intravenous drug users in Cyprus seeking rehabilitation was investigated. Forty one consenting 

individuals took part, providing demographic and epidemiological characteristics as well as 

information on risk groups and drug use behaviour (Table 3). The majority of the participants 

were male (85%), young, with a median age of 27 years (interquartile range 25-31) and of 

Cypriot nationality (64%). Other nationalities included either Greek or Eastern European, 

demonstrating the influx of young people from Eastern Europe to the island and its strong 

association with Greece. There was no statistical significance between the distribution of age 

or nationality between the HCV positive and negative individuals (P=0.61 and 0.30 

respectively). The results of the antibody testing showed that none of the intravenous drug 

users who took part in the study were infected with HIV or HBV at the time of sampling, 

surprisingly signifying a zero prevalence of these infections in this population. However, 20 

individuals of the 41 tested were positive for HCV antibodies, giving a prevalence of 49%, 

which is comparable to or lower than known prevalence rates in intravenous drug users abroad 

(Shapatava et al., 2006; Shepard et al., 2005; Sutton et al., 2008; Tan et al., 2008; van de Laar 

et al., 2005).  

 In this population of highly experienced intravenous drug users the main statistically 

significant factor predicting HCV was the duration of injection drug use, which, with a median 

duration of 10 years (interquartile range 5-14) was significantly higher in HCV-positive 

individuals as compared to a value of 6 years (interquartile range 1.5-8.5) in the HCV-negative 

group (P=0.02). Duration of injecting drug use practices is a factor known to be a predictor of 

higher HCV prevalence (Hagan et al., 2007; Shepard et al., 2005; Sweeting et al., 2009). The 

association of the duration of intravenous drug use with the prevalence of HCV infection is 

seen in Figure 4. Another risk factor significantly different between the HCV positive and 

negative groups was a history of prison sentence. HCV-positive users reported having served a 

prison sentence more frequently than those who were negative (P=0.01), highlighting the 

occurrence of unsafe injecting practices in correctional facilities. All subjects reported to have 

practiced unprotected sex, but only two stated MSM behaviour, given the recent reports 

regarding MSM being a route of transmission (van de Laar et al., 2007). Interestingly, there 

were no significant differences between the HCV-positive and negative groups with regards to 

having shared injecting equipment or having easy access to clean syringes, or other stated risk 

behaviours. 
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Table 3. Characteristics of the intravenous drug user cohort. 

Characteristics a Subjects 
(N=41) HCV +ve HCV -ve 

Age (years) (%)    
 Median (IQR) 27 (25-31) 27 (24-34) 27 (25-29) 
     
Gender - median (%)    
 Male 35 (85) 16 19 
 Female 6 (15) 4 2 
     
Nationality - median (%)    
 Cypriot 26 (64) 12 14 
 Greek 8 (21) 4 4 
 Russian 2 (5) 2 0 
 Bulgarian 1 (3) 1 0 
 Georgian 1 (3) 1 0 
 Romanian 1 (3) 0 1 
 Not stated 2 (3) 1 1 
     
Risk factors - median (%)    
 Age at first injection (years) (IQR) 20 (17-23) 19.5 (16-21) 21 (18-25) 
 Duration of injecting drug use (years) (IQR)  10 (5-14) 6 (2-9) 
 Served a prison sentence 11 (28) 9 2 
 Shared injecting equipment 27 (68) 13 14 
 Can find sterile equipment easily 26 (65) 12 14 
 History of blood transfusion 3 (8) 3 0 
 History of surgical procedure 24 (60) 12 12 
 Tattoos 25 (63) 12 13 
 Have used syringes/needles abroad 10 (25) 7 3 
     
Sexual practices - median (%)    
 Heterosexual 35 (92) 17 18 
 Homosexual 1 (3) 1 0 
 Bisexual 2 (5) 0 2 
 Unprotected sexual practices 41 (100) 20 21 
     
RT-PCR b Core-E1 NS5B  
 Positive 14 12  
 Negative 6 8  
     
AxSYM anti-HCV S/CO values (IQR) c Core-E1 NS5B  
 PCR positive 86.8 (47.8-95.7) 88.1 (77.8-95.9)  
 PCR negative 8.8 (4.6-25.7) 14.6 (5.5-45.6)  
     
Genotype d Core-E1 NS5B  
 1b 6 4  
  3a 8 8   
a IQR, interquartile range    
b Only performed on samples which were HCV seropositive   
c AxSYM anti-HCVsystem, the HCV antibody test used in this study; S/CO, signal/cutoff rate 

ratio is the result obtained from the HCV antibody test  
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Figure 4. Bar chart indicating the percentage prevalence of HCV seropositive injecting drug users in three groups 
of different duration of practise. In the group of individuals who have been users for up to 5 years, 3 out of 11 are 
anti-HCV positive (prevalence is 27%); within the individuals who have practiced IDU for 5-10 years, 5 out of 
14 are anti-HCV positive (prevalence is 36%); within the individuals who have been practising IDU for over 10 
years, 10 out of 14 are positive (prevalence is 71%). Intravenous drug users who have been practising for more 
than 10 years are significantly at higher risk of being HCV seropositive than short-term users (p=0.02). 
 

 

2.3.2.3.  Incarcerated population (2009-2010) 

Following the results of the injecting drug users’ population, and the fact that serving a 

prison sentence was shown to be a significant risk factor for HCV infection, the study of the 

molecular epidemiology of HCV in Cyprus proceeded to the next step: a total of 25 samples 

from individuals serving a prison sentence had been previously taken for standard diagnostic 

purposes and any samples testing PCR-positive for HCV were retrospectively added to this 

study after written consent from the study subjects (16 individuals). Interviews were carried 

out with as many study subjects as possible and epidemiological and risk-behaviour details 

were collected from seven individuals. The participants were predominantly male (6, 85%), 

aged between 22-41 years, four (57%) were Cypriot, and three (43%) were of other 

nationalities (Greek, Georgian and Portuguese). All individuals who had been previously 

tested for coinfection with HBV and HIV (6, 85%) stated that they were tested negative for 

either infection. Three subjects had served multiple prison sentences. All interviewed persons 

stated that they had practiced intravenous drug use, six of which in Cyprus, and three had also 

practiced injecting drug use abroad. The median stated duration of injecting drug use was 5 

years (interquartile range, 2-6 years). Regarding other possible routes of transmission and 
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high-risk behaviours, none of the study subjects had ever had a blood transfusion, six (85%) 

had tattoos, all had practised unsafe heterosexual contact, and one participant believed that he 

had been infected with HCV during a fight within the correctional facilities. These risk 

behaviours are representative of the HCV risk factors associated with prisons (Babudieri et al., 

2005; Miller et al., 2009a; Zalumas and Rose, 2003).   

 

2.3.2.4.  HIV/HCV coinfected cohort (2005-2009) 

The final risk group investigated here are HIV/HCV coinfected subjects, who are 

considered to arise from two types of risk groups: injecting drug users and MSM (Kim and 

Chung, 2009; Re et al., 2008; Tan et al., 2008; Urbanus et al., 2009; van de Laar et al., 2009). 

From the 251 samples collected from HIV-1 seropositive patients from 2005-2009 for the 

study of the molecular epidemiology of HIV-1 in Cyprus (Kousiappa et al., 2009b), 14 were 

known to have HCV coinfection, from the results of routine diagnostic tests. All coinfected 

samples were subsequently used in this study, six of which (43%) were on antiretroviral 

therapy at the time of sampling. This cohort consisted predominantly of male subjects (10, 

71%), with a median age of 34 years (interquartile range 32-45). The subjects displayed a 

variety of nationalities, with five (36%) being from Cyprus, four (29%) from Georgia, and one 

patient (7%) each from Bulgaria, Latvia, Italy, Britain and the USA. The stated routes of HIV-

1 transmission for these patients was heterosexual contact for nine (64%), homosexual contact 

for two (MSM) (14%), intravenous drug use practises for two (14%), and one (7%) was a 

haemophiliac. No further specific details, however, were available regarding HCV 

transmission, although it is likely that the routes of transmission for the two viruses were the 

same in many cases. Of all the above, the most improbable route of transmission for HCV is 

the heterosexual contact, in which cases HCV may have been acquired through another 

unknown route. All patients appeared epidemiologically unlinked, apart from one male and 

one female subject from Georgia, who were partners at the time of sampling (Kousiappa et al., 

2009b). 

 

2.3.3. Genotype distribution and phylogenetic analysis 

 

2.3.3.1.  General population (2005-2009) 

The HCV genotype distribution and sequence variability were investigated in a group 

of hepatitis C patients from the general population in Cyprus who were seeking medical care 
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in public hospitals and private clinics between 2005 and 2009. The phylogenetic analysis was 

performed on two partial genomic regions, Core-E1 and NS5B, and the resulting trees are seen 

in Figure 5 (the samples from the general population are shown as yellow circles). HCV 

genotype 1 was the most frequent (47.7% in the Core-E1 region), followed by genotypes 3, 4, 

2, and 5 (12.1%, 8.4%, 2.8%, and 0.9%, respectively in the Core-E1 region). There is 

concordance between the trees for all samples that were positive for both regions, except for 

two strains from Georgian patients (designated with asterisks in Figure 5). These strains were 

identified as subtype 2k in the Core-E1 region and as 1b in the NS5B region. They therefore 

appear to be 2k/1b recombinants, as they cluster together with the St. Petersburg 2k/1b 

recombinant strain in both trees (GenBank Acc. No. AY587845). The St. Petersburg strain is 

the reference strain in the trees closest to the isolates indicated with asterisks. However, near-

full genome analysis is required to confirm this and is described in the second part of this 

study.  

 Within genotype 1, 37 general population recovered sequences were classified as 

subtype 1b. Two additional strains were also classified as subtype 1b in the Core-E1 region, 

but were PCR-negative in the NS5B region and were therefore not included in the NS5B 

analysis. Twenty-two of these strains are from patients originating from Cyprus, six from 

Georgia, five from Russia, three from Moldova, and one each from Greece, Ukraine, and 

Romania. One strain in particular, from a Greek patient, had a 3-nucleotide insertion in the 

Core-E1 sequence between positions 1044 and 1045 (positions according to strain H77, 

GenBank accession no. NC_004102), resulting in an additional amino-acid in the E1 protein 

sequence. The epidemiological origin or significance of this insertion is not currently known. 

Ten strains grouped within the 1a subtype in both regions with bootstrap values higher than 

90. Three further isolates were also classified as subtype 1a in the Core-E1 region but were 

PCR-negative in the NS5B region and could hence not be analyses in this region. Seven are 

from Cypriot patients, two from Georgian patients and one each from a British, an Iranian, an 

Italian, and a Greek patient. One strain from a Cypriot patient did not cluster with any 

common genotype 1 subtypes using the standard reference sequences, and so, separate 

phylogenetic trees were built for both genomic regions using reference sequences from all 

assigned genotype 1 subtypes available within these regions in the HCV sequence database 

(Figure 6A & B). However, this strain still did not group with any known subtype. To 

investigate this strain further, a BLAST analysis was performed using the HCV BLAST tool 
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Figure 5. Neighbour-joining trees showing the genotype distribution of the HCV samples described in this study 
in the Core-E1 and NS5B genomic regions. HCV subtypes are designated with brackets on the right of each tree. 
The samples are denoted with different symbols for each cohort, as indicated below the trees. The genotype 6 
group of strains were used to root the tree. The numbers at branch nodes are percentage bootstrap support for 
1,000 replicates, and only values above 70 are shown. The genetic distance between any two sequences is 
denoted by the scale at the lower left side of each tree.  
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on the HCV Sequence database website, but no sequence on the database gave a genetic 

similarity higher than 74% or 82% in the Core-E1 and NS5B regions, respectively, which is 

not high enough similarity to signify subtype grouping (Simmonds et al., 2005). This strain is 

hence labelled unclassified and is further analysed by near-full genome sequencing in the 

second part of this thesis. 

For genotype 2, a single strain from a Cypriot patient clustered with subtype 2c in the 

Core-E1 and NS5B trees with bootstrap values of 98 and 83, respectively. This was isolated 

from a Cypriot patient who was born in Argentina and was infected there by a blood 

transfusion in the late 1970s. According to a recent study, 2c is a subtype found in high 

prevalence in central Argentina (Re et al., 2007). However, it is unknown whether this was the 

case at the time this patient became infected, nor is it known where in Argentina the blood 

transfusion took place.  

Also the two putative recombinant strains mentioned earlier clustered with the 2k 

subtype in the Core-E1 tree with a bootstrap of 99, but with the 1b subtype in the NS5B 

region. These strains, indicated with asterisks in Figure 5, appear to be 2k/1b recombinants 

and were both isolated from Georgian patients who stated as routes of infection intravenous 

drug use and sexual transmission. The first identified 2k/1b recombinant found was recovered 

in St. Petersburg in intravenous drug users (Kalinina et al., 2002) and has since been found 

only in Estonia, Ireland, Uzbekistan and France in intravenous drug users (Kurbanov et al., 

2008a; Moreau et al., 2006; Morel et al., 2010; Tallo et al., 2007). The putative recombinants 

found here cluster with each other and the St. Petersburg strain in both the Core-E1 and NS5B 

trees. Determination of recombination requires a more detailed analysis, as described in the 

second part of this study. 

Analysis of both genomic regions revealed 16 strains for genotype 3, all of which 

belonged to subtype 3a, clustering with the 3a reference strains with bootstrap values higher 

than 95 in both trees. These strains were isolated from four Cypriot patients, four Russian 

patients, two Georgian patients, two Greeks, and one patient each from Bulgaria, Belarus and 

Pakistan. Because of the established correlation of genotype 3a with intravenous drug use 

(Morice et al., 2006), these strains were further investigated in a new dataset context by 

comparing them to genotype 3a sequences from intravenous drug users available in the 

database. A new tree was constructed using the NS5B region of only the 3a strains from the 

general population group in this study (2005-2008) and 50 3a sequences derived from 
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Figure 6 (previous page). Neighbour-joining trees showing the relationship of the unclassified strains with 
reference strains from all available subtypes of their genotype. (A) and (B) indicate the unclassified genotype 1 
strain, CYHCV025, in the Core-E1 and NS5B regions, respectively. (C) and (D) indicate the unclassified 
genotype 4 strains CYHCV048, CYHCV073, CYHCV081 and CYHCV126, in the Core-E1 and NS5B regions, 
respectively. All trees are rooted with a genotype 3a strain. Asterisks at branch nodes signify percentage 
bootstrap support for 1,000 replicates that are above 70. The divergence between any two strains is estimated by 
the summation of the branch length using the scale at the lower left side of each tree.  

 

 

publications (Cochrane et al., 2002; Kalinina et al., 2001; Morice et al., 2006) and from 

intravenous drug users search in the HCV sequence database (Figure 7). This analysis yielded 

no significant evidence for the Cypriot strains clustering with each other or with isolates from 

intravenous drug users from other countries. As found previously (Morice et al., 2006), the 

geographical areas of origin of the subjects do not seem to lead to distinct clusters of strains; it 

was therefore not possible to verify that the 3a strains found in this study were introduced by 

intravenous drug use in specific geographical regions. The observation of no country-specific 

phylogenetic clustering for strains isolated from intravenous drug users has been made for all 

genotypes (van Asten et al., 2004). Also it has been shown previously that there is 

phylogenetic mixing of HCV subtype 3a strains from drug users and non-drug users in various 

countries, supporting the existence of a unique origin for subtype 3a (Cochrane et al., 2002; 

Kalinina et al., 2001; Morice et al., 2006; Samimi-Rad et al., 2004).  

 For genotype 4, six strains found in this study are assigned as subtype 4a in both 

regions. These strains were isolated from four Cypriot patients and two patients of Egyptian 

origin, which is the geographical area with a significantly high prevalence of HCV-4a (Abdel-

Hamid et al., 2007; Genovese et al., 2005; Pybus et al., 2003; Ray et al., 2000; Tanaka et al., 

2004). It is significant to observe the origin of the patients with 4a infection and note the fact 

that this subtype was not isolated from patients of any other ethnic origin in this study group, 

which includes a high percentage of patients from countries of the former Soviet Union and 

other countries. This highlights the fact that this subtype is more restricted to a specific 

geographical radius than genotypes 1, 2, and 3. 

Of particular interest is a cluster of a further four strains, isolated from two Cypriot 

patients, one Greek, and one Bulgarian patient, which was found to belong to genotype 4 but 

did not cluster with the standard reference sequences. Two of these samples were positive in 

both genomic regions, one was PCR positive only in the Core-E1 region, and the other only in 

the NS5B region. Consequently, a more detailed genotype-4-specific phylogenetic analysis 

was performed using reference sequences covering all available genotype 4 subtypes that have  
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Figure 7 (previous page). Neighbour-joining phylogenetic trees for the partial NS5B sequences (positions 8316-
8555, according to strain H77, Acc. No. NC_004102) of HCV subtype 3a strains obtained from patients within 
the general population of Cyprus. Trees were constructed using 50 intravenous drug use related subtype 3a 
sequences taken from published studies (Cochrane et al., 2002; Kalinina et al., 2001; Morice et al., 2006) and 
from searches in the HCV sequence database of Los Alamos National Laboratory. The reference sequences are 
identified with their GenBank accession number and colour-coded, with the colours corresponding to the 
sampling country: Australia (yellow), France (blue), Russia (pink), Uzbekistan (brown), Brazil (gray), United 
Kingdom (dark green) and USA (purple). The Cypriot strains are indicated with gray circles. The numbers 
indicated at the nodes are percentage bootstrap support for 1,000 replicates. The divergence between any two 
sequences is obtained by summing the branch length, using the scale at the lower left of the tree. 

 

 

sequences in these genomic regions (Figure 6C & D). The sequences from both regions were 

also uploaded into the HCV BLAST tool of the Los Alamos HCV sequence database and any 

strains with a sequence similarity of over 90% were also included in the phylogenetic tree 

construction. The strains in question do not group within any available assigned subtype of 

genotype 4 and were therefore labelled unclassified. This unclassified cluster appears to be 

genetically closest to subtypes 4q, 4m, and 4l. In the Core-E1 region, the unassigned strains 

from Cyprus cluster with seven other sequences from the database, four from subjects of 

African origin from a Canadian submission (Acc. No. EF115885, EF115899, EF115905, and 

EF115910) (Murphy et al., 2007b) and three from patients of unknown epidemiological and 

demographic details from a UK submission (Acc. No. AY766949, AY767036, and 

AY767953), none of which are assigned a subtype in the database. No risk factors are kown 

for the additional sequences found in the database. A similar pattern is revealed in the NS5B 

tree, where the two sequences from this study cluster with the same four Canadian strains 

(Acc. No. EF116108, EF116122, EF116128, and EF116133), separately from any assigned 

strains. The British strains were not sequenced in the NS5B region, and as a result were not 

available for the NS5B analysis. This group of strains may belong to a novel subtype within 

genotype 4 and they are investigated in more detail in the second major section of the thesis. 

Within genotype 5, just one strain was identified and this was classified as subtype 5a 

on both trees with corresponding bootstrap values of 100 in both cases. This is a subtype 

found primarily in South Africa (Chamberlain et al., 1997b), but has also been found in west 

Flanders, Belgium (Verbeeck et al., 2006), central France (Henquell et al., 2004), and Syria 

(Antaki et al., 2009). This strain is from a Cypriot patient who had a transfusion with 17 units 

(17x450 ml) of blood in 1975 in Johannesburg after a serious accident, but was only diagnosed 

with hepatitis C in 2006. From this data, it appears that this is a single 5a infection in Cyprus 

and, like the 2c strain, does not represent a spread of this genotype on the island. 
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Lastly, no strains of genotype 6 or 7 were identified in this dataset. 

Overall, in the samples taken from HCV-infected subjects from the general population, 

a broad genotype distribution is revealed, and the phylogenetic analysis shows a high genetic 

diversity among the circulating strains. Strains of most genotypes were found, and subtype 1b 

was the most prevalent, followed by 3a, 1a, and 4a, and an unclassified type 4, with isolated 

cases of 2c, 5a and unclassified type 1 infections. It is worth noting that all genotypes and 

subtypes found in the general population group were found in patients of Cypriot nationality, 

except the putative 2k/1b recombinant, which was isolated from two Georgian subjects. This 

indicates that the high genetic heterogeneity is within the Cypriot population, and not just in 

foreign nationals currently residing on the island. In the patients coming from countries of the 

former Soviet Union, the HCV strains identified belonged to subtypes 1b, 1a, 3a, and the 

putative 2k/1b recombinant strain, which are representative of the HCV subtypes circulating in 

Eastern Europe (Kalinina et al., 2001; Kurbanov et al., 2003; Naoumov, 1999; Tallo et al., 

2007). In the Egyptian patients, only subtype 4a was found, reflecting the HCV situation in 

their country (Abdel-Hamid et al., 2007). For patients from other European countries (Greece, 

UK, Italy, Romania, and Bulgaria) the genotypes identified were 1a, 1b, 3a, and 4, which are 

genotypes found commonly in western and southern Europe (Ansaldi et al., 2005; Esteban et 

al., 2008; Katsoulidou et al., 2006; Trepo and Pradat, 1999). Finally, among patients of Asian 

ethnicity (Iranian and Pakistani), the genotypes discovered were 1a and 3a, respectively, again 

corresponding to the most prevalent types of HCV in their countries (Idrees, 2008; Samimi-

Rad et al., 2004). It is, however, difficult to make any further epidemiological conclusions, as 

for many patients the mode of transmission is unknown and, equally important, so is the 

country of infection. 

The genetic diversity of HCV among the general population in Cyprus, as shown in 

this section of the study, is similar to the findings of HCV diversity in Greece (Katsoulidou et 

al., 2006), and unlike the findings in Turkey, where subtype 1b is predominant (Altindis et al., 

2006; Altuglu et al., 2008), Egypt, which has mainly subtype 4a (Abdel-Hamid et al., 2007), 

or other countries in the Middle East, where genotypes 4 and 1 predominate (Ramia and Eid-

Fares, 2006; Watson et al., 1999). The heterogeneity in HCV genotypes found in Cyprus is 

probably due to imported strains from repatriated Cypriots, Cypriots travelling abroad and the 

large tourism industry. The diverse ethnic background of the study group and the finding of 

the possible 2k/1b recombinant strains also emphasise the impact of immigration from Eastern 
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Europe and increasing intravenous drug use in Cyprus on the multiple points of introduction 

and risk of widespread transmission of HCV strains on the island. 

 

2.3.3.2.  Intravenous drug users (2008) 

Following the findings of subtypes globally associated with injecting drug use (3a, 1a 

and 2k/1b) within the general population in Cyprus (section 2.3.3.1), and knowing the high 

risk of HCV infection within this population, the investigation naturally proceeded to 

specifically sample intravenous drug users approached at rehabilitation centres all over the 

island. From the PCR-positive samples, sequences in both regions were obtained and included 

in phylogenetic analysis as described above. The strains from this cohort are seen in the trees 

of Figure 5, where they are indicated with blue triangles.  

From studies carried out on intravenous drug users, the main genotypes found to be 

associated with this transmission route are 1a and 3a (Esteban et al., 2008). The results of the 

subtyping of injecting drug user samples from Cyprus showed that the strains of this study 

group fell into only two subtypes. Eight samples (57%) belong to subtype 3a, and six samples 

(43%) belong to subtype 1b, with bootstrap values higher than 98. Two of the 3a strains are 

not included in the NS5B analysis, as they were PCR negative in this region. There was 

concurrence for all other samples between the two regions. Thus, the frequent presence of 3a 

strains in this population has been confirmed, but subtype 1a, which appears in the general 

population, was not found in any individuals of this cohort. Interestingly, 43% of the strains 

were subtype 1b, showing that this subtype has a significant prevalence in intravenous drug 

users on the island, and possibly illustrates spill-over between different risk groups in this 

geographical region and the countries where the strains have possibly originated from, that is, 

eastern and southern Europe. This would have to be confirmed by phylogenetic analysis with 

HCV sequences from these countries. About 10% of the sequences from intravenous drug 

users submitted into the Los Alamos HCV database (http://hcv.lanl.gov) are subtype 1b, which 

has been discovered in other such studies also, mostly at a lower prevalence though (Mathei et 

al., 2005; Oliveira et al., 2009; Peng et al., 2008; Tallo et al., 2007; Zhou et al., 2006). 

Finally, no 2k/1b strains were found in this cohort, even though such isolates have been 

identified on the island and they are known to circulate among intravenous drug users 

(Kalinina et al., 2002; Kurbanov et al., 2008a; Kurbanov et al., 2008b). 

The phylogenetic analysis of the sequences resulted in no significant relationship 

between the injecting drug users’ strains and those of the general population. Even with such a 
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permissive arbitrary threshold of genetic distance as 0.05, there were no clusters observed, 

confirming the polyphyletic nature of HCV infection on the island and illustrating that the 

HCV epidemic in the selected population runs in parallel to that in the general population 

infected with HCV. 

Three small clusters were observed within the intravenous drug users group itself. 

However, with small genetic distances (< 0.05) and high bootstrap values (Figure 5). These 

clusters are between samples CYIDU06, CYIDU07, and CYIDU33 within genotype 1b, 

CYIDU24 and CYIDU37 also within 1b, and CYIDU20, CYIDU26, and CYIDU27 within 

genotype 3a. In the first cluster (CYIDU06, CYIDU07, and CYIDU33), the sequences were 

obtained from three males between the ages of 24 and 47, all sampled from the same town, 

two of which from the same centre. Two were Cypriot and the other was Greek. They all 

stated that they had practiced intravenous drug abuse within the past year, and interestingly all 

had been practicing intravenous drug use for over 10 years. In the second cluster (CYIDU24 

and CYIDU37) the samples were taken from a 27-year-old Bulgarian male and a 31-year-old 

Cypriot male, sampled in different towns. They both mention speedball as the drug used when 

first injected drugs. Both have been practicing intravenous drug users for over 13 years. Only 

one other individual reported this, CYIDU02, however this person tested negative in the HCV 

antibody. The third cluster (CYIDU20, CYIDU26, and CYIDU27) includes samples from 

three Cypriots, one female and two males aged between 19 and 24. Two of the samples were 

obtained from users in the same detoxification clinic and the other from another centre in 

another town. The subjects from the same detoxification clinic stated a duration of intravenous 

drug abuse of less than five years and the other individual did not state how long he had been 

using. These small clusters indicate the probability of injecting equipment being shared 

between these users. Also, Cyprus is a small island and easy to get around, with a relatively 

small injecting drug user community. Therefore it is not surprising that strains cluster from 

users who were sampled in different towns or rehabilitation centres. 

The Bayesian analysis of the Cypriot intravenous drug users’ sequences with the most 

genetically related database sequences, retrieved from the BLAST search, produced no 

significant clustering, as indicated by posterior probabilities that did not exceed 0.90. Lack of 

sequence data in the database impairs the ability to investigate molecular epidemiological and 

phylogenetic relationships between newly obtained sequences and HCV sequences from 

anywhere around the world. From these results it cannot be determined where the HCV 

infections originated from or how they made their way to Cyprus through intravenous drug 
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users. More sequence data from intravenous drug users, especially from eastern and southern 

European countries, would be required to obtain a more accurate picture of the HCV epidemic 

and to gain insight into the origin and dynamics of HCV infection at the population level. This 

point is the most severe limitation to this study and to all work regarding phylogenetic analysis 

of HCV strains. 

 

2.3.3.3.  Incarcerated population (2009-2010) 

From 25 samples taken for diagnostic testing from individuals serving a prison 

sentence at the state prisons, 13 were PCR-positive in the Core-E1 region and 16 in the NS5B 

region. The sequences were included in the phylogenetic analysis of strains recovered in 

Cyprus and are seen as pink squares in the trees in Figure 5. All sequences were clearly 

grouped within subtypes and the genotype distribution was as follows: 9 were 3a (56%), 5 

were 1b (31%), and 2 were 1a (13%). This shows a majority agreement with the genotype 

distribution in the Cypriot intravenous drug user population (section 2.3.3.2), except for the 

presence of 1a strains, which are commonly associated with injecting drug abuse.  

 Certain small phylogenetic clusters (genetic distances < 5%) were observed between 

strains from this cohort and those of the intravenous drug users. Within subtype 3a, sample 

HCVP05, from a 23 year old Cypriot male, clusters within an existing cluster of strains from 

Cypriot intravenous drug users (two male, one female) in both trees. The subjects of this 

cluster are also of similar age (19-24 years). Within the same subtype, two separate clusters 

are seen between strains of the prisoners’ cohort. One is formed by samples HCVP04, 

HCVP07 and HCVP09, derived from one female and two male subjects, aged 21-35 years, 

two Cypriot and one of unknown nationality. This cluster is only observed in the NS5B tree, 

as two of the samples were PCR-negative in the Core-E1 region. The other small cluster is 

formed in both trees by samples HCVP15 and HCVP16, from two male subjects ages 39 and 

49, one Cypriot and one of unknown nationality.  

Within subtype 1b, sample HCVP17, from a 42 year old Cypriot male, groups closely 

with an existing cluster of strains from Cypriot and Greek male injecting drug users in the 

trees of both genomic regions. It is interesting that the Cypriot subjects who cluster together 

here are in a similar age group (39-47 years) that indicates the probability of a long duration of 

drug use.  

In the same subtype, another small cluster is observed, involving sample HCVP12, 

from a 24 year old Georgian male, and a strain in the general population, CYHCV93, from a 
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39 year old Georgian male who was infected through intravenous drug use and, interestingly is 

a 2k/1b recombinant strain, known to circulate in certain injecting drug user circles in Eastern 

Europe (Kurbanov et al., 2008b). However, sample HCVP12 was PCR negative in the Core-

E1 region, and so it cannot be ascertained if it was a 2k strain in this region and whether it 

would cluster with a similar sample from the general population. This phylogenetic 

relationship in the NS5B region, and the similar demographic and epidemiological 

characteristics (Georgian nationality, male, 25 years old, history of intravenous drug use), 

could mean that the strain in question is also a recombinant of this type, but this would have to 

be confirmed with additional sequence data.  

Overall, epidemiologically, the observations indicate that users practise in small groups 

and these inmates have had contact with the intravenous drug users discussed above, either 

directly or indirectly. It can be seen that these small clusters are formed between strains from 

individuals who have common characteristics (nationality, age group) and injecting drug use is 

the common route of infection for all, demonstrating that users with common nationality or 

within certain age groups are more likely to associate with each other, increasing the danger of 

sharing injecting drug use equipment. The results from these data highlight the significant 

issue of uncontrolled transmission between these injecting drug users and inmates.  

 

2.3.3.4.  HIV/HCV coinfected cohort (2005-2009) 

From samples collected at the Laboratory of Biotechnology and Molecular Virology 

for an ongoing study of the molecular epidemiology of HIV on the island, fourteen had tested 

positive for HCV antibodies as well as HIV, and were subsequently included in this thesis to 

investigate the HCV sequence diversity among this group.  Eight of these samples were PCR 

positive for both regions, and sequences could be obtained from seven samples. The sequences 

were included in the overall phylogenetic analysis and they are indicated with a green 

rhombus symbol in the trees of Figure 5. The subtypes found in this group of subjects were 1a 

(3 samples), 1b (2 samples) and 3a (2 samples). Two strains cluster closely together (genetic 

distance < 1%) in subtype 1b in both trees, and they are derived from two individuals who 

were a heterosexual couple at the time of sampling. Their HIV-1 strains also display a similar 

clustering both in the full genome analysis (Kousiappa et al., 2009b) and in investigations of 

the gag, pol (Pr/RT) and env regions separately (Kousiappa et al., 2009a). This is a strong 

indication of transmission from one individual to the other, but it cannot be certain whether 

infection was through sexual practises or household transmission. No other strains from this 
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cohort form any clusters and none show significantly close phylogenetic relationships with 

samples from neither the general population nor the other high-risk cohorts. Regarding the 

country of origin, the Cypriot study subjects in this cohort carried HCV genotypes 3a and 1a, 

Georgians carried 3a and 1b, and both the Latvian and Bulgarian subjects were infected with 

HCV subtype 1a. Concerning risk behaviours, the MSM carried HCV genotypes 3a and 1a. 

The subjects who were infected with HIV through heterosexual contacts were infected with all 

three HCV subtypes found in this cohort, possibly signifying the fact that they may have 

acquired HCV through different routes, or simply representing the fact that there were more 

individuals in this subgroup than for other HIV transmission routes in this cohort. The 

intravenous drug user whose HCV strain was sequenced was infected with 1a, a strain 

typically found in injecting drug users. Other studies have demonstrated the circulation of 

genotypes 1, 3 and 4 in both MSM and injecting drug users who are coinfected with HIV 

(Ghosn et al., 2008; Liu et al., 2008; Ponamgi et al., 2009; Pukhrambam et al., 2007; Re et al., 

2008; Urbanus et al., 2009; van Asten et al., 2004), however genotype 4 was not found in this 

cohort. Due to the small sampling number in this cohort, it is impossible to make any 

statistically significant epidemiological conclusions regarding association of genotype with 

possible route of infection.  
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3. Part II: Near-full genome sequencing and characterisation of selected 

isolates 

 
3.1. Specific objectives 

In the previous section, certain uncommon isolates were uncovered among the HCV-

infected population in Cyprus. These strains include two putative 2k/1b recombinants, one 

unclassified genotype 1 isolate and a cluster of genotype 4 strains that did not group within 

any known subtype. Following these observations, the aim in this section was to develop 

strain-specific protocols for the RT-PCR and sequencing of the near-full genome of these 

isolates, in order to genetically analyse them in more detail, determine their classification 

status, and to submit them to GenBank, so that they would be publicly available in the HCV 

sequence databases to contribute to the global data on HCV sequence diversity and 

classification.  

 

3.2. Methods 

 

3.2.1. Samples 

During the study of the molecular epidemiology of HCV infection in the general 

population of Cyprus, blood samples from HCV seropositive individuals were collected and 

two distinct regions at the two extremes of the HCV genome (Core-E1 and NS5B) were 

sequenced and analysed in all PCR-positive samples. The subtype classification of all samples 

which were PCR-positive for both regions was in agreement, except for two samples, which 

were found to be subtype 2k in the Core-E1 region, and 1b in the NS5B region (indicated with 

asterisks in Figure 5). These strains were considered putative 2k/1b recombinants, but further 

analysis was required to confirm this. Also in the general population group, one strain was 

found to belong in the genotype 1 group, but did not demonstrate phylogenetic association 

with any known subtypes of this group in either genomic region (Figure 6A & B). The third 

type of strain was also identified in the general population cohort and belongs to genotype 4. 

Two samples were sequenced in both regions, one in Core-E1 only, and one in NS5B only. 

These sequences formed clusters with each other, distinct from any known genotype 4 subtype 

with available sequences in the genomic regions investigated (Figure 6C & D). For this 

section of the study, stored plasma (-70oC) from the previously collected samples was used.  
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3.2.2. Experimental design 

A protocol and primers for RT nested PCR and sequencing of overlapping fragments 

spanning the near-full genome were designed based on a published experimental design 

(Noppornpanth et al., 2006). For the 2k/1b strains, PCR primers were designed to be subtype-

specific, by using alignments of available 2k/1b, 2k, and 1b sequences from the Los Alamos 

HCV sequence database (http://hcv.lanl.gov). With the assumption that the strains in question 

would have the same recombination point as the first 2k/1b recombinants found in St. 

Petersburg in 2002 (Kalinina et al., 2002), where the crossover point was found to be within 

the NS2 region around nucleotide 3164 (position according to strain H77), primers on the 5´ 

side of this point were designed to be 2k-specific and primers on the 3´side were designed to 

be 1b-specific. Also, the region covering the putative crossover point was sequenced 

bidirectionally from three different PCR products to ensure agreement between sequences. For 

the unclassified genotype 1 strain, primers were designed from alignments of non-a, non-b 

subtypes of genotype 1 sequences available on the database, and for the unclassified genotype 

4 isolates, primers were designed based on alignments of genotype 4 sequences from the 

database with more emphasis on the genetically closest subtypes (4l, 4p, 4q, 4t, 4u). In all 

cases, in the regions where sequences of the strains were available from the previous study 

(Core-E1 and NS5B, section 2.3.3.1), the primers were designed specifically using these 

sequences. For the resulting PCR products, the inner PCR primers were also used for initial 

sequencing of PCR products and further strain-specific sequencing primers were subsequently 

designed by “primer walking”, using the newly derived sequences. The primers were designed 

to have similar thermodynamic properties (nucleotide length and GC content), so as to 

maintain a single annealing temperature in the thermal cycling conditions of all PCR and cycle 

sequencing reactions. The RT-PCR and sequencing designs for the two 2k/1b recombinants 

are seen schematically in Figure 8 and Figure 9, for the unclassified genotype 1 strain in 

Figure 10, and for the unclassified genotype 4 strains in Figure 11. All primers designed and 

used in this study for the near full genome amplification and sequencing of the 2k/1b 

recombinant, the unclassified genotype 1 and the unclassified genotype 4 strains are listed in 

Table 4, Table 5 and Table 6, respectively. 
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Figure 8. PCR and sequencing design for the 2k/1b recombinant strain CYHCV037. (A) HCV genome map 
numbered according to strain H77 (Acc. No. NC_004102); (B) the outer PCR products, the numbers on the scale 
above indicating the beginning and end of each, the numbers on either side of the cylinders indicating the names 
of the primers used; (C) the inner PCR products, the numbers on the scale above indicating the beginning and end 
of each product, the numbers on either side of the cylinders indicating the names of the primers used; (D) the 
overlapping segments read by sequencing are shown as cylinders, the name and arrow in each segment indicating 
the sequencing primer and directionality of the reading, the locations on the scale above and below indicating the 
beginning and end locations of the readings, respectively; (E) a scale designating the number of overlapping 
sequence readings for each position on the near-full genome, below which a genome map showing the total 
sequence retrieved. The vertical red line designates the location of the recombination point. 
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Figure 9. PCR and sequencing design for the 2k/1b recombinant strain CYHCV093. (A) HCV genome map 
numbered according to strain H77 (Acc. No. NC_004102); (B) the outer PCR products, the numbers on the scale 
above indicating the beginning and end of each, the numbers on either side of the cylinders indicating the names 
of the primers used; (C) the inner PCR products, the numbers on the scale above indicating the beginning and end 
of each product, the numbers on either side of the cylinders indicating the names of the primers used; (D) the 
overlapping segments read by sequencing are shown as cylinders, the name and arrow in each segment indicating 
the sequencing primer and directionality of the reading, the locations on the scale above and below indicating the 
beginning and end locations of the readings, respectively; (E) a scale designating the number of overlapping 
sequence readings for each position on the near-full genome, below which a genome map showing the total 
sequence retrieved. The vertical red line designates the location of the recombination point. 
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Figure 10. PCR and sequencing design for the unclassified genotype 1 strain. (A) HCV genome map numbered 
according to strain H77 (Acc. No. NC_004102); (B) the outer PCR products, the numbers on the scale above 
indicating the beginning and end of each, the numbers on either side of the cylinders indicating the names of the 
primers used; (C) the inner PCR products, the numbers on the scale above indicating the beginning and end of 
each product, the numbers on either side of the cylinders indicating the names of the primers used; (D) the 
overlapping segments read by sequencing are shown as cylinders, the name and arrow in each segment indicating 
the sequencing primer and directionality of the reading, the locations on the scale above and below indicating the 
beginning and end locations of the readings, respectively; (E) a scale designating the number of overlapping 
sequence readings for each position on the near-full genome, below which a genome map showing the total 
sequence retrieved. 
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Figure 11. PCR and sequencing design for the unclassified genotype 4 strains. (A) HCV genome map numbered 
according to strain H77 (Acc. No. NC_004102); (B) the outer PCR products, the numbers on the scale above 
indicating the beginning and end of each, the numbers on either side of the cylinders indicating the names of the 
primers used; (C) the inner PCR products, the numbers on the scale above indicating the beginning and end of 
each product, the numbers on either side of the cylinders indicating the names of the primers used; (D) the 
overlapping segments read by sequencing are shown as cylinders, the name and arrow in each segment indicating 
the sequencing primer and directionality of the reading, the locations on the scale above and below indicating the 
beginning and end locations of the readings, respectively; (E) a scale designating the number of overlapping 
sequence readings for each position on the near-full genome, below which a genome map showing the total 
sequence retrieved. 
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3.2.3. Reverse transcription nested PCR and sequencing 

For all samples, RNA was extracted from 200 µl plasma that was previously extracted 

from the blood obtained at the initial sampling from the patients (section 2.2.2) using the High 

Pure Viral RNA kit (Roche Diagnostics, Manheim, Germany), following the manufacturer’s 

instructions. Initially, 50 µl one-step RT-PCR reactions were set up using the Superscript™ III 

one-step RT-PCR system with Platinum® Taq high fidelity (Invitrogen, Carlsbad, CA, USA) 

and using 15 µl RNA, 1X reaction mix, 1 µl of Superscript III™ RT/Platinum® Taq High 

Fidelity enzyme mix and 20 pmol each of the outer forward and reverse primers. Cycling 

conditions were as follows: a reverse transcription step at 56 oC for 60 min, and 94 oC for 2 

min, followed by 43 cycles at 94 oC for 15 s, 56 oC for 30 s and 68 oC for 1 min per kilobase of 

product, and a final elongation step at 68 oC for 5 min. For the nested PCR reactions, the 

Platinum® PCR SuperMix High Fidelity (Invitrogen, Carlsbad, CA, USA) was used to make a 

50 μl reaction with 3 µl of the corresponding first round PCR product, 1X reaction mix and 20 

pmol each of the inner forward and reverse PCR primers. Cycling conditions were as follows: 

94 oC for 2 min, and then 40 cycles at 94 oC for 20 s, 56 oC for 30 s and 68 oC for 1 min per 

kilobase of product, and a final elongation step at 68 oC for 5 min. PCR products were 

visualised after electrophoresis on a 2% agarose gel stained with ethidium bromide, and 

purified using the QIAquick ® PCR Purification Kit (Qiagen, Hilden, Germany), following 

the manufacturer’s instructions. The concentration of each PCR product was measured at 260 

nm on the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, 

DE, USA).  

Cycle sequencing reactions were performed on 1μl of each secondary PCR product 

using the BigDye ® Terminator v3.1 cycle sequencing kit (Applied Biosystems, Warrington, 

UK) with 5 pmol of each sequencing primer, as described above (section 2.2.4), and 

subsequently cleaned using NucleoSEQ columns (Macherey-Nagel, Düren, Germany), 

according to the manufacturer’s instructions. Direct population sequencing was carried out in 

order to obtain consensus sequences reflecting the dominant quasispecies population in each 

sample. Sequences were read using the ABI 3130 Genetic Analyzer and obtained through the 

ABI sequencing analysis 5.2 software (Applied Biosystems, Foster City, CA, USA). The 

results were manually checked and polymorphisms where double peaks were observed of 

equal intensity in the chromatogram were annotated with standard IUB base codes accordingly  
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Table 4. Primers for the near-full genome amplification and sequencing of 2k/1b recombinant strains. 

 

Designation a Sequence b Position c 

PCR primers   

 16.2k (F) GGGGCGACACTCCGC 16-30 
 30.2k.1 (F) d CCATGAATCACTCCCCTGTGAGG 30-52 
 926 (F) GAACACCAGTCAGACCTACATGG 926-948 
 962 (F) CTCTAACAGCAGCATCACGTGG 962-983 
 1466 (R) d GAGGATGACGACGACCTTGG 1447-1466 
 1564 (R) GAAAAGGCTGGTAAGGCGAAGC 1543-1564 
 1987 (F) d GGTTTGGATGCACATGGATGAATGG 1987-2011 
 2433 (F) d GACGTGCAGTACTTGTATGGCC 2433-2454 
 3278 (F) GGAGACCAAGATCATCACCTGGG 3278-3300 
 3300 (R) d CCCAGGTGATGATCTTGGTCTCC 3278-3300 
 4038 (F) d GGCAGCGGCAAGAGCAC 4038-4054 
 4207 (R) d GCACCTGTGGTGATGGTCC 4189-4207 
 4680 (R) d CGCCGGTRWAGCCCGTC 4664-4680 
 4890 (R) GGACCGAGGAGTCAAACATGC 4870-4890 
 5478 (R) AGGCGCACTCTTCCATYTCATC 5457-5478 
 5930 (F) d CGTGGCCTTTAAGGTYATGAGCG 5930-5952 
 7120 (R) d CGRAGCGGGTCRAAAGAGTC 7101-7120 
 8644 (R) GCTGAGTACCTAGTCATAGCCTCCG 8620-8644 
 9349 (R) d ACCCCTACAGAAAGTAGGAGTAGGC 9325-9349 
 9423 (R) AAAAAACAGGATGGCCTATTGGCC 9397-9423 
   
Sequencing Primers   
 491 (F) GAAGACTTCCGAGCGGTCC 491-509 
 527 (F) CCAGCCCATCCCTAAAGATCG 527-547 
 998 (F) GGTACTACATGTCCCTGGATGC 998-1019 
 1448 (R) CAAGGTCGTCGTCATCCTCC 1448-1467 
 2131 (R) CATTTGGTGTAAGTAGCCTCAGGG 2108-2131 
 2647 (F) CCATCTTCTTCATAGCTGCCTGG 2647-2669 
 3141 (F) GTCCAGATGATGCTGCTAACCC 3141-3162 
 4532 (F) GAAGAAATGTGATGAGCTCGCTGC 4532-4555 
 5009 (F) GTTCTGGGAGAGCGTCTTCAC 5009-5029 
 5623 (R) CAGAAGGTCTCAAGGGCTCG 5604-5623 
 6093 (R) GGTTCATCCACTGCACAGCC 6074-6093 
 6931 (F) CCCTGGCTAGCTCTTCTGC 6931-6949 
 6936 (F) GCCAGCTCTTCAGCTAGTCAG 6936-6956 
 7383 (F) GCTACAAAGACCTTCGGCAGC 7383-7403 
 8389 (R) CCGATATAAAGTCGCTCTGTGAGC 8366-8389 
 8883 (R)  GAGTCATCAGAATCATCCTTGCCC 8860-8883 
a Orientation of the PCR primer is indicated in parenthesis: F, forward; R, reverse. 
b IUB base codes annotate equimolar mixtures of bases in the oligonucleotides: Y, 
C and T; R, A and G; W, A and T. 
c Positions are numbered according to HCV strain H77 (Acc. No. NC_004102). 
e Also used as sequencing primers. 
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Table 5. Primers for near-full genome amplification and sequencing of the unclassified genotype 1 strain. 

 Designation a Sequence b Position c 

 PCR primers   
 16.1.4 (F) GGGGCGACACTCCACC 16-31 
 30.2k.1 (F) d CCATGAATCACTCCCCTGTGAGG 30-52 
 1985 (F) d TTGGTTCGGTTGYACCTGGATG 1985-2006 
 4044 (F)  GGCAAGAGCACSAAGGTGC 4044-4062 
 4168 (F) d CAAATATCAGGACCGGTGTCAGG 4168-4190 
 4677 (R) d CGGTGWAGCCAGTCATBARGGC 4656-4677 
 5474 (R) GCACTCYTCCATCTCATCRAACTC 5451-5474 
 8256 (F) TATGAYACCCGCTGYTTTGACTCNAC 8256-8281 
 8468 (R) GAGGCTGGTCGTTAGGACAC 8449-8468 
 9369 (R) d TGGGRAGSAGRTAGATGCCTACC 9347-9369 
 9409 (R) GGCCTAAGAGGCCTGGAGTG 9391-9409 
   
 Sequencing Primers   
 707 (F) CATCGATACCCTCACGTGTGG 707-727 
 893 (R) GCAAGATAGTAAGGCCAGAAGGAAG 869-893 
 1717 (R) CAGCTGCTCATCCTCTCAGG 1698-1717 
 2198 (R) CGGATAGTGCCACAGCCTATAAG 2176-2198 
 2483 (F) CAAGTGGGAGTACGTGGTGC 2483-2502 
 3015 (F)  CTGCTGGCTATTCTGGGACC 3015-3034 
 4183 (R) CCGGTCCTGATATTTGGATCAAGC 4160-4183 
 4686 (F) GACTCGGTGATAGATTGCAACACC 4686-4709 
 5204 (F) AACGCCTCTCCTATATAGGCTGG 5204-5226 
 5687 (F) TGGTAATCCAGCTGTTGCATCG 5687-5708 
 6948 (R) CAGAAGAACTGGCCAGAGAGG 6928-6948 
 7398 (R) CAAATGTCTTCTTGGCGAGGTCG 7376-7398 
 7906 (R) CCATATTTGGATCTGGCTGAGTGG 7883-7906 
a Orientation of the PCR primer is indicated in parentheses: F, forward; R, reverse. 
b  IUB base codes annotate equimolar mixtures of bases in the oligonucleotides: R of A and 
G; S of C and G; W of A and T; B of C, G and T ;N of all bases. 
c Numbering according to HCV H77 strain (Acc. No. NC_004102). 
d Also used as sequencing primers.  

 

 

in the resulting sequence. All resulting sequences from each strain were used for stitching 

together the near-full genome, as seen in part E of Figure 8, Figure 9, Figure 10 and Figure 11. 

 

3.2.4. Near-full genome sequence analysis 

Analysis and characterisation of the strains was done using the near-full genome 

sequence obtained from the RT-PCR and direct sequencing as described above. Each type of 

strain was analysed separately.  

xxxxxxxxx 
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Table 6. Primers for near-full genome amplification and sequencing of unclassified genotype 4 strains. 

 

Designation a Sequence b Position c 

 PCR primers   
 16.1.4 (F) GGGGCGACACTCCACC 16-31 
 30.4 (F) d CCATRRATCACTCCCCTGTGAGG 30-52 
 952 (F) d CAAATGACTGCCCAAACTCRAGC 952-974 
 1197 (F)  CTAGTGGGCCAACTGTTCACC 1197-1217 
 1318 (R) d CAGTTCATCATCATRTCCCAWGCCATNCGRTGDCC 1284-1318 
 1324 (R) d GGBGACCARTTYAKCATCATRTCCCAWGCC 1295-1324 
 5271 (F) TACATCATGGCHTGCATGTCNGC 5271-5293 
 6075 (F) GCNGTGCAGTGGATGAACCG 6075-6094 
 6237 (R) CGTTGATCCACTTGTGGAGACG 6216-6237 
 6473 (R) d CATCGAGCCGTTCTTGATGTGG 6452-6473 
 6522 (F) CCCATCAATGCTTACACCACAGG 6522-6544 
 6969 (F) TCCCTAAARGCCACATGCACC 6969-6989 
 8501 (R) CGTGGCCTTAAGGTAGCACG 8482-8501 
 8632 (R) GTCATAGCCTCCGTGAAGGC 8613-8632 
 9332 (R) GAGTAGGCACAGGAGTAAATAGCGG 9308-9332 
 9402 (R) ARGGTCGGAGTGTTAAGCTGC 9382-9402 
   
 Sequencing Primers   
 431 (F) CGTTGGCGGAGTTTACTTGTTGC 431-453 
 1586 (F) CACCAACGGAAGCTGGCAC 1586-1604 
 1996 (F) GTGTTTGGATGAACGGCACTGG 1996-2017 
 2439 (F) CAGTACTTGTATGGTGTGAGCTCG 2439-2462 
 2827 (F) TGACGCTATCCCCATACTACAAGC 2827-2850 
 3350 (F) GGCTAGGCTGGGCAATGAG 3350-3368 
 4243 (R) GCCARCAATTTCCCGTAGGTGG 4222-4243 
 4748 (R)  GGTTGGATCCAGGCTGAAATCC 4727-4748 
 5188 (R) GGCTTGAGGCGGATCAGG 5171-5188 
 5624 (R) CCAGAACTGCTCGAGTTTCTCG 5603-5624 
 6048 (R) GCAGRATTGCTGCGCACAC 6030-6048 
 8055 (R) CCTTCTCCGGTTTGACGGAG 8036-8055 
 8249 (F) GTTCTCRTATGACACCCGCTGC 8249-8270 
a Orientation of the PCR primer is indicated in parentheses: F, forward; R, reverse. 
b  IUB base codes annotate equimolar mixtures of bases in the oligonucleotides: Y of C and T; R of 
A and G; H of A, C and T; B of C, G and T; K of G and T; W of A and T; D of A, G and T; N of all 
bases. 
c Numbered according to HCV H77 strain (Acc. No. NC_004102). 
d Also used as sequencing primers. 

 
 

Simplot and Bootscan analyses were carried out to visualise the percentage similarity 

of each strain with reference sequences along the length of its sequence, and to confirm or rule 

out recombination events. The near-full genome sequences were aligned along with reference 

strains representing all HCV genotypes and all available subtypes of the appropriate genotypes 

in each case in MEGA v4 (Tamura et al., 2007) and uploaded into SimPlot v3.5.1 software  
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(http://sray.med.som.jhmi.edu/SCRoftware). In the case of the 2k/1b strains, the analysis also 

included the two available full genome sequences of 2k/1b strains, accession numbers 

AY587845 (Kalinina et al., 2004) and FJ821465 (Morel et al., 2010). The analyses were 

carried out with windows of 200 bases proceeding in steps of 20 bases, using the Kimura 2-

parameter distance model, and a Neighbour-Joining tree model with 100 bootstrap replicates. 

Following the results of the SimPlot and Bootscan graphs, phylogenetic analyses were 

also carried out. In the case of the 2k/1b strains, phylogenetic analyses were carried out 

separately on the genomic regions on either side of the crossover point (positions 87-3150 and 

3200-9287, respectively, numbered according to strain H77), in order to confirm the 

classification of each region in the corresponding subtypes, by including reference strains and 

the most closely related (>92% similarity) sequences derived from a HCVBLAST search 

(http://hcv.lanl.gov/content/sequence/BASIC_BLAST/basic_blast.html). The analysis was 

also carried out on the whole derived sequence using the available 2k/1b genomes from 

GenBank and reference strains from the parental subtypes.  

For the unclassified genotype 1 and 4 strains, the trees were constructed using 

reference sequences of all genotypes and all available subtypes of the corresponding 

genotypes. A HCV-BLAST search retrieved no near-full genomes with >76% or >84% 

sequence similarity, respectively. Sequences were uploaded in FASTA format and aligned in 

MEGA v4 (Tamura et al., 2007) where a Neighbour-Joining tree (Saitou and Nei, 1987) was 

constructed using the Kimura 2-parameter distance estimation approach (Kimura, 1980) and 

reliability of the phylogenetic clustering was evaluated using 1,000 bootstrap replicates 

(Felsenstein, 1985). 

 

3.2.5. Reference sequences 

The GenBank accession numbers of the reference strains used in the construction of 

phylogenetic trees described above, are seen in the corresponding figures in the results section 

(section 3.3). For the Simplot and Bootscan analyses, the GenBank accession numbers of the 

general reference strains used were: 1a: NC_004102, EF407419, AF511950; 1b: AY587016, 

D11355, EF032892; 1c: D14853, AY051292; 2a.AB047639, AY746460, D00944; 

2b.AB030907, AF238486, D10988; 2c: D50409; 2i: DQ155561; 2k.AB031663; 3a.X76918, 

AF046866, D17763; 3b.D49374; 3k.D63821; 4a.NC_009825, DQ418788; 4d.DQ418786, 

DQ516083; 5a.AF064490, NC_009826; 6a: DQ480513, Y12083; 6b: D84262; 6c: EF424629; 
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7a: EF108306. The specific reference strains used separately in the 2k/1b analyses were 

2k/1b.AY587845 and 2k/1b.FJ821465; in the genotype 1 analyses are 1g.AM910652; and in 

the genotype 4 analyses were 4b.FJ025854, 4b.FJ025855, 4b.FJ025856, 4b.FJ462440, 4c. 

FJ462436, 4f.EF589160, 4f.EF589161, 4f.EU392169, 4f.EU392170, 4g.FJ462432, 

4k.EU392171, 4k.EU392173, 4k.FJ462438, 4l.FJ839870, 4m.FJ462433, 4n.FJ462441, 

4o.FJ462440, 4p.FJ462431, 4q.FJ462434, 4r.FJ462439, and 4t.FJ839869. 

 
3.3. Results and discussion 

 

3.3.1. Experimental fidelity 

The experimental designs for the amplification and sequencing of the near-full 

genomes of 2k/1b strains, an unclassified genotype 1 isolate, and unclassified genotype 4 

strains were successful. For the recombinant strains, due to genetic variations between the two 

samples, not all PCR and sequencing primers were appropriate for both, and so strain-specific 

primers were designed where necessary, resulting in two slightly different designs (Figure 8 

for CYHCV037 and Figure 9 for CYHCV093) probably due to the sequence diversity between 

the strains, leading to varying efficiency or primer annealing. This highlights the problem that 

HCV genetic heterogeneity causes to the designs of molecular assays. For the genotype 4 

samples, only two of the four candidates were successful in this application, both with the 

same protocol (Figure 11). The two that were PCR-negative were the samples that were 

sequenced in only one of the two genomic regions in the molecular epidemiology study. For 

all samples that were PCR positive in this design, overlapping PCR products could be 

obtained across the full genome, and the resulting sequence readings were clear, implying no 

mixed infections in the samples in question.  

 

3.3.2. 2k/1b recombinant strains 

During the study of the molecular epidemiology of HCV infection in the general 

population of Cyprus, two samples were found to be subtype 2k in the Core-E1 region, and 1b 

in the NS5B region (indicated with asterisks in Figure 5). The samples were taken from two 

Georgian males being seen at different public hospitals. A laboratory code was given to each 

sample; CYHCV037 and CYHCV093. Patient CYHCV037, 32 years old when sampled in 

2005, had first been diagnosed HCV-seropositive in 2003, and stated sexual transmission as 
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the possible route of infection. Patient CYHCV093, 39 years old when sampled in 2007, had 

been diagnosed HCV-seropositive in 2000, and stated intravenous drug use as the transmission 

route. Neither individual had taken antiviral therapy at the time of sampling. 
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Figure 12. Simplot analyses of the two 2k/1b recombinant candidate strains, showing percentage sequence 
similarity over nucleotide position. The plots on the right are for strain CYHCV093, and on the left for strain 
CYHCV037. The plots on the top are the results of a genotype-level analysis, with genotypes corresponding to 
line colours annotated on the right of the plots. The bottom plots are the results of a subtype-level analysis, once 
the genetically closest parental genotypes had been determined using the top plots. The subtypes corresponding to 
the coloured lines are annotated on the right of the plots. 

 

 

The near-full length sequences (nt. 87-9287, positions according to strain H77) were 

successfully derived from the two samples from 5-6 overlapping PCR fragments (Figure 8 and 

Figure 9). To characterise the sequences, compare them to classified reference strains and 

investigate the event of recombination along the length of the sequence, SimPlot and Bootscan 

analyses were carried out. The Simplot graph was constructed at first at the genotype level 

using consensus sequences derived from the references, and then, following determination of 

mm 
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Figure 13. Bootscan plot of percentage permuted trees over nucleotide position across the full length of the 2k/1b 
recombinant strains. The top two plots are for the strains described in this study and the bottom two for the only 
near-full 2k/1b genomes submitted to GenBank to date. Strain identifiers are indicated at the top left corner of 
each plot. In brackets are the GenBank accession numbers of the publicly available sequences. The annotation on 
the right shows the HCV subtype of the consensus sequences corresponding to each line colour in the plots.  
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the parental genotypes, at the subtype level of the parental genotypes (Figure 12). Following 

the SimPlot analyses, Bootscan plots were constructed for each sequence using subtypes of 

parental genotypes 1 and 2 as references (Figure 13). For comparison, this was also done for 

the two already available full genomes of 2k/1b strains. From the results, it is clear that the 

strains identified in this study were more similar to genotype 2, specifically 2k, on the 5´ side 

of their genomes, and more similar to genotype 1, specifically 1b, on the 3´ side of their 

genomes. It is therefore confirmed that they are 2k/1b recombinant strains, and it is clearly 

seen that the point of recombination is in the NS2 region, after position 3,000. The Bootscan 

plots plainly demonstrate that the recombination point in the two strains found in Cyprus is in 

the same genomic location as the original 2k/1b strain, isolate N687 (Acc. No. AY587845), 

found in St. Petersburg and later characterised across the full genome (Kalinina et al., 2004; 

Kalinina et al., 2002), and a second 2k/1b recombinant, strain M21 (Acc. No. FJ821465), 

discovered recently in France (Morel et al., 2010). The nucleotide and deduced amino acid 

sequences of the two CYHCV strains were according to the original Russian N687 strain, with 

no insertions or deletions noted. The aforementioned strains are the only two 2k/1b full 

mmmmm 
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Figure 14. Neighbour-Joining tree showing the phylogenetic relationships of the two near-full length 2k/1b 
isolates described in this study, highlighted in black, the two 2k/1b strains isolated in Russia and France, and 
reference strains for parental genotypes 1b and 2k. Numbers at the branch nodes are percentage bootstrap support 
for 1,000 replicates. A genotype 3a strain is used as an outgroup. The scale on the lower left indicates the genetic 
divergence between any two sequences as obtained from the total branch length.  
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sequences currently available in GenBank and the results from this study demonstrate that the 

strains sequenced here are recombinants of the same type, increasing the current near-full 

genome sequence data for this strain by 100%. 

Subsequently, phylogenetic analysis was performed on the CYHCV037 and 

CYHCV093 sequences in comparison to the available 2k/1b full genome sequences, N687 and 

M21, and reference strains representing the parental genotypes 1b and 2k. The resulting tree is 

seen in Figure 14. The 2k/1b strains are seen to group together with a bootstrap value of 100, 

but within this group, the four strains are separated into two subgroups, CYHCV093 with 

N687 from Russia and CYHCV037 with M21 from France, with high bootstrap values, 77 and 

93, respectively. The divergence between the sequences was estimated from the pairwise 

distances, and the average number of base substitutions per site among the four recombinants 

was 0.061 (0.054-0.064). The genetically closest sequences are CYHCV093 with N687, and 

the most divergent are CYHCV037 with N687, but the difference between these divergences 

is negligible, as all four strains are genetically very close. Phylogenetic trees were also 

constructed for the regions on either side of the recombination point of these strains (Figure 

15). The additional sequences derived from the HCVBLAST searches are AY070214 and 

AY070215, both 2k/1b strains, used in the tree of the 5´ region of the genome, and EU155337 

and EU155333, both 1b, used in the tree of the 3´ segment. The partial regions of the two 

strains described here group within the 2k and 1b subtypes, respectively, with a bootstrap 

value of 100. The 2k/1b recombinants cluster together in both trees, within the subtype group, 

with bootstrap support >98, signifying an evolutionary separation from the pure subtypes. The 

1b tree (Figure 15B) presents the same topology and similar statistical significance of 

grouping as the whole genome tree (Figure 14), whereas the topology of the 2k/1b cluster 

within the 2k subtype in Figure 15A is not the same, with any subgroups within it displaying 

very low bootstrap support (< 55). This difference in clustering behaviour between the regions 

on either side of the recombination point is interesting, and could possibly signify that in the 

original recombination event, the 2k strain was in the presence of a genetically diverse 

population of 1b, perhaps due to multiple points of infection (due to unsafe injecting drug use 

practises), or that the host was infected with a 1b subtype for a long enough time to establish a 

genetically diverse 1b quasispecies population, before acquiring the 2k infection. In these two 

possible scenarios, recombination events could have occurred between the 2k genomes and 

nnnn 

Vict
ori

a D
em

etr
iou



3. Part II: Near-full genome sequencing and characterisation of selected isolates 
 

 64

 

A

B

0.05

1b.EU155337

1b.D11355

1b.EU155333

1b.EF032892

1b.AY587016

CYHCV037

2k/1b.FJ821465

CYHCV093

2k/1b.AY587845

1c.D14853

1c.AY051292

1a.EF407419

1a.AF511950

1a.NC_004102

100

100

100

100

63

100

2k.AB031663

0.05

CYHCV093
2k/1b.AY587845
2k/1b.AY070214

CYHCV037
2k/1b.AY070215
2k/1b.FJ821465

2k.AB031663
2c.D50409

2i.DQ155561
2a.AB047639

2a.AY746460
2a.D00944

2b.AB030907
2b.D10988

2b.AF238486

100

100

100

99

1b.AY587016

5’NCR NS4A 3´NCR
CORE E1 E2 p7 NS3 NS5ANS4B NS5BNS2

5’NCR NS4A 3´NCR
CORE E1 E2 p7 NS3 NS5ANS4B NS5BNS2

 
Figure 15. Neighbour-Joining trees for (A) the region 5’ of the recombination point and (B) the region 3’ of the 
recombination point, as seen by the indications on the genome maps above each tree, for the 2k/1b recombinant 
strains identified in this study (highlighted in black), other 2k/1b sequences obtained from GenBank, and 
reference stains of the corresponding parental genotypes. The trees are rooted with 1b and 2k strains, 
respectively. Grouping can be seen within the corresponding parental subtypes and is highlighted with coloured 
boxes. Numbers at branch nodes indicate the percentage bootstrap support for 1,000 replicates. The scale at the 
bottom left of each tree indicates the divergence between any two sequences obtained by summing the branch 
lengths between them.  
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genetically diverse 1b genomes within the host’s environment, and the spread from two of 

these recombination events is represented in the strains that have been sequenced to date.  

With the addition of more near-full genomes within this recombinant type, the 

evolutionary picture of this strain will become more apparent. With just one full genome 

available until this year (Kalinina et al., 2004), and the recent submission of one more (Morel 

et al., 2010), it has been impossible to draw any conclusions regarding its molecular evolution, 

but with the addition of two more near-full genomes from this study, hypotheses about this can 

begin to take form. From the topology of the tree and the bootstrap supports on the branch 

nodes, the recombinant demonstrates a biphyletic separation of its isolates (Figure 14). Since 

its discovery in 2002 (Kalinina et al., 2002), only recently could evolutionary deductions 

begin to be proposed. A group in Uzbekistan carried out a molecular epidemiology 

investigation using partial sequences (Kurbanov et al., 2008b), and they suggest that all the 

recombinant strains available to them share a common evolutionary ancestor, suggesting that 

intergenotypic recombination in HCV is sporadic, and not associated with co-circulation of 

different genotypes in a population. The authors observed that phylogenetically, the strains 

were tightly grouped together, forming distinct subclusters within the respective parental 

subtype groups on the Core-E1 and NS5B trees, suggesting that “the current 2k/1b viral 

population likely evolved from a single source introduction and subsequently spread rather 

than from a convergent evolution of distant strains”. Kalinina et al. support this hypothesis, 

discussing that the probability of multiple recombination events involving the 2k subtype, 

considering its relatively low frequency and estimated rate of mixed infection, is very low 

(Kalinina et al., 2002). However, from the data presented here, it can be supposed that the host 

who was the single source that introduced this strain to others was likely superinfected with 

different 1b strains, giving rise to a pool of recombinants. More near-full genome sequences of 

this recombinant are required for a more accurate evolutionary theory. 

 The natural 2k/1b recombinant was first identified in 2002 in St. Petersburg, Russia 

(Kalinina et al., 2002) from five intravenous drug users, one of which was later sequenced 

along the full open reading frame (isolate N687) (Kalinina et al., 2004). The recombination 

point was mapped to be between nucleotide positions 3164 and 3165 (corresponding to strain 

H77) within the NS2 region of the genome. It is thought to have emerged by homologous 

recombination during minus-strand synthesis via template switching (Kalinina et al., 2004) or 

by “strand switching” during replication (Moreau et al., 2006). In 2006, two isolates of this 
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recombinant were reported in Ireland, in individuals originating from Russia and Georgia 

(HC9A98987, Acc. No. AB327017 and AB327057; HC9A99966, Acc. No. AB327018 and 

AB327058) (Moreau et al., 2006).  Another such isolate was also discovered soon after in 

Estonia (a former member of the Soviet Union) in a 21 year old male patient sampled in 1998, 

who had had multiple blood transfusions (2032-98, Acc. No. EF194953) (Tallo et al., 2007). 

In 2008 a study was published where one more strain (UZ-IDU19, Acc. No. AB327120-2) 

was found in a 32 year old male intravenous drug user, native of Uzbekistan (Kurbanov et al., 

2008a). Six new RF1 cases were later identified, five in South Siberia, Russia (strains ALT30, 

female, 34; KNG318, male, 30; KNG327, male, 25; PSA108, male, 37; and PSA62, male, 50) 

and one in Uzbekistan (strain AZ15, male, 22) (Kurbanov et al., 2008b), whose modes of 

transmission were blood transfusions, injecting drug use, or unknown. Additionally, three 

more partial sequences of 2k/1b isolates were directly submitted to GenBank in 2004-2005 

from samples taken in South Siberia (strains HIA1002, Acc. no. DQ001221 and DQ001269; 

KNG318, Acc. no. AY764169-72; and KNG327, Acc. no. AY764173-76). The most recent 

case of this recombinant was found in France, (M21, Acc. no. FJ821465), taken from a 30 

year old Georgian male who was an intravenous drug user co-infected with HCV genotype 3a 

(Morel et al., 2010). This and the original N687 strain are the only ones that have been 

sequenced along the complete genome so far. The demographic characteristics of these cases 

and the ones described in this study demonstrate a trend pointing towards individuals of 

nationality associated with the former Soviet Union, a relatively young age, and injecting drug 

use as the main risk behaviour. Hence, of the different types of recombinants found, the 2k/1b 

type appears to be circulating in small populations more than any other, as several infections 

have now been reported. The cases found indicate that the variant is circulating among 

intravenous drug users within countries of the former Soviet Union, and through migration, is 

spreading to other European regions.  

Therefore, epidemiologically, HCV recombinant 2k/1b was initially identified in 

Eastern Europe and Central Asia and appears to be spreading in Europe and the Mediterranean 

region, through population movements and intravenous drug use. These findings demonstrate 

that this recombinant is the most widespread and broadly distributed for HCV, highlighting the 

need to investigate recombination in epidemiological studies, and to further investigate its 

response to antiviral therapy. As genotype 1 exhibits the lowest sensitivity to therapy, 

recombinants with this genotype as part of their genome (in particular the part of the genome 
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containing the ISDR within NS5A) may prove problematic in relation to response to 

interferon-based treatment. One case study of a patient infected with 2k/1b demonstrated 

viraemic re-emergence after therapy (Morel et al., 2010) and recent data on the susceptibility 

of a 2k/1b variant to interferon in a chimeric mouse model demonstrated a good therapeutic 

response (Kurbanov et al., 2008b). With the continual emergence of new 2k/1b recombinants, 

more in-depth studies need to be carried out to determine their sensitivity to the currently 

available therapeutic regimen. 

The serendipitous identification of two recombinant forms of HCV, related to the 

known 2k/1b recombinant form, in Cyprus was the result of a molecular investigation across 

the genome. These findings highlight the opinion that the actual prevalence of this HCV type 

has been underestimated. The study shows that the 2k/1b recombinant is more widely 

distributed than was originally estimated, and that its actual molecular evolution is possibly 

more complicated than the hypothesis of one recombination point giving rise to one single 

evolutionary ancestor. 

 

3.3.3. Unclassified genotype 1 strain 

One strain in the general population group was found to belong in the genotype 1 

group, but did not demonstrate phylogenetic association with any known subtypes of this 

group (Figure 6A & B). The sample was taken from a 48 year old Cypriot male (lab code 

CYHCV025), who had been diagnosed with HCV for three years at the time of sampling. The 

patient was on a course of pegylated interferon and ribavirin when blood was taken, after a 

relapse following a course of therapy two years before. The route of HCV transmission in this 

case was not known by the participant, therefore no particular risk behaviour or geographic 

origin can be associated with this new strain. 

The near-full genome sequence (nt. 107-9293, positions according to strain H77) of the 

unclassified strain, CYHCV025, was successfully determined through RT nested PCR and 

sequencing (Figure 10) from four overlapping PCR fragments. The sequence was 

characterised by means of Simplot, Bootscan and phylogenetic analyses. The Simplot and 

Bootscan results are seen in Figure 16. The data, using reference sequences available from 

GenBank, show that the sequence of CYHCV025 does not appear to be a recombinant of any 

known genotypes. From an analysis made at the genotype level (Figure 16A), the strain found 

here appears to be genetically closest to genotype 1 across its whole nucleotide sequence. The 
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sequence similarity to genotype 1 after the 5´NCR, which is the most conserved region of the 

HCV genome, ranges from ~55-85%. Following this observation, a second analysis was 

carried out on a subtype level, where strains of all available genotype 1 subtypes were 

compared to the CYHCV025 sequence (Figure 16B), showing that the strain in question is 

equally genetically distant to them. No specific subtype prevailed or demonstrated a 

percentage sequence identity of >85% across the length of the sequence. A Bootscan analysis 

showed that certain small stretches of the sequence were genetically closer to subtypes 1b and 

1g than any other, but the lengths of the nucleotide segments that showed percentage permuted 

trees >80% were very small (< 300 nt).  
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Figure 16. Analysis of strain CYHCV025 across its full length sequence. (A) Simplot results of comparison with 
genotype consensus strains. (B) Simplot results of comparison with genotype 1 subtype consensus strains. (C) 
Bootscan plot of analysis against genotype 1 subtype consensus strains.  
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A phylogenetic tree was also constructed using a near-full genome alignment of the 

strain described here and reference sequences representing all HCV genotypes and all 

available genotype 1 subtypes (Figure 17), showing the relationships and genetic distances 

between them. The tree confirms that the CYHCV025 isolate is more closely related to 

genotype 1 than any other genotype, and groups closely to this genotype cluster with a 

bootstrap support of 100, distinct from any subtype groups. Also, it appears to be more 

genetically distant from the genotype 1 subtypes than they are from each other. The average 

pairwise distances per site calculated between CYHCV025 and the various genotypes are: 

0.309 from genotype 1, 0.518 from genotype 2, 0.504 from genotype 3, 0.418 from genotype 

4, 0.461 from genotype 5, 0.464 from genotype 6, and 0.524 from genotype 7. From known 

genotype 1 subtypes, the strain described here exhibits the following numbers of base 

substitutions per site: 0.304 from 1a, 0.308 from 1b, 0.317 from 1c, and 0.311 from 1g, 

showing no significant similarity to any particular subtype over another. In fact, the 

percentage genetic variability from genotype 1 (~31%) implies that this strain is on the verge 

of belonging to a different, as yet undiscovered, genotype altogether (Simmonds et al., 2005), 

and is simply closer to genotype 1 than the other genotypes, from which it differs by 41-52% 

across the near-complete genome sequence. It should therefore be referred to as a genotype-1-

like strain. This unclassified strain could represent a new genotype 1 subtype, or even a new 

HCV genotype, but more epidemiologically distinct strains that cluster with it are needed to 

assign a new subtype or genotype; such sequences were neither found in this study nor in the 

HCV sequence database. If more such strains are identified, this isolate could then be 

classified and would perhaps be the first isolate of the next genotype 1 subtype.  

 Overall, the near-full genome sequence of a novel HCV strain is presented here, that 

does not classify within any known HCV subtypes. From the results of comparison with the 

current available sequence data, there is no reason to believe that this strain is a recombinant, 

but it is more likely a subtype of genotype 1 which has not been discovered until now. It could 

represent a putative novel subtype, but confirmed designation cannot be made, as no more 

examples of this strain have been found either in this study or as submissions to the HCV 

database. This is the first report of this subtype in either partial or full genome sequence data. 

Sequence comparison analyses reveal that the strain is closer to genotype 1 than any other 

genotype but its genetic diversity from available classified sequences suggests that it is on the 

n 
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Figure 17. Neighbour-joining tree of near-full genome sequences showing the classification of strain 
CYHCV025 in genotype 1 (within the blue box), but not in any known subtype. Strain CYCHV025 is highlighted 
in black and reference sequences are written in black, indicating their subtype and GenBank accession number. 
Numbers at branch nodes signify the percentage bootstrap support for 1,000 replicates. The genetic distance 
relative to branch length between any two sequences is denoted by the scale on the bottom left. 
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verge of being a new HCV genotype. As is appears to be genetically close to genotype 1, it is 

interesting, as most new HCV subtypes identified recently belong to genotypes 4 and 6. This 

highlights the continuous evolution of this virus and signifies its ability to change and 

manipulate itself genetically to adapt to its host and environment. The existing lack of full or 

near-full genome sequence data publicly available for non-a, non-b subtypes of genotype 1, 

and the low intra-subtype variation within this genotype, present a significant limitation in 

classifying the variant described here. 

 

3.3.4. Unclassified genotype 4 strains 

Isolates of a third type of strain identified in the general population cohort were 

considered worthy of near-full genome sequencing and analysis. Two samples were sequenced 

in both genomic regions investigated, one in Core-E1 only, and one in NS5B only. These 

sequences grouped within genotype 4 and formed clusters with each other, distinct from any 

known genotype 4 subtype with available sequences in the genomic regions investigated 

(Figure 6C & D), and were therefore considered to possibly belong to a novel genotype 4 

subtype. The samples which were PCR-positive in both regions were isolated from an 84 year 

old Cypriot male (lab code CYHCV048), infected via blood transfusion, and diagnosed in 

2000, and the other from a 71 year old Cypriot male (lab code CYHCV073), who was 

diagnosed in 1996, had been on multiple courses of therapy, but did not know how he had 

been infected. The strain positive only in the Core-E1 region was isolate CYHCV081, from a 

58 year old female Greek patient born in Sudan, diagnosed in 1993, and whose stated 

transmission route was an unsafe surgical procedure. Finally, the strain positive only in the 

NS5B region was isolate CYHCV126, from a 33 year old Bulgarian woman, who had been on 

a course of therapy. No further epidemiological details are known for this patient.  

The near-full genome sequences (nt. 87-9271, positions according to strain H77) were 

successfully derived from two of these samples, CYHCV048 and CYHCV073, from four 

overlapping PCR fragments (Figure 11). They were subsequently included in Simplot, 

Bootscan and phylogenetic analyses for sequence characterisation. As with the strains 

described in the sections above, these sequences were analysed at the genotype level before 

proceeding to more specific comparisons at the subtype level. The Simplot graphs of both 

isolates are seen in Figure 18, showing initially that the percentage sequence similarity along 

the whole derived sequence is significantly higher with genotype 4 than any other genotype, 
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by comparison to consensus sequences of reference genotype strains available from GenBank. 

At the subtype level, the strain was compared to near-full genome sequences of all available 

genotype 4 subtypes. For many, only one full genome sequence is available, but for the rest, a 

consensus sequence was made automatically in the Simplot software using the available 

assigned sequences from the input alignment. In the resulting plots (Figure 18B), all subtypes 

demonstrate a similar percentage sequence similarity, with 4q being on the highest end of the 

spectrum. The Bootscan plots revealed a significantly higher percentage of permuted trees 

supporting similarity of the strains described in this study with subtype 4q, than with any other 

subtype. These percentages however, are mainly lower than 70% for the largest part of the 

sequences, and therefore do not support that the strains belong in this subtype. The results of 

these analyses do not reveal any recombination evens within the sequences. The Simplot and 

Bootscan graphs of the two Cypriot strains are very similar, implying that they are genetically 

close to each other. Therefore, these seemingly unlinked patients probably share a common 

risk factor, such as percutaneous exposure to infected blood while travelling in Central Africa, 

and or infection from each other when in Cyprus, but such epidemiological data is missing.  
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Figure 18. Simplot analysis across the full sequence of unclassified genotype 4 strains CYHCV048 and 
CYHCV073 showing percentage sequence similarity over sequence position. (A) Analysis on a genotype level by 
comparison to genotype consensus sequences. (B) Analysis on a subtype level by comparison to genotype 4 
subtype consensus sequences.  
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Figure 19. Bootscan plots of percentage permuted trees across the full sequence length for unclassified genotype 
4 strain CYHCV048 (above) and CYHCV073 (below). The annotation on the left shows the subtypes 
corresponding to the coloured lines in the plot. 

 

 

The near-full genome sequences of the strains were then included in a phylogenetic 

analysis after alignment with near-full genomes of reference sequences representing all HCV 

genotypes and all available genotype 4 subtypes (Figure 20). The resulting tree shows that the 

Cypriot strains definitely belong in genotype 4, they cluster together with a bootstrap support 

of 100, and are genetically closest to subtypes 4q and 4l. In fact, the 4l and 4q strains group 

with the CYHCV048 and CYHCV073 isolates with a bootstrap support of 100, and within that 

group, the Cypriot strains form a subgroup with the 4q sequence with a high bootstrap support 

(94). The estimated average pairwise distance between the two Cypriot strains is 0.059 base 

substitutions per site. The pairwise distances calculated between the strains found here and all 

HCV genotypes and genotype 4 subtypes are seen in Table 7. The genetic variation from 

sequences of genotype 4 is small enough to classify them within this genotype. The 

evolutionary distance from the various genotype 4 subtypes shows that they are close to 4q 
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Figure 20. Neighbour-joining tree of near-full genome sequences including the unclassified genotype 4 strains 
described in this study (highlighted in a grey box), which can be seen to classify in the genotype 4 group (within 
the blue box), but not within any known subtype. Reference strains used to construct the tree are written in black 
type, indicating subtype and GenBank accession number. Numbers at the branch nodes denote bootstrap values; 
only those above 70 are shown. The branch length per unit genetic distance is indicated on the scale at the bottom 
left. 
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and 4l (17% and 19%, respectively), and on the verge of belonging to these subtypes. In fact, 

as 4q and 4l demonstrate 18% variation across the near-full genome, and given the deeper 

bootstrap support on the phylogenetic tree, all of these strains could be grouped in one subtype 

according to the established criteria for classification (Simmonds et al., 2005), and for the 

purposes of simplifying HCV nomenclature. However, in the most recent publication 

describing the determination of the full genome reference sequences for these subtypes, the 

authors state that: “Although these observed similarities were higher than those suggested by 

the updated HCV nomenclature (75.0-80.0%), for subtypes of a single genotype (Simmonds et 

al., 2005), these isolates represented 13 distinct genotype 4 subtypes.” (Li et al., 2009a). This 

genetic similarity between subtypes may indicate a continual genetic variation of HCV with 

many variants still missing, and some closely related subtypes may qualify as a single subtype 

if such missing variants are found. Due to the ever increasing number of HCV subtypes, it is 

important to be cautious before assigning new subtypes to newly discovered isolates. As more 

HCV variants are identified, new data will be obtained and can be used to develop additional 

nomenclature and classification regulations. 

 

 
Table 7. The number of base substitutions per site between near-full genome sequences. 

Isolate Gen 1 Gen 2 Gen 3 Gen 4 Gen 5 Gen 6 Gen 7
CYHCV048 0,412 0,539 0,498 0,240 0,454 0,468 0,548
CYHCV073 0,409 0,545 0,491 0,240 0,457 0,466 0,547

4a 4b 4c 4d 4f 4g 4k 4l
CYHCV048 0,238 0,264 0,222 0,235 0,243 0,258 0,258 0,193
CYHCV073 0,236 0,270 0,222 0,233 0,243 0,252 0,259 0,194

4m 4n 4o 4p 4q 4r 4t
CYHCV048 0,235 0,229 0,229 0,232 0,171 0,279 0,234
CYHCV073 0,235 0,227 0,231 0,231 0,173 0,276 0,237

Genotypes

Genotype 4 subtypes

 
 

 

As discussed in section 2.3.3.1, the partial sequences of the Cypriot strains discussed 

here form a monophyletic cluster with certain other non-subtyped genotype 4 strains derived 

from the HCV database (Figure 6C & D). In the Core-E1 region, these are seven strains, four 
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from subjects of African origin from a Canadian submission (Acc. No. EF115885, EF115899, 

EF115905, and EF115910) (Murphy et al., 2007b) and three from a direct UK submission 

(Acc. No. AY766949, AY767036, and AY767953) from patients of unknown epidemiological 

and demographic details, apart from that one of them may be of Middle Eastern origin (Dr. 

Phil Bennett, direct communication). A similar pattern is revealed in the NS5B tree, where the 

two sequences from this study cluster with the same four Canadian strains (Acc. No. 

EF116108, EF116122, EF116128, and EF116133), separately from any assigned strains. From 

the data available and associated with these strains, this cluster probably evolved from a 

common ancestor originating in Africa, but no specific risk behaviour can be linked to it yet. 

Also, it is interesting to note that is has been found in three very different geographical 

locations (Cyprus, Britain and Canada), with no evidence of how it has circulated. From the 

partial sequences, the topological closeness of this cluster to 4l and 4q is not supported by high 

bootstrap values.  

HCV genotype 4 is prevalent in the Middle East and Africa, where it exhibits great 

genetic diversity as it has been endemic in these regions for a long time, and although it has a 

low prevalence in the Western world, it has recently been shown to be spreading to Europe 

and America due to immigration and intravenous drug use (Ansaldi et al., 2005; Fernandez-

Arcas et al., 2006; Franco et al., 2007; Kamal and Nasser, 2008; Katsoulidou et al., 2006; 

Lyra et al., 2004; Murphy et al., 2007b; Nicot et al., 2005; Payan et al., 2005; Savvas et al., 

2005). According to the public databases, to date, 19 different subtypes (4a, 4b, 4c, 4d, 4e, 4f, 

4g, 4h, 4k, 4l, 4m, 4n, 4o, 4p, 4q, 4r, 4s, 4t and 4u) have been identified in different 

geographical regions (Hmaied et al., 2007; Kamal and Nasser, 2008; Kuntzen et al., 2008b; Li 

et al., 2009a; Simmonds et al., 2005; Timm et al., 2007), demonstrating its widespread genetic 

heterogeneity, due to its endemic persistence in Central Africa for a long period of time. 

Phylogenetic analysis of the complete genome is important to ensure the correct classification 

proposed by Peter Simmonds and colleagues (Simmonds et al., 2005).Until recently, the entire 

genome was available for only four of these subtypes (4a, 4d, 4f and 4k). Last year, complete 

genome reference sequences were published for subtypes 4b, 4c, 4d, 4g, 4k, 4l, 4m, 4n, 4o, 4p, 

4q, 4r and 4t (Koletzki et al., 2009; Li et al., 2009a). The classification of these recognises the 

epidemiological associations these variants and their subtype names have been incorporated 

into the HCV nomenclature, but it has been noted that such labels are of little value in the 
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description of HCV variants in high diversity areas such as sub-Saharan Africa (de Bruijne et 

al., 2009b; Kuiken and Simmonds, 2009; Simmonds et al., 2005).  

In summary, strains of an unclassified genotype 4 variant have been identified in this 

study and two of these have been sequenced along the near-full genome. Partial sequences of 

this new variant have been found elsewhere, but have not been classified within a subtype nor 

have their full genomes been sequenced to date. From the sequence analyses described above, 

these strains seem to be on the verge of belonging to a new genotype 4 subtype, or represent a 

monophyletic cluster within another subtype that includes the assigned 4q strain. Ideally, more 

genotype 4 strains genetically close to subtypes 4q and 4l need to be characterised in order to 

accurately classify these subtypes according to the established principles of HCV 

nomenclature and taxonomy (Simmonds et al., 2005). Based on the phylogenetic analyses, the 

genetic variations from other subtypes, and the current picture of subtype classification in 

HCV genotype 4, it is proposed that this group of strains should be designated as 4v, as more 

than three epidemiologically distinct infections have been found (four in Canada, three in the 

UK, and four in Cyprus), and here, we present two near-full genome sequences. The 

sequences presented here are the first reference sequences for this variant, which can be used 

as references for HCV classification, but also for diagnostic and clinical purposes. 

 

3.3.5. Nucleotide sequence accession numbers 

The near-full length genome sequences of the uncommon HCV variants described here 

have been submitted to GenBank, and the accession numbers assigned to them are HQ537005 

for 2k/1b strain CYHCV037, HQ537006 for 2k/1b strain CYHCV093, HQ537007 for strain 

CYHCV025, HQ537008 for genotype 4 strain CYHCV048, and HQ537009 for genotype 4 

strain CYHCV073. 
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4. General Discussion and Concluding Remarks 
 

Knowledge of the HCV genotype is not only important epidemiologically, but also 

essential from the clinical point of view (Pawlotsky, 2003c; Zein, 2000). HCV classification 

and nomenclature is now carried out under specific standardised criteria, and novel subtypes 

continue to be identified around the world (Simmonds et al., 2005). In this thesis, 

investigations involving the sequence of the highly genetically variable hepatitis C virus are 

described from Cyprus, divided into two major sections. 

In the first part of this study, the molecular epidemiology of the HCV infection in 

Cyprus is presented for the first time, through studies in the general population and high-risk 

cohorts, including intravenous drug users, inmates from the state correctional facilities and 

HIV/HCV coinfected individuals. To do this, samples were collected through collaborations 

with an extensive network of clinicians in private clinics and public hospitals. The samples 

were investigated using an RT-PCR and sequencing protocol designed to amplify two partial 

regions on either end of the HCV genome, Core-E1 and NS5B. It is worth noting that the high 

nucleotide sequence heterogeneity in HCV hampers the detection of some strains due to 

inefficient primer annealing. Identified strains therefore depend on primer design and 

experimental methods. However, the experiments here were designed in order to detect all 

HCV genotypes, and the protocol proved adequate for detecting strains from samples with 

detectable viral loads, for amplifying highly genetically different variants (genotypes 1-5), for 

subtype designation and phylogenetic analysis, and for detecting (but not confirming) 

recombination events. 

From the general population an epidemiologically diverse set of samples was included 

with regards to country of origin and routes of transmission, representing the general picture 

of HCV infection on the island. Phylogenetic analyses of the retrieved sequences revealed a 

high genetic heterogeneity, broad genotype distribution, and a polyphyletic infection. The 

subtypes found in the Cypriot population (1a, 1b, unclassified-1, 2c, 2k/1b, 3a, 4a, 

unclassified-4 and 5a) are similar to the reported distribution in Greece (Katsoulidou et al., 

2006), but not similar to other countries of this geographical region (Abdel-Hamid et al., 

2007; Altindis et al., 2006; Altuglu et al., 2008; Ramia and Eid-Fares, 2006; Watson et al., 

1999), indicating the strong association of the island with Greece and the mixing of the two 

populations. Even though Cyprus is a small country, it is in a strategic geographical position in 
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between Europe, Africa and Asia, and these results highlight the influx of immigrants on the 

island (also due to the recent admission of the country into the European Union), 

demonstrating that this movement plays a significant role on the status of the HCV infection. 

Investigations on the subtype associated with the most high risk behaviour, injecting drug use, 

3a, confirmed that this subtype showed no country-specific clustering, reflecting the very large 

scale at which injecting drug use occurs in Europe, and supporting a unique origin of this 

subtype.  

The investigation of the HCV molecular epidemiology among intravenous drug users 

seeking rehabilitation in Cyprus found only genotypes 1b and 3a, and among inmates from the 

state penitentiary units, genotypes 3a, 1b and 1a were found. Subtypes 3a and 1a are strongly 

associated with this risk behaviour, but 1b has also been reported to circulate in this population 

(Mathei et al., 2005; Oliveira et al., 2009; Peng et al., 2008; Tallo et al., 2007; Zhou et al., 

2006). Even though an increasing incidence of genotype 4 has been reported in Europe, 

especially in Southern Europe (Ansaldi et al., 2005; Fernandez-Arcas et al., 2006; Katsoulidou 

et al., 2006; Nicot et al., 2005), no such cases were found here, even though they were present 

in the general population. Phylogenetic analysis of the sequences obtained from these groups 

confirmed the polyphyletic nature of the local epidemic, but certain small monophyletic 

clusters also appeared among them, suggesting a history of equipment sharing and unsafe 

injecting practises among small groups of users on the island. No strains from the general 

population were included in the monophyletic clusters with the high-risk groups, suggesting 

no spill-over between the two populations, and illustrating that the HCV epidemic in the high-

risk groups runs in parallel to the general population infected with HCV. These small clusters 

are formed between strains from individuals who have common characteristics (nationality, 

age group, duration of injecting drug use) and injecting drug use is the common route of 

infection for all, highlighting the issue of rapid and uncontrolled transmission among these 

individuals.  

The main risk factor associated with these high-risk populations was the duration of 

intravenous drug abuse, confirming results of other studies (Hagan et al., 2007; Shepard et al., 

2005; Sweeting et al., 2009). Even though intravenous drug use is generally considered to be 

the main risk factor for prisoners, the routes of transmission could be many, due to the range 

of high-risk behaviour in prisons, such as injecting drug use, unsanitary tattoo and piercing 

procedures and getting into fights with exposure to blood. The prevalence of HCV infection 

among the injecting drug user population was 50%, comparable to the rest of the world but 
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also significant enough to raise an alarm for the requirement of harm reduction strategies to be 

applied for the protection of intravenous drug users. The prevalence of HIV and HBV found in 

this group was zero. These viruses are known to be less prevalent than HCV in this type of 

cohort, as fewer sharing partners are necessary to sustain HCV transmission than for other 

blood-borne viruses, and indirect drug sharing and preparation practices have also been 

associated with HCV transmission (Alter, 2007; Crofts et al., 1999; Miller et al., 2009b; Tan 

et al., 2008). This is considered to apply to this population since the percentage of injecting 

drug users requesting therapy which was sampled in this study was high (87%), and is 

considered a representative sampling group. 

The results from the individuals coinfected with HIV and HCV showed the existence 

of HCV genotypes 1a, 1b and 3a, which are all genotypes previously found among coinfected 

subjects, but in very different geographical locations (Liu et al., 2008; Ponamgi et al., 2009; 

Pukhrambam et al., 2007; Re et al., 2008; Urbanus et al., 2009; van Asten et al., 2004; Xia et 

al., 2008b). The three high-risk groups display a similar pattern of genotype distribution, due 

to the common risk behaviours practiced among them. HIV-HCV coinfection has been 

associated with injecting drug use and MSM behaviour, although even among coinfected 

MSM, injecting drug use is significantly associated with infection, as well as multiple other 

risk behaviours (Danta et al., 2007; Ghosn et al., 2008; Liu et al., 2008; Mboto et al., 2006; 

Pando et al., 2006; Ponamgi et al., 2009; Pukhrambam et al., 2007; Re et al., 2008; Rhodes et 

al., 2005; Tan et al., 2008; Urbanus et al., 2009; van Asten et al., 2004; Xia et al., 2008b). 

Few molecular epidemiology studies have been carried out in HIV/HCV coinfected 

populations in the world, and so little data exists to see specific patterns of genotype 

distribution and sequence variation among the HCV strains circulating in individuals 

coinfected with HIV around the world, not only in injecting drug users, but also in MSM, and 

to see if there are phylogenetic distinctions between the two groups. Some studies carried out 

on this subject have found monophyletic clusters within MSM (Danta et al., 2007; Urbanus et 

al., 2009), and it has been demonstrated that HCV in MSM is strongly associated with 

multiple sexual partners and a combination of other high risk behaviours (Danta et al., 2007; 

Pando et al., 2006; Urbanus et al., 2009), which could also explain the monophyletic clusters. 

Another report found higher spatial HCV heterogeneity in coinfected injecting drug users, due 

to higher prevalence in needle sharing practises and other risk behaviours (Tan et al., 2008). 

More studies need to be carried out to establish a more representative global picture of the 

epidemiology of HCV in individuals coinfected with HIV. The small number of HCV-positive 
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samples found in the HIV-infected cohort from 2005-2009, could imply a low prevalence of 

HCV infection among MSM on the island at the moment. However, as this risk group is 

getting increasing attention with regards to HCV transmission in Europe, this prevalence 

estimate could also change in Cyprus in the near future. 

Due to the small sampling size of the high-risk cohorts, significant epidemiological 

conclusions cannot be made. A more accurate and representative depiction of the genotype 

distribution and sequence diversity in these groups would be obtained from larger sampling 

sets and the availability of more sequences in the public databases for comparison. Given that 

the countries of origin of many participants in this study are in Eastern Europe, it would be 

useful to compare their strains to variants retrieved within these countries, but such publicly 

available data is lacking. Another limitation to detailed analysis is the fact that 

epidemiological data is based on what the participants state in their questionnaires. Many 

individuals do not know how, when or where they were infected with HCV, and are 

sometimes not aware enough to make an educated guess. Also, much of the information given 

may be lacking in detail or truth, e. g. participants who avoid stating that they have practised 

injecting drug abuse or certain unsafe sexual behaviours to their doctor or interviewer, due to 

the social stigma associated with these behaviours. This means that valuable information 

required for a full epidemiological analysis is missing. 

Overall, the results from this part of the study demonstrate a broad genotype 

distribution (Table 8) and high genetic heterogeneity of the HCV infection in Cyprus, similar 

to the pattern seen for HIV (Kousiappa et al., 2009a). Samples were taken from 

epidemiologically diverse populations, and genotypes 1a, 1b and 3a appear to circulate in 

individuals regardless of their country of origin. The phylogenetic analyses illustrate multiple 

points of introduction of HCV into the Cypriot population. The existence of small 

monophyletic clusters demonstrates multiple exposures to needle or syringe sharing between 

drug users, highlighting the risk of widespread transmission in this high-risk cohort. The 

overall sequence heterogeneity in HCV strains found in Cyprus is probably due to imported 

strains fromimmigrants, repatriated Cypriots, Cypriots travelling abroad and the large tourism 

industry. Also, the diverse ethnic background of the study group and the finding of the 

possible 2k/1b recombinant strains emphasise the impact of immigration from Eastern Europe 

and increasing occurrence of injecting drug abuse in Cyprus on the island’s HCV situation. 

Further investigation would be necessary with more extended sampling groups to obtain a 

more complete picture of the epidemiology of HCV among various cohorts on the island and 
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rule out the presence of more genotypes and subtypes in these populations. The results here 

support that the point of entry of HCV on the island or in any of the cohorts investigated was 

not due to a single-transmission introduction. 

 

 
Table 8. Genotype distribution among cohorts 

Subtype  No. of cases 
 

General population 
1a  13 
1b  39 
1  1 
2c  1 
3a  16 
4a  6 
4  4 
5a  1 
RF_2k/1b 2 
   
Intravenous drug users 
1b  6 
3a  8 
   
Incarcerated population 
1a  2 
1b  5 
3a  9 
   
HIV/HCV coinfected population 
1a  3 
1b  2 
3a   2 

 

 

Also found in the investigation of partial sequences from samples of the general 

population was evidence for certain uncommon strains: putative 2k/1b recombinants, an 

unclassified genotype-1-like strain, and unclassified genotype 4 variants. These samples were 

selected to be characterised in more detail by near-full genome sequencing and analysis, 

described in the second section of the thesis. This was done by designing strain-specific RT 

nested PCR and sequencing protocols, and variants from all three categories of HCV type 
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were amplified and sequenced. The sequences were analysed for recombination events and for 

phylogenetic relationships with sequences from the public databases.  

The sequences of the putative recombinants and epidemiological characteristics of the 

patients they were isolated from were similar to those of strains of the known 2k/1b 

recombinant found to be circulating among Eastern European injecting drug users. The strain 

was originally detected in St. Petersburg (Kalinina et al., 2002), and later sequenced along the 

full length of its genome (Kalinina et al., 2004), and from all HCV recombinants found to 

date, it is the only one that has since been detected in numerous infections in various countries. 

It appears to be circulating among individuals from Eastern Europe and countries of the 

former Soviet Union, and its associated risk behaviour is intravenous drug use (Kurbanov et 

al., 2008a; Kurbanov et al., 2008b; Moreau et al., 2006; Morel et al., 2010; Tallo et al., 2007). 

The discovery of these strains in Cyprus emphasises the increasing transmission of this type 

within Europe and its association with this risk behaviour. Also, as only two genome 

sequences have been submitted to GenBank to date, the sequences described here will double 

the near-full genome sequence information available for this strain in public databases.  

With just two full 2k/1b genomes available until now (Kalinina et al., 2004; Morel et 

al., 2010), it has been very difficult to draw any conclusions regarding its molecular evolution, 

but with the addition of two more near-full genomes from this study, hypotheses about this can 

begin to be formulated. Phylogenetic analysis performed on the available 2k/1b sequences of 

near-full genome or partial sequences, showed that the recombinant strains demonstrated a 

low evolutionary divergence. Also, the strains were tightly grouped together, forming distinct 

subclusters within the respective parental subtype groups, in concordance with another study 

that investigated the 2k/1b molecular epidemiology (Kurbanov et al., 2008b). However, the 

strains here also demonstrated statistically significant biphyletic clustering. This was observed 

for the near-full genome sequences and the 1b sequences on the 3´ side of the recombination 

point, but not for the 2k sequences on the 5´ side. Bearing in mind that not all 2k/1b strains 

found have been sequenced fully, the data available for these analyses was not the same, and 

was also limited. Only in the analysis for the sequences 5´ of the recombination site were there 

more strains available than the ones that have been fully sequenced. Therefore, from the data 

available including the strains discovered in this study, the observed difference in clustering 

behaviour between the regions on either side of the recombination point could possibly signify 

that the original recombination event took place between the 2k quasispecies and genetically 

diverse 1b genomes, perhaps due to multiple points of infection, and the spread from two of 
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these recombination events is represented in the strains that have been sequenced to date. The 

significance of the two strains discovered in Cyprus is the provision of more sequence 

information regarding the 2k/1b recombinant strain, and providing a different view on the 

evolution of this strain than that which has been held to date. With the addition of more near-

full genomes within this recombinant type, the evolutionary picture of this strain will become 

more apparent. 

This particular strain is comprised of 1b sequence in its NS5A region, where the ISDR 

lies. However, the response of this, or of any, recombinant to anti-HCV treatment is not 

known, and only two studies mention the therapeutic response of 2k/1b (Kurbanov et al., 

2008b; Morel et al., 2010), resulting in conflicting conclusions. The increasing report of 2k/1b 

infections in a high-risk population, stress the fact that HCV recombinant strains should be 

given greater consideration in their detection, diagnosis, clinical management and 

epidemiology (Kalinina et al., 2002; Kurbanov et al., 2008b; Sentandreu et al., 2008).  

Furthermore, recombinant forms of HCV are not included in the considerations for the 

criteria of HCV classification and nomenclature (Kuiken and Simmonds, 2009). The use of the 

corresponding HIV system for naming recombinant strains has been suggested, making the 

strain in question RF1_1b2k, but a set of standardised rules needs to be in place as increasing 

cases of recombination are being reported and included in phylogenetic analyses. 

One strain in the general population group was found to belong in the genotype 1 

group, but did not classify with any known subtypes. The route of HCV transmission in this 

case was not known by the patient, and so no particular risk behaviour or geographic origin 

can be associated with it. Also, considering that it has only ever been found in one case of 

infection to date, it is not yet significant from an epidemiological point of view, as it may not 

be spreading in the population. If any new cases are discovered, however, this may raise an 

alarm due to implications it may have on response to therapy. Near-full genome sequence 

analysis revealed no evidence of recombination. Phylogenetic analysis showed that this isolate 

groups closely with genotype 1 with a high bootstrap support, but more genetically distant 

from the rest of genotype 1 subtypes than they are from each other. The percentage genetic 

variability from genotype 1 (~31%) implies that this strain is on the verge of belonging to a 

new HCV genotype (Simmonds et al., 2005). This unclassified strain is more likely a subtype 

of genotype 1 which has not been discovered until now. More epidemiologically distinct 

examples of this strain are required for confirmed designation. Non-a, non-b subtypes of 

genotype 1 found to date are very few and the lack of full or near-full genome sequence data 
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publicly available for them presents an issue in classifying the variant described here. Novel 

subtypes of genotype 1 are not commonly found, and so the discovery of this strain stresses 

the continuous evolution of this virus and the near-full sequence data is significant for 

evolutionary investigations.  

A cluster of unclassified variants belonging to genotype 4 were also identified and two 

of these were sequenced along the near-full length genome. These sequences are distinct from 

any known genotype 4 subtypes and are considered to belong to a novel genotype 4 subtype. 

HCV genotype 4 is prevalent in the Middle East and Africa, where it exhibits great genetic 

diversity as it has been endemic in these regions for a long time, and has recently spread to 

Europe and America due to immigration and intravenous drug use (Ansaldi et al., 2005; 

Fernandez-Arcas et al., 2006; Franco et al., 2007; Kamal and Nasser, 2008; Katsoulidou et al., 

2006; Lyra et al., 2004; Murphy et al., 2007b; Nicot et al., 2005; Payan et al., 2005; Savvas et 

al., 2005). This spread of genotype 4 strains is also seen in this study. The sequence analysis 

of the strains in question revealed no recombination events and a close genetic relationship to 

subtypes 4q and 4l. Like these, the novel genotype 4 variant probably evolved from a common 

ancestor originating in Africa. The genetic variation between these subtypes and the strains 

found here is smaller than the criteria for subtype discrimination (Simmonds et al., 2005), but 

they belong to distinct subtypes, representing the epidemiological associations of these 

variants and possibly indicating a continual genetic variation of HCV with many variants still 

missing (de Bruijne et al., 2009b; Li et al., 2009a). Based on the results of the sequence 

analysis, and the current picture of subtype classification in HCV genotype 4, it is proposed 

that this group of strains should be designated as new subtype 4v. Epidemiologically distinct 

infections of this variant have been found in Canada and Britain, and here we present two 

near-full genome reference sequences of this novel type for the first time. The sequences 

presented here can be used as references for HCV classification, but also for diagnostic and 

clinical purposes. As more HCV variants are identified, new data will be obtained and can be 

used to develop additional nomenclature and classification regulations. 

Different levels of within-group diversity are found between genotypes, and different 

relationships between them. Specifying a degree of sequence divergence below which a 

subtype designation is made, and above which a new genotype is assigned, is difficult and 

arbitrary (Kuiken and Simmonds, 2009). Uncommon strains of HCV have been found in 

Cyprus, and near-full genome sequence analysis revealed that they represent both contributors 

to HCV genetic variation, i.e. recombination events and a high mutation rate. Two strains 
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belong to the increasingly circulating 2k/1b form of recombinant, and the sequences presented 

here make a significant contribution to the sequence data available on this variant, allowing 

more sophisticated evolutionary hypotheses to be generated regarding its origins. A novel 

genotype-1-like strain was identified here for the first time, unrelated to any other strain on 

public databases. Additional isolates of a previously discovered unclassified genotype 4 

variant have also been identified and near-full reference sequences are presented here for the 

first time, leading to their possible classification as a novel subtype, 4v. These findings 

confirm that although the genetic variability of HCV is known to be high, and numerous 

subtypes have been named to date, novel subtypes still continue to be uncovered. These 

analyses add to our knowledge of global HCV genetic diversity, which is vital for optimisation 

of treatment regimes.  

In conclusion, studies on the hepatitis C virus are important, as it is a globally 

prevalent disease, with high morbidity and mortality associated with it. As this is expected to 

rise in the near future, this disease will continue to cause a major problem for public health. 

The results of this thesis reveal the molecular epidemiology of the HCV infection in Cyprus 

and demonstrate its continual evolution and widespread transmission. The situation of the 

HCV infection in Cyprus highlights the changing epidemiology of HCV, with genetically 

variant strains finding their way into Europe from the Middle East, Africa and Eastern Europe, 

by means of injecting drug abuse and immigration. Also, the broad genotype distribution and 

multiple points of infection have implications on the clinical management of the infection, and 

highlight the urgent need for awareness, risk reduction among high-risk populations, and 

prevention strategies. Following publication and submission to public databases, the results 

presented here will add to the knowledge of HCV sequence variation, which is significant for 

classification and nomenclature purposes.   

 Future directions of this research could include a continuation to study the change of 

the HCV molecular epidemiology in Cyprus over time, including prevalence studies. As new 

drugs are made available, longitudinal samples from patients on therapy could determine 

genetic variations of the virus caused by selective pressure, or the development of genotypic 

drug resistance in variants of different genotypes. Efforts to generate full genome sequences 

from HCV genotypes and subtypes that are not prevalent in the public databases will surely 

significantly contribute to our understanding of the sequence diversity of HCV and for the 

rational design of vaccines and novel therapies. 
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Appendices 
 

I. List of abbreviations 

 

AIDS,  acquired immune deficiency syndrome 

HBV,  hepatitis B virus 

HCC,   hepatocellular carcinoma 

HCV,  hepatitis C virus 

HIV,   human immunodeficiency virus 

ER,  endoplasmic reticulum 

IRES,  internal ribosome entry site 

ISDR,  interferon sensitivity-determining region 

LDL,  low-density lipoproteins 

MSM,  men who have sex with men 

NANBH,  non-A, non-B hepatitis 

NCR,  non-coding region 

NJ,  Neighbour-joining 

NS,  non-structural 

ORF,  open reading frame 

RdRp,  RNA-dependent RNA polymerase 

SVR,  sustained virological response 

VLDL, very-low-density lipoproteins 
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Hepatitis C Infection Among Intravenous Drug
Users Attending Therapy Programs in Cyprus

Victoria L. Demetriou,1 David A.M.C. van de Vijver,2 Johana Hezka,1 the Cyprus IVDU Network,
and Leondios G. Kostrikis1*
1Department of Biological Sciences, University of Cyprus, Nicosia, Cyprus
2Department of Virology, Erasmus MC, University Medical Centre, Rotterdam, the Netherlands

The most high-risk population for HCV trans-
mission worldwide today are intravenous drug
users. HCV genotypes in the general population in
Cyprus demonstrate a polyphyletic infection and
include subtypes associated with intravenous
drug users. The prevalence of HCV, HBV, and HIV
infection, HCV genotypes and risk factors among
intravenous drug users in Cyprus were investi-
gated here for the first time. Blood samples and
interviews were obtained from 40 consenting
users in treatment centers, and were tested for
HCV, HBV, and HIV antibodies. On the HCV-
positive samples, viral RNA extraction, RT-PCR
and sequencing were performed. Phylogenetic
analysis determined subtype and any relation-
ships with database sequences and statistical
analysis determined any correlation of risk factors
with HCV infection. The prevalence of HCV infec-
tion was 50%, but no HBV or HIV infections were
found. Of the PCR-positive samples, eight (57%)
were genotype 3a, and six (43%) were 1b. No other
subtypes, recombinant strains or mixed infections
were observed. The phylogenetic analysis of the
injecting drug users’ strains against database
sequences observed no clustering, which does
not allow determination of transmission route,
possibly due to a limitation of sequences in the
database. However, three clusters were discov-
ered among the drug users’ sequences, revealing
small groups who possibly share injecting equip-
ment. Statistical analysis showed the risk factor
associated with HCV infection is drug use dura-
tion. Overall, the polyphyletic nature of HCV
infection in Cyprus is confirmed, but the trans-
mission route remains unknown. These findings
highlight the need for harm-reduction strategies
to reduce HCV transmission. J. Med. Virol.
82:263–270, 2010. � 2009 Wiley-Liss, Inc.

KEY WORDS: molecular epidemiology; HCV
genotypes; NS5B region;
Core-E1 region; phylogenetic
analysis

INTRODUCTION

Hepatitis C is a life-shortening disease recognized as a
major public health problem worldwide, infecting more
than 170 million people globally [Sy and Jamal, 2006]. It
is caused by a small, enveloped single-stranded, pos-
itive-sense RNA virus of the Flaviviridae family. The
HCV genome reveals high genetic heterogeneity, lead-
ing to a proposed consensus of six genotypes and
numerous closely related subtypes [Simmonds et al.,
2005]. Genotype distribution differs by geographic
region but also by year and mode of transmission, but
the face of HCV epidemiology is being changed radically
by globalization [Esteban et al., 2008].

The most important route of HCV transmission is
through exposure to infected blood and until diagnostic
blood screening was introduced in the early 1990s the
virus was transmitted mainly through blood, blood
products, hemodialysis and organ transplantations. In
the western world currently, HCV infection occurs
mainly through parenteral exposure, the most common
mode of transmission being intravenous drug use
through sharing of needles or other injecting equipment
[Shepard et al., 2005; Sy and Jamal, 2006; Esteban
et al., 2008]. Long-term users display an extremely high
prevalence of HCV infection at over 60%, whereas users
who have been practicing intravenous drug abuse
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exhibit prevalence rates of 20–46%, which is still a
significantly high rate [Shepard et al., 2005; Sweeting
et al., 2009]. In general, large heterogeneity has been
observed in the prevalence of HCV across different
populations of injecting drug users [Hagan et al., 2007;
Sutton et al., 2008].

In developed countries, the HCV subtypes that
predominate among intravenous drug users are 1a and
3a, both showing exponential growth during the 20th
century [Pybus et al., 2005; Esteban et al., 2008].
Subtype 3a has been associated significantly with
transmission through intravenous drug use in indus-
trialized countries. It is prevalent mainly in North and
South America, Europe, and Australia, where intra-
venous drug use is common, and seems to have a
common origin among injecting drug users [Pybus et al.,
2005; Morice et al., 2006]. Lately genotype 4 strains,
which have been restricted to north Africa, are also
becoming increasingly prevalent among intravenous
drug users, especially in southern Europe, and its
introduction into this population seems to be more
recent than that of 1a and 3a [van Asten et al., 2004;
Esteban et al., 2008]. There is also one recombinant, the
2k/1b strain, which is associated with intravenous drug
use, and has been found in Russia, Estonia, Uzbekistan,
Ireland, and Cyprus [Kalinina et al., 2002; Moreau
et al., 2006; Tallo et al., 2007; Kurbanov et al., 2008;
Demetriou et al., 2009].

The molecular epidemiology of HCV infection in the
general population of Cyprus was studied recently,
revealing polyphyletic infection and a high genetic
heterogeneity among strains on the island [Demetriou
et al., 2009]. The presence of strains belonging to five of
the six genotypes and putative isolates of the 2k/1b
recombinant suggest multiple routes of introduction
into the island from various geographical regions and by
various routes of transmission. Cyprus is a small
country, but unique with respect to its geographical
position, as it lies between Europe, Africa, and Asia. It is
very close to North Africa, where the prevalence of HCV
is the highest in the world and Cyprus has a high rate of
influx of immigrants from Eastern Europe and countries
of the former Soviet Union. Also, as it is now a member
state of the European Union, entry into Cyprus is easy,
thus facilitating the introduction of new infectious
diseases.

The molecular epidemiology of HCV, and also HBV
and HIV infection specifically among a population of
intravenous drug users in Cyprus was investigated in
this study, following the recent discovery of subtypes
associated with injecting drug use (1a, 3a, and 2k/1b)
within the general population [Demetriou et al., 2009].
The aim of the study was to determine the prevalence of
HCV, HBV, and HIV infection within this high-risk
population, to determine the genotype distribution and
investigate any phylogenetic relationships of strains
found between themselves and with the strains found
previously in the general population of Cyprus but
also with the strains available in the Los Alamos
HCV database (http://hcv.lanl.gov). The molecular

epidemiology of hepatitis C infection among intravenous
drug users in Cyprus has never been studied before and
is presented for the first time, revealing genetic hetero-
geneity and multiple points of introduction of the virus
within this high-risk population.

MATERIALS AND METHODS

Study Subjects and Sample Collection

The study subjects were consenting intravenous drug
users seeking therapy in detoxification centers around
the island at the time of sample collection. Two rounds of
sampling were carried out in July and November 2008,
covering detoxification centers treating intravenous
drug users. The centers where the sampling took place
were as follows: Aghia Skepi, a long-term inpatient
therapeutic community which aims for withdrawal from
substance abuse and social rehabilitation; Ghephyra, an
outpatient substitution treatment program, for users
who have failed with other therapeutic programs and
buprenorphine is administered in parallel to psychoso-
cial intervention and psychological and medical aid;
Anosis, a long-term inpatient detoxification program,
for abstinence from drug use and safe management of
withdrawal symptoms through administration of anal-
gesics and psychosocial support; Ploeghos, an outpatient
psychosocial treatment program, for users who have
failed with other therapeutic programs and buprenor-
phine is administered in parallel to psychosocial
intervention and psychological and medical aid; Veresie
Clinic, a clinic offering detoxification services through
psychological and medical services, and perform nal-
trexone implant procedures.

An informed consent form was signed by each subject,
a questionnaire was filled in with an interviewer, and
blood samples were taken by qualified personnel as
described previously [Demetriou et al., 2009]. All
samples and questionnaires were coded at random with
a laboratory identifier number so as not to reveal the
personal identity of the study subjects. Forty individuals
in total were included in this study, representing 87% of
intravenous drug users requesting detoxification sup-
port at the time of sampling.

HCV, HBV, and HIV Tests

Immunoassays were performed on all samples for
detection of HCV, HBV, HIV-1 and HIV-2 antibodies,
using the AxSYM anti-HCV, HIV and HBsAg systems
(Abbott Diagnostics, Chicago, IL).

RNA Extraction, RT-PCR and Sequencing
in the Core-E1 and NS5B Regions

On all samples tested positive for HCV antibodies,
RNA extraction, reverse transcription-PCR and
sequencing were carried out in the regions Core-E1
and NS5B as described previously [Demetriou et al.,
2009].

J. Med. Virol. DOI 10.1002/jmv
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Subtyping and Phylogenetic Analysis

Subtyping of the strains found was done using the
Oxford HCV Subtyping Tool v1.0 [de Oliveira
et al., 2005]. Phylogenetic analysis was performed as
described previously [Demetriou et al., 2009] to confirm
the subtype of the strains and to investigate any possible
phylogenetic relationship between the strains identified
in this study from the intravenous drug users cohort and
those identified in the general population of Cyprus
[Demetriou et al., 2009]. Briefly, the sequences of both
the Core-E1 region (14 sequences, 417 bp, positions
867–1283) and NS5B region (12 sequences, 405 bp,
positions 8277–8681) were aligned and compared
to reference strains from the Los Alamos database
(http://hcv.lanl.gov) using the neighbor-joining method
[Saitou and Nei, 1987] and the Kimura two-parameter
distance estimation approach [Kimura, 1980] in MEGA
v4 [Tamura et al., 2007]. The reliability of the phylo-
genetic clustering was evaluated using bootstrap
analysis with 1,000 replicates [Felsenstein, 1985].
Bootstrap values above 70 were considered sufficient
for subtype assignment. Clusters were determined by an
arbitrary threshold of genetic distance (<0.05) [Lewis
et al., 2008].

Additionally, for the purpose of a deeper investigation
into possible phylogenetic relationships between the
dataset obtained in this study and other HCV strains,
each sequence was uploaded individually into the
HCVBLAST tool on the Los Alamos HCV database
website to discover the 50 most closely related sequences
available in the database. Phylogenies for these sequen-
ces were constructed with MrBayes [Huelsenbeck and
Ronquist, 2001] using a general time-reversible (GTR)
model of nucleotide substitution with a proportion of
invariant sites (i) and gamma distribution of rates (G).
The Monte–Carlo Markov Chain search was run for
5�106 generations, with trees sampled every 100th
generation (with a burn-in of 50%) and a posterior
consensus tree generated (from 25,000 trees). From this
consensus tree, the posterior probability of nodes was
used as phylogenetic support for each transmission
cluster group. Cluster group size was determined using
nodes with a posterior probability of 1.

Reference Sequences

The GenBank accession numbers for the reference
sequences used in the phylogenetic analyses of the
Core-E1 and NS5B regions are: AB031663, AF064490,
AF169004, AF207752, AF238486, AF290978,
AJ000009, AY051292, AY587845, D10988, D14853,
D17763, D28917, D49374, D50409, D63821, D85516,
D90208, DQ418786, DQ418787, DQ418789, EF108306,
EF589160, EF589161, M62321, M67463, NC_004102,
NC_009823, NC_009825, NC_009826, NC_009827,
X76918, Y12083. The GenBank accession numbers for
the sequences of the Cypriot strains of the general
population used in the phylogenetic analysis for Core-
E1 are EU684661–EU684737 and for NS5B are
EU684591–EU684660.

Statistical Analysis

Variables were compared between hepatitis C positive
and negative individuals using Mann–Whitney test for
continuous variables and Chi-square test or Fisher-
exact test where appropriate.

Nucleotide Sequence Accession Numbers

GenBank accession numbers for the sequences
obtained in this study are GQ332540–GQ332553 for
the Core-E1 sequences and GQ332554–GQ332565 for
the NS5B sequences.

RESULTS

Demographic and Epidemiological
Characteristics of the Study Subjects

The characteristics of the study subjects are listed in
Table I, showing a comparison of those tested positive
and those tested negative for HCV antibodies. Forty
individuals in total were included in the study, of which
the majority were male (85%) with a median age of
27 years (interquartile range 25–31) and of Cypriot
nationality (64%). Other nationalities were either Greek
or Eastern European. There was no statistical signifi-
cance between the distribution of age or nationality
between the HCV positive and negative individuals
(P¼ 0.61 and 0.30 respectively). The results of the
antibody testing showed that none of the intravenous
drug users who took part in the study were infected with
HIV or HBV at the time of sampling. However, 20
individuals of the 40 tested were positive for HCV
antibodies, giving a prevalence of 50%.

The main risk factor which was statistically signifi-
cant for HCV infection was the duration of injection drug
use which, with a median duration of 10 years (IQR 5–
14) was significantly higher in HCV-positive individuals
as compared to a value of 6 years (IQR 1.5–8.5) in the
HCV-negative group (P¼ 0.02). The association of the
duration of intravenous drug use with the prevalence of
HCV infection is seen in Figure 1. Another risk factor
significantly different between the HCV positive and
negative groups was a prison sentence. HCV-positive
users reported a prison sentence more frequently than
those who were negative (P¼ 0.01). All subjects reported
to have practiced unprotected sex. Further analysis of
known risk factors for HCV infection revealed no
significant differences between the HCV positive and
negative groups.

RT-PCR Sensitivity

Of the 20 samples found to be HCV positive from the
AxSYM system, only 14 were PCR positive in the Core-
E1 region and 12 were PCR positive in the NS5B region.
PCR success rate was determined by comparing PCR
results (positive or negative) with the results from the
AxSYM anti-HCV system, which gives a value for the
sample/cutoff rate ratio (S/CO) for each sample, where a
value above 1 is considered positive. The S/CO values
for the positive samples in this study were 4–124.
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A Mann–Whitney test showed that the PCR positive
samples were those with significantly higher S/CO
values than the PCR negative samples for both regions
tested, as seen in Table I (P¼0.001).

Core-E1 and NS5B Phylogenetic Analyses

Phylogenetic trees of the Core-E1 and NS5B sequen-
ces obtained in this study with reference sequences and
the sequences obtained from the general population
infected with HCV in Cyprus are seen in Figures 2 and 3,
respectively. The results of the subtyping showed that
the strains of this study group fell into only two
subtypes. Eight samples (57%) belong to subtype 3a,
and six samples (43%) belong to subtype 1b, with
bootstrap values higher than 98. Two of the 3a strains
are not seen in the NS5B tree, as they were PCR

negative in this region. There was concurrence for all
other samples between the two regions.

No clusters were observed between the sequences
from the intravenous dug users and those of the general
population, however three small clusters were seen
within the injecting drug users group with small genetic
distances (<0.05) and high bootstrap values. These
clusters are between samples CYIDU06, CYIDU07, and
CYIDU33 within genotype 1b, CYIDU24 and CYIDU37
also within 1b, and CYIDU20, CYIDU26, and CYIDU27
within genotype 3a. The two subjects clustering
together in the 1b subtype (CYIDU24 and CYIDU37)
interestingly reported the use of speedball. Only one
other individual reported this, CYIDU02, but they
tested negative for HCV antibodies.

The Bayesian analysis of the Cypriot intravenous
drug users sequences with the most genetically related

J. Med. Virol. DOI 10.1002/jmv

TABLE I. Characteristics of the Study Subjects

Characteristicsa Subjects (N¼ 40) HCV þve HCV �ve

Age (years) (%)
Median (IQR) 27 (25–31) 27 (24–34) 27 (25–29)

Gender (%)
Male 35 (85) 16 19
Female 6 (15) 3 3

Nationality (%)
Cypriot 25 (64) 10 15
Greek 8 (21) 4 4
Russian 2 (5) 2 0
Bulgarian 1 (3) 1 0
Georgian 1 (3) 1 0
Romanian 1 (3) 0 1
Not stated 1 (3) 0 1

Risk factors (%)
Age at first injection (years) (IQR) 20 (17–23) 19.5 (16–21) 21 (18–25)
Duration of injecting drug use (years) (IQR) 10 (5–14) 6 (2–9)
Served a prison sentence 11 (28) 9 2
Shared injecting equipment 27 (68) 13 14
Can find sterile equipment easily 26 (65) 12 14
History of blood transfusion 3 (8) 3 0
History of surgical procedure 24 (60) 12 12
Tattoos 25 (63) 12 13
Have used syringes/needles abroad 10 (25) 7 3

Sexual practices (%)
Heterosexual 35 (92) 17 18
Homosexual 1 (3) 1 0
Bisexual 2 (5) 0 2
Unprotected sexual practices 40 (100) 19 21

RT-PCRb Core-E1 NS5B
Positive 14 12
Negative 6 8

AxSYM anti-HCV S/CO values (IQR)c Core-E1 NS5B
PCR positive 86.8 (47.8–95.7) 88.1 (77.8–95.9)
PCR negative 8.8 (4.6–25.7) 14.6 (5.5–45.6)

Genotyped Core-E1 NS5B
1b 6 4
3a 8 8

aIQR, interquartile range.
bOnly performed on samples which were HCV seropositive.
cAxSYM anti-HCV system, the HCV antibody test used in this study; S/CO, signal/cutoff rate ratio is the result obtained from the HCV antibody
test.
dOnly obtained for samples which were PCR positive.
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database sequences, which resulted from the BLAST
search, identified no significant clustering, as indicated
by posterior probabilities that did not exceed 0.90 (data
not shown).

DISCUSSION

In this study, the prevalence and molecular epidemi-
ology among intravenous drug users seeking therapy in
Cyprus is presented. Forty consenting individuals took
part in this work, providing demographic and epidemio-
logical characteristics as well as information on risk
groups and drug use behavior. The study subjects were
predominantly young men, and mostly Cypriots. The
nationalities of the subjects who were not Cypriot
demonstrate the influx of young people from Eastern
Europe to the island and its strong association with
Greece.

The results of the study showed that within the group
tested, the prevalence of HCV infection was 50%, which
is comparable to or lower than known prevalence rates
in intravenous drug users [Shepard et al., 2005; van de

J. Med. Virol. DOI 10.1002/jmv

Fig. 1. Bar chart indicating the percentage prevalence of HCV
seropositive users in three groups of different intravenous drug use
duration. In the group of individuals who had been users for up to
5 years, 3 out of 11 were anti-HCV positive (prevalence is 27%); within
the individuals who had practiced IDU for 5–10 years, 5 out of 14 were
anti-HCV positive (prevalence is 36%); within the individuals who had
been practicing IDU for over 10 years, 10 out of 14 were positive
(prevalence is 71%). Intravenous drug users who had been practicing
for more than 10 years were significantly at higher risk of being HCV
seropositive than short-term users (P¼ 0.02).

Fig. 2. Neighbor-joining tree of Core-E1 sequences, constructed as
described in the ‘‘Materials and Methods’’ section. The intravenous
drug users’ strains are indicated with their laboratory codes and
highlighted in black with white font. The reference strains are written
in black font. The strains of the general population are indicated with
gray circles. The subtypes in which the injecting drug users’ strains fall

are colored: 1b is blue and 3a is pink. The observed clusters of
intravenous drug users’ strains are indicated with a square and
magnified for better viewing. The numbers indicated at the nodes are
percentage bootstrap support values for 1,000 replicates. The diver-
gence between any two sequences is obtained by summing the branch
length using the scale at the top of the tree.
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Laar et al., 2005; Shapatava et al., 2006; Sutton et al.,
2008; Tan et al., 2008]. On the other hand, it was
surprising to find that no subjects were infected with
HIV or HBV. The prevalence of HIV and HBV is known
to be lower than that of HCV, as fewer sharing partners
are necessary to sustain HCV transmission than for
other blood-borne viruses, and indirect drug sharing
and preparation practices have also been associated
with HCV transmission [Crofts et al., 1999; Alter, 2007],
which it is considered applies to this population since the
percentage of injecting drug users requesting therapy
which was sampled in this study is high (87%).

From studies carried out on intravenous drug users,
the main genotypes found to be associated with this
transmission route are 1a and 3a [Esteban et al., 2008].
Subtyping of the sequences obtained in the Core-E1 and
NS5B region of the HCV genome and, the frequent
presence of 3a strains in this population have been
confirmed, but subtype 1a, which appears in the general
population infected with HCV in Cyprus [Demetriou
et al., 2009], was not found in any individuals of this

cohort. Interestingly, 43% of the strains were subtype
1b, showing that this subtype has a significant preva-
lence in intravenous drug users on the island, and
possibly illustrates spill-over between different risk
groups in this geographical region and the countries
where the strains have possibly originated from, that is,
eastern and southern Europe. This would have to be
confirmed by phylogenetic analysis with HCV sequences
from these countries. About 10% of the sequences
submitted into the Los Alamos HCV database as ones
which have been obtained from intravenous drug users
are subtype 1b (http://hcv.lanl.gov), and it has been
discovered in other such studies, mostly at a lower
prevalence [Mathei et al., 2005; Zhou et al., 2006; Tallo
et al., 2007; Peng et al., 2008; Oliveira Mde et al., 2009].
Finally, no 2k/1b strains were found in this group, even
though such isolates have been identified on the island
and they are known to circulate among intravenous
drug users [Kalinina et al., 2002; Demetriou et al., 2009].

The phylogenetic analysis of the sequences resulted in
no clustering between the injecting drug users’ samples

J. Med. Virol. DOI 10.1002/jmv

Fig. 3. Neighbor-joining tree of NS5B sequences, constructed as
described in the ‘‘Materials and Methods’’ section. The intravenous
drug users’ strains are indicated with their laboratory codes and
highlighted in black with white font. The reference strains are written
in black font. The strains of the general population are indicated with
gray circles. The subtypes in which the injecting drug users’ strains fall

are colored: 1b is blue and 3a is pink. The observed clusters of
intravenous drug users’ strains are indicated with a square and
magnified for better viewing. The numbers indicated at the nodes are
percentage bootstrap support values for 1,000 replicates. The diver-
gence between any two sequences is obtained by summing the branch
length using the scale at the top of the tree.
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and those of the general population. Even with such a
permissive arbitrary threshold of genetic distance as
0.05, there were no other clusters observed, confirming
the polyphyletic nature of HCV infection on the island
and illustrating that the HCV epidemic in the selected
population runs in parallel to the general population
infected with HCV.

Three small clusters were observed within the intra-
venous drug users group itself, with small genetic
distances (<0.05) and high bootstrap values. These
clusters are between samples CYIDU06, CYIDU07, and
CYIDU33 within genotype 1b, CYIDU24 and CYIDU37
also within 1b, and CYIDU20, CYIDU26, and CYIDU27
within genotype 3a. In the first cluster (CYIDU06,
CYIDU07, and CYIDU33), the sequences were obtained
from three males between the ages of 24 and 47, all
sampled from the same town, two of which from the
same center. Two were Cypriot and the other was Greek.
They all stated that they had practiced intravenous drug
abuse within the past year, and interestingly all had
been practicing intravenous drug use for over 10 years.
In the second cluster (CYIDU24 and CYIDU37) the
samples were taken from a 27-year-old Bulgarian male
and a 31-year-old Cypriot male, sampled in different
towns. They both mention the use of speedball as the
drug used when first practicing injecting drug use, and
have both been practicing intravenous drug use for over
13 years. Only one other individual reported this,
CYIDU02, however this person tested negative in the
HCV antibody testing. In the third cluster (CYIDU20,
CYIDU26, and CYIDU27), are samples from three
Cypriots, one female and two males aged between 19
and 24. Two of the samples were obtained from users
in the same detoxification clinic and the other from
another center in another town. The males and females
from the same detoxification clinic stated a duration of
intravenous drug abuse as less than five years and the
other individual did not state how long he had been
using. These small clusters indicate the probability of
sharing injecting equipment between these users. Also
Cyprus is a small island and easy to get around, with a
relatively small injecting drug user community. There-
fore it is not surprising that strains cluster from users
who were sampled in different towns or rehabilitation
centers.

The Bayesian analysis showed that there was no
clustering between the Cypriot intravenous drug users’
sequences and any sequence from the Los Alamos HCV
database (http://hcv.lanl.gov). Lack of sequence data in
the database impairs the ability to investigate molecular
epidemiological and phylogenetic relationships between
newly obtained sequences and HCV sequences from
anywhere around the world. From these results it
cannot be determined where the HCV infections were
transmitted, for them to make their way into Cyprus
through intravenous drug users. More sequence data
from intravenous drug users, especially from eastern
and southern European countries, would be required to
obtain a better picture of the HCV epidemic and to gain
insight on the origin and dynamics of HCV infection on a

population level. This point is the most severe limitation
to this study and to all work on phylogenetic analysis of
HCV strains.

In this population of highly experienced intravenous
drug users the only significant factor predicting HCV
was the duration of injection drug use, a factor known to
be a predictor of higher HCV prevalence [Shepard et al.,
2005; Hagan et al., 2007; Sweeting et al., 2009]. Also,
having served a prison sentence appears to be reported
more frequently in HCV-positive individuals, highlight-
ing the occurrence of unsafe injecting practices in
correctional facilities. Interestingly, there were no
significant differences between the HCV-positive
and negative groups with regards to having shared
injecting equipment or having easy access to clean
syringes, or other stated risk behaviors. All subjects
stated that they had practiced unprotected sex, but only
two stated MSM behavior, given the recent reports
regarding MSM being a route of transmission [van de
Laar et al., 2007].

This study is the first description of the molecular
epidemiology of HCV infection among intravenous drug
users in Cyprus and provides confirmation of the
polyphyletic nature of the epidemic, already seen in
the general population on the island infected with HCV.
This is seen by the limited clusters appearing within the
sequences obtained from injecting drug users and none
with those obtained from the general population. Also,
there appears to be a circulation of only subtypes 1b and
3a among intravenous drug users seeking therapy in
Cyprus, and no indication of subtype 1a. Furthermore,
the results showed that the duration of intravenous
drug abuse was a main factor to acquiring HCV infection
compared to other risk factors in this cohort. The
prevalence of HCV infection among the studied popula-
tion was 50%, comparable to the rest of the world but
also significant enough to raise an alarm for the
requirement of harm reduction strategies to be applied
for the protection of intravenous drug users, especially
considering the high influx of tourists and political
refugees on the island. Overall, this study reinforces the
idea of multiple points of introduction of HCV into
Cyprus and also the risk of widespread transmission of
these strains. Further investigation would be necessary
with a more extended sampling group and by sampling
through snowballing instead of through detoxification
services, to obtain a more complete picture of the
epidemiology of HCV among intravenous drug users
on the island and rule out the presence of more
genotypes and subtypes in this population.
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The genetic diversity of the hepatitis C virus (HCV)
in Cyprus is investigated for the first time in this
study. Nucleotide sequence analysis of the
CORE-E1 and NS5B regions of the HCV genome
was performed on blood plasma samples
obtained from 77 HCV patients in Cyprus, col-
lected during 2005–2008. The amplified products
were sequenced and compared to reference HCV
strains of known genotype and subtype in order
to classify the isolates found in this study.
Genotype could be determined for all strains,
and subtype for all but four isolates. Phylogenetic
analysis revealed that 51 patients were genotype
1, of which 38 were subtype 1b, 9 were 1a, and
1 was unclassified, one patient was genotype 2c,
13 were genotype 3a, nine were genotype 4, of
which six were subtype 4a, and three were of
unclassified subtype, one was genotype 5a,
two patients seem to carry a possible 2k/1b
recombinant strain, and no genotype 6 strains
were found. This study demonstrated a genetic
heterogeneity of HCV infection in Cyprus, with
five of the six known HCV genotypes on the
island, including unclassified isolates in geno-
types 1 and 4, and also the apparent introduction
of the 2k/1b recombinant strain in intravenous
drug users. J. Med. Virol. 81:238–248,
2009. � 2008 Wiley-Liss, Inc.

KEY WORDS: HCV genotypes; NS5B region;
CORE-E1 region; phylogenetic
analysis

INTRODUCTION

Since its identification in 1989 [Choo et al., 1989],
hepatitis C has been recognized as a major public health
problem infecting nearly 170 million people around the
world [WHO, 1999]. It is a life-shortening disease
associated with complex and expensive morbidity and
decreased qualityof life, beinga major contributor to liver
cirrhosis and hepatocellular carcinoma. In 15–20% of

acuteHCVinfections the patient recoversspontaneously,
but in the large majority of cases the disease runs a
chronic course and can even cause hepatocellular
carcinoma [Seeff, 2002]. The most important route of
HCV transmission is through exposure to infected blood
anduntil the introduction ofdiagnostic screening in1991,
the virus was transmitted mainly through blood, blood
products, hemodialysis, and organ transplantation
[Memon and Memon, 2002]. HCV infection in the West-
ern world now occurs primarily by parenteral exposure,
the most common mode of transmission being intra-
venous drug use through sharing of needles or other
injecting equipment. However, in developing countries
unsafe therapeutic injection practices, inadequate dis-
infection practices, non-sterile medical and dental proce-
dures, and unscreened blood transfusions may still
account for significant HCV transmission and serve as a
bridge to the general population. Although certain recent
reports also link HCV transmission with sexual behavior
[van de Laar et al., 2007; Richardson et al., 2008], this has
been a controversial association for many years.
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The hepatitis C virus (HCV) is a small, enveloped,
single-stranded, positive-sense RNA virus belonging to
the genus Hepacivirus of the family Flaviviridae,
consisting of a genome of approximately 9,500 nucleo-
tides. Studies of the nucleotide sequences of HCV
variants from different individuals and different geo-
graphical regions have revealed a high degree of
genetic heterogeneity of the HCV genome, and this
has led to a proposed consensus of six genotypes and
numerous closely related subtypes based on sequence
variation in the 50 noncoding region (50NCR), CORE, E1
and NS5B regions [Simmonds et al., 1993, 2005;
Robertson et al., 1998; Simmonds, 1999]. At the level
of full genomes, HCV exhibits around 30% variation
between genotypes and 20–25% variation in subtypes
of the same genotype. The genotype is presently a major
factor in both the choice of treatment and prognosis
[Zeuzem, 2004].

Genotype distribution differs by geographic region
and by year and mode of transmission [Zein, 2000;
Schroter et al., 2004]. Globalization, however, is chang-
ing the face of HCV epidemiology radically. Knowledge
of genotype distribution in different parts of the world
may help clarify the epidemiology and evolution of HCV,
and has proven a useful tool for identifying risk groups
and distinguishing different routes of transmission
[Nakano et al., 2004]. Certain modes of transmission
are associated with HCV subtype infections, suggesting
separate HCV epidemics, but spill-over between differ-
ent risk groups underlines the value of molecular
epidemiological studies to gain insight into the origin
and dynamics of HCV infections on a population level. In
western Europe, HCV subtypes 1a and 3a predominate
among intravenous drug users [Cochrane et al., 2002;
van Asten et al., 2004] whereas subtypes 1b and
genotype 2 are associated mainly with contaminated
blood transfusions and other types of nosocomial trans-
mission, especially in older patients. Geographically,
genotypes 1, 2, and 3 are found globally, while 4–6 have
a more restricted pattern. Genotype 4 is found mainly in
North Africa and especially Egypt, but has recently been
spreading to Europe largely through intravenous drug
users with a high incidence in Greece [Savvas et al.,
2005; Katsoulidou et al., 2006; Kamal and Nasser, 2008].
Genotype 5 is restricted primarily to South Africa
[Chamberlain et al., 1997], but has also recently been
found in West Flanders, Belgium [Verbeeck et al., 2006],
central France [Henquell et al., 2004], and Syria [Antaki
et al., 2008], albeit in much smaller numbers. HCV
genotype 6 is found in Southeast Asia [Huy and Abe,
2004].

In the geographical area close to Cyprus, which is
the eastern Mediterranean region, HCV genotypes
are not distributed uniformly. In western Turkey,
genotype 1b is the most prevalent [Altuglu et al.,
2007]. Also, a study done in northern Cyprus with
civilians, Turkish soldiers, and Northern Cyprus
soldiers revealed genotype 1b as the most prevalent
(92.4%) [Altindis et al., 2006]. In Egypt, the incidence
of HCV infection is significantly higher than other

countries worldwide and most cases are infected with
subtype 4a [Abdel-Hamid et al., 2007]. Studies
carried out with patients in the Middle East revealed
a predominance of HCV genotypes 4 and 1 [Watson
et al., 1999; Ramia and Eid-Fares, 2006]. In Greece,
genotype 1 is the most prevalent (46.9%), followed by
genotype 3 (28.1%), 4 (13.2%), 2 (6.9%), and 5 (0.4%)
[Katsoulidou et al., 2006]. This pattern of diversity is
much more similar to the results presented in this
study.

Among injected drug users, the HCV subtypes most
prevalent are 3a and 1a, with both subtypes showing an
exponential population growth during the 20th century
[Pybus et al., 2005]. Genotype 3a, which originates in
Asia, has been associated significantly with trans-
mission through intravenous drug use in industrialized
countries [Pawlotsky et al., 1995; McCaw et al., 1997;
Bourliere et al., 2002]. It is prevalent mainly in North
and South America, Europe, and Australia where
practicing intravenous drug abuse is common, and
seems to have been transmitted from a common origin
through a unique worldwide epidemic that spread
rapidly among drug users [Pybus et al., 2005; Morice
et al., 2006]. Genotype 4 (mainly 4d) is also becoming
increasingly prevalent in populations of intravenous
drug users, especially in southern Europe, and its
introduction into the European intravenous drug user
population seems to be more recent than that of 1a and
3a [van Asten et al., 2004; Chlabicz et al., 2008; Kamal
and Nasser, 2008].

Until 2001, HCV was thought to evolve in a clonal
manner, with diversity generated through the accumu-
lation of mutations. However, homologous recombina-
tion has been demonstrated between different
genotypes or different subtypes of a genotype. A 2k/1b
recombinant was found in St. Petersburg, Russia
[Kalinina et al., 2002], and seems to be spreading among
intravenous drug users in Russia. It has also been found
in Ireland [Moreau et al., 2006], in Estonia [Tallo et al.,
2007] and among intravenous drug users in Uzbekistan
[Kurbanov et al., 2007]. Other natural recombinants of
the virus found in certain parts of the world are a 2i/6p
recombinant in Vietnam [Noppornpanth et al., 2006], a
2b/1b recombinant in the Philippines [Kageyama et al.,
2006], a 1b/1a recombinant in Peru [Colina et al., 2004]
and one between genotypes 2 and 5 in southwest
France [Legrand-Abravanel et al., 2007]. HCV recombi-
nation break points have been located mainly in the
non-structural proteins, but an intratypic recombinant
with a break point in the structural region has also been
identified [Cristina and Colina, 2006].

Cyprus is a small island with a population of
approximately 800,000 and a large annual influx of
foreigners mainly from tourism but also as political
refugees. The molecular epidemiology of hepatitis C
infection in Cyprus has never before been studied. The
HCV genotype distribution on the island is presented
here for the first time, revealing high genetic hetero-
geneity, multiple points of introduction, and the exis-
tence of possible recombinant strains.

J. Med. Virol. DOI 10.1002/jmv
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MATERIALS AND METHODS

Patients and Samples

From 2005 to 2008 blood samples were obtained from
107 consenting chronically infected HCV patients aged
18–84 attending private clinics and public hospitals in
the Nicosia, Larnaca, Limassol, and Paphos districts.
All patients were tested positive for HCV antibodies by
a second-generation immunoassay (INNO-LiPA), and
for HCV RNA by diagnostic reverse transcription-
polymerase chain reaction (RT-PCR; COBAS Amplicor,
Roche Diagnostics, Branchburg, NJ). All samples were
investigated by sequencing the CORE-E1 region and the
NS5B region of the HCV genome.

RNA Extraction and RT-PCR

Blood was collected from the patients in BD Vacu-
tainer1 PPTTM (Becton Dickinson and Co., Franklin
Lakes, NJ) tubes and the plasma was isolated after
centrifugation at 1,100 RCF (relative centrifugal
force) for 10 min in an Eppendorf Centrifuge 5810 R
(Eppendorf). Viral RNA was extracted from 200 ml
plasma using the QIAmp1 UltraSens1 Virus kit
(Qiagen, Venlo, The Netherlands) and 15 ml of the RNA
was used in a one-step RT-PCR using SuperscriptTM III
One-Step RT-PCR Platinum Taq HiFi (Invitrogen,
Carlsbad, CA), following a heat-shock step at 708C for
20 sec to denature the RNA secondary structure. The
RT-PCR was performed in a 50 ml reaction with 20 pmol
each of the outer sense and antisense degenerate
primers derived from the CORE-E1 and NS5B regions
of the HCV genome, designed to amplify all HCV
genotypes (see Table I). A nested PCR was performed
using 3 ml of the RT-PCR product with 40 pmol each of
the inner PCR primers (Table I), using Platinum1 PCR
SuperMix (Invitrogen) in a 50 ml reaction. PCR ampli-
fication was confirmed by visualization with ethidium
bromide staining of a 2% agarose gel.

CORE-E1 and NS5B Sequencing
and Phylogenetic Analysis

Cycle sequencing PCR was performed on the ampli-
cons in both directions using the inner forward and
reverse amplification primers for each region (Table I)
by means of the BigDye1 Terminator system v3.1
(Applied Biosystems, Foster City, CA). The products
were purified using the DyeEx spin kits (Qiagen) and
sequenced directly on the ABI 3300 Genetic Analyser
(Applied Biosystems). The resulting readings were
analyzed with the Sequencing Analysis Software v5.2
(Applied Biosystems). The obtained nucleotide sequen-
ces of both the CORE-E1 region (77 sequences, 417 bp,
positions 867–1283) and NS5B region (70 sequences,
405 bp, positions 8277–8681) were aligned with the
reference sequence of the H77 strain using the CLUS-
TALX 1.83 alignment software [Thompson et al., 1997].
Subtyping the sequence of each region was performed
using Oxford HCV Subtyping Tool v1.0 [de Oliveira
et al., 2005], after which the aligned sequences were

compared to reference strains of known subtypes
derived from the Los Alamos database [Kuiken et al.,
2005] using the neighbor-joining method [Saitou and
Nei, 1987] in MEGA version 4 [Tamura et al., 2007].
Pair-wise distance matrices were generated using the
Kimura [1980] two-parameter distance estimation
approach. The reliability of the phylogenetic clustering
was evaluated using bootstrap analysis with 1,000
replicates [Felsenstein, 1985]. Bootstrap values above
70 were considered sufficient for subtype assignment.

NS5B Phylogenetic Analysis of 3a Strains

Further phylogenetic analysis was performed on the
isolated genotype 3a strains found in this study by
constructing a tree from the NS5B sequences of these
strains, and 50 intravenous drug use-related NS5B
sequences from published work about strains from
intravenous drug users [Kalinina et al., 2001; Cochrane
et al., 2002; Morice et al., 2006] and other subtype 3a
sequences with intravenous drug use as the stated
source of infection retrieved from the HCV sequence
database. The analysis was done using the neighbor-
joining method [Saitou and Nei, 1987] in MEGA version
4 [Tamura et al., 2007]. Pair-wise distance matrices
were generated using the Kimura [1980] two-parameter
distance estimation approach. The reliability of the
phylogenetic clustering was evaluated using bootstrap
analysis with 1,000 replicates [Felsenstein, 1985].

Reference Sequences

TheGenBankaccessionnumbers forreferencesequences
used in phylogenetic analysis of the CORE-E1 region are:
AB031663, AF064490, AF165045, AF169004, AF238486,
AF271822, AF271876, AF271878, AF271886, AF290978,
AJ000009, AY051292, AY434107, AY434119, AY434122,
AY434128, AY434131, AY434134, AY434146, AY434149,
AY434158, AY587845, AY706996, AY706999, AY754623,
AY767506, AY767956, AY894540, AY894555, D10988,
D14853, D28917, D43678, D50409, D63821, D90208,
DQ418786, DQ418787, DQ418789, E10839, EF115767,
EF115770, EF115798, EF115882, EF115883, EF115898,
EF115900, EF115902, EF115906, EF115908, EF115915,
EF115916, EF115923, EF589160, EF589161, L29589,
L29609, L29610, L29620, L38350, L39282, L39310,
NC_004102, NC_009823, NC_009824, X76414, Y11604,
Y12083, Y13184. The GenBank accession numbers of the
sequences used as references for phylogenetic analysis of
the NS5B region are: AB031663, AF037235, AF037237,
AF064490, AF165045, AF169004, AF238486, AF271799,
AF290978, AJ000009, AY051292, AY265429, AY265435,
AY434106, AY434108, AY434120, AY434123, AY434126,
AY434132, AY434147, AY434157, AY548714, AY548717,
AY548731, AY548736, AY587845, AY632098, AY632126,
AY632144, AY632237, AY685046, AY743124, AY743160,
AY743171, AY743182, AY743204, AY743208, AY743212,
AY743213, AY754624, AY894553, D10988, D14853,
D28917, D50409, D63821, D90208, DQ418786,
DQ418787, DQ418789, DQ911240, E10839, EF115983,
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EF115994, EF116013, EF116021, EF116118, EF116121,
EF116125, EF116137, EF116138, EF116141, EF589160,
EF589161, L29611, L29618, L38371, L48496, NC_004102,
NC_009823, NC_009824, Y11604, Y12083, Y13184. The
GenBank accession numbers of the reference sequences
used in the subtype 3a tree for intravenous drug user
strains are: AB327108, AB327110, AB327111, AB327112,
AB327113, AB327114, AB327115, AF388439, AF388443,
AF388447, AF388450, AF388451, AF388452, AF388455,
AF388464, AF388466, AF388467, AF388469, AF388475,
AF388476, AF388509, AF516369, AJ867081, AJ867088,
AJ867093, AJ867098, AJ867101, AJ867105, AJ867106,
AJ867162, AY100024, AY100031, AY100037, AY100045,
AY100047, AY100051, AY100052, AY100055, AY100074,
AY100077, AY100079, AY100081, AY100083, AY100084,
AY100090, AY100093, AY100095, AY100107, AY100109,
AY100111 and the tree was rooted with non-a genotype
3 strains E10839 and D63821.

Statistical Analysis

To test for a statistically significant correlation
between the PCR results and demographic and clinical
variables from the samples, the w2-test for categorical
variables and the t-test for continuous variables were
used.

Nucleotide Sequence Accession Numbers

GenBank accession numbers for the sequences
obtained in this study are EU684591–EU684660 for
the NS5B sequences and EU684661–EU684737 for the
CORE-E1 sequences.

RESULTS

Clinical and Epidemiological Features of
Study Subjects

The study group consisted of 107 HCV seropositive
patients between the ages of 18 and 84, from two private
gastroenterology clinics and public hospitals in Cyprus.
The epidemiological features of the study subjects

varied, as 53 (51.5%) patients were Cypriots and the
rest were various other nationalities, 36 (35%) being
from countries of the former Soviet Union (Russia,
Georgia, Moldova, and Ukraine). Thirty-nine patients
(36.4%) had a history of transfusion with blood products,
4 (3.7%) stated they were intravenous drug users, 10
(9.3%) traced infection to dental or surgical procedures,
and 51 (47.7%) did not know the source of infection (see
Table II for the demographic details).

Viral RNA Extraction From Plasma and RT-PCR

Seventy-seven samples were PCR-positive for CORE-
E1 and 70 for NS5B, presenting 73.8% and 71.0% PCR
success rates, respectively. Statistical analysis to deter-
mine the association between PCR result and whether
the patients were on therapy revealed a more frequent
negative PCR result for patients on therapy with P-
values <0.016. Fifty-six patients (52.3%) were on
interferon therapy when blood was taken, and 51
patients (47.7%) were taking ribavirin. Of all patients
on treatment, 49 were on interferon–ribavirin combi-
nation therapy. Forty-nine patients (45.8%) were not on
therapy at the time blood was taken. Considering the
two drugs separately, from the patients on interferon
therapy, 35 exhibited PCR-positive results and 21
showed negative results, compared to 44 positive results
and 7 negative results from the patients not on
interferon (P¼0.008). Of the patients taking ribavirin,
32 had positive PCR results and 19 had negative results
compared to 47 positive and 9 negative samples from
patients not taking ribavirin (P¼0.016). Furthermore,
the correlation between PCR result and viral load
showed that samples from patients with a detectable
viral load (more than 135 copies/ml) exhibited more
frequently a positive PCR result than those with
undetectable viral load with a P-value of 0.002. From
the patients with undetectable viral load at the time
blood was taken, 6 had positive PCR results and 13 had
negative results, compared to patients with detectable
viral load, of which 58 were positive and 21 were
negative for PCR (P¼ 0.002; patients with unknown
viral load were excluded from this analysis).

J. Med. Virol. DOI 10.1002/jmv

TABLE I. RT-PCR Primers for CORE-E1 and NS5B Amplification and Sequencing

Name Primer set Polarity Sequencea Positionb

CORE-E1
735 Outer Sense 50-GACCTCATGGGGTACATYCCBSTCGTHGG-30 735–763

1324 Outer Antisense 50-GGBGACCARTTYAKCATCATRTCCCAWGCC-30 1,295–1,324
834 Inner Sense 50-GCAACAGGGAATYTDCCYGGTTGCTCYTTYTC-30 834–865

1318 Inner Antisense 50-CAGTTCATCATCATRTCCCAWGCCATNCGRTGDCC-30 1,284–1,318

NS5B
8172 Outer Sense 50-TAYGGRTTCCARTACTCNCCHGVRCAGCGGGT-30 8,172–8,203
8821 Outer Antisense 50-GARTTGACWGGRGWGTGTCKDRCTGTYTCCCA-30 8,790–8,821
8244 Inner Sense 50-ATGGGBTTYKCRTATGAYACCCGHTGYTTTGA-30 8,244–8,275
8713 Inner Antisense 50-GABACRTTKGAGGARCADGATGTTATNARCTC-30 8,682–8,713

aDegenerate positions are shown with their IUB Base Codes (R: A or G; W: A or T; S: G or C; K: G or T; Y: C or T; B: C, G or T; D: A, G or T; H: A, C or T;
V: A, C or G; N: A, C, G or T).
bPosition numbering according to strain H77 (GenBank Acc. No NC_004102), genotype 1a.

HCV Genetic Diversity in Cyprus 241

Vict
ori

a D
em

etr
iou



CORE-E1 and NS5B Sequencing and
Phylogenetic Analyses

The neighbor-joining trees for the CORE-E1 and
NS5B regions are seen in Figure 1. HCV genotype 1

was the most frequent (47.7% in the CORE-E1 region),
followed by genotypes 3, 4, 2, and 5 (12.1%, 8.4%, 2.8%,
and 0.9%, respectively in the CORE-E1 region). There is
concordance between the trees for all samples that were
positive for both regions, except for two strains from
Georgian patients (designated with an asterisk in
Fig. 1). These strains were identified as subtype 2k in
the CORE-E1 region and as 1b in the NS5B region. From
these results, the strains appear to be 2k/1b recombi-
nants, as they cluster together with the St. Petersburg
2k/1b recombinant strain in both trees. However,
further clonal analysis is required to confirm this.

For genotype 1, 36 sequences recovered in this study
classify with subtype 1b. Two additional strains also
classify as subtype 1b in the CORE-E1 region, but were
PCR-negative in the NS5B region and could not be
analyzed. Twenty of these strains are from patients
originating from Cyprus, six from Georgia, five from
Russia, three from Moldova, and one each from Greece,
Ukraine, and Romania. One strain in particular, from a
Greek patient, has a 3-nucleotide insertion in the
CORE-E1 sequence between positions 1044 and 1045
(numbers according to strain H77).

Nine strains classify within the 1a subtype in both
regions with bootstrap values higher than 90. Three
further isolates also classify as subtype 1a in the CORE-
E1 region but were PCR-negative in the NS5B region. Of
the nine strains, six are from Cypriot patients, two from
Georgian patients and one each from a British, an
Iranian, an Italian, and a Greek patient. One strain from
a Cypriot patient does not cluster with any specific
genotype 1 subtype, having used reference sequences
from all available assigned genotype 1 subtypes in this
genomic region in the phylogenetic trees. This is also the
case for the NS5B tree, where all available assigned
subtypes in this region were also included in the
phylogenetic analysis. To investigate this strain further,
BLAST was performed using the HCV BLAST tool on
the HCV Sequence database website, recovering the
100 closest matches. These were downloaded into a
FASTA file along with the Cypriot strain and a
phylogenetic tree was constructed to explore the
relationship with the closest sequences available in the
database (data not shown). The strain in question did
not cluster with any of the sequences from the database.
This sequence is thus labeled unclassified, and due to
lack of data, could not be assigned as a new subtype.

For genotype 2, one strain from a Cypriot patient
clusters in subtype 2c in the CORE-E1 tree and NS5B
tree with bootstrap values of 98 and 83, respectively.
Also the two putative recombinant strains mentioned

J. Med. Virol. DOI 10.1002/jmv

TABLE II. Characteristics of the Study Subjects

Characteristics
Patients
(N¼ 107)

Gender (%)a

Male 53 (50)
Female 51 (48)

Age (years) (%)a

Median (IQR) 40 (32–57)
18–29 21 (20)
30–39 31 (30)
40–49 11 (11)
50–59 22 (21)
60 and older 19 (18)

Region of origin (%)b

Cyprus 53 (52)
Russia 15 (15)
Georgia 14 (14)
Greece 5 (5)
Moldova 4 (4)
Ukraine 3 (3)
Egypt 3 (3)
Other—Europe 4 (4)
Other—Asia 2 (2)

Route of transmission (%)
Blood transfusion 39 (36)
Surgical procedure 6 (6)
Dental procedure 4 (4)
IVDU 4 (4)
Tattoo 2 (2)
Sexual transmission 1 (1)
Other/unknown 51 (48)

Use of medication (%)
Interferon/ribavirin 58 (54)
No medication 49 (46)

Plasma HCV-RNA (log copies/ml)
Median (IQR) 5.5 (2.5-6.2)

CORE-E1 NS5B
RT-PCR (%)

Positive 79 (74) 76 (71)
Negative 28 (26) 31 (29)

Genotype (%)
1 51 (48) 48 (45)
2 3 (3) 1 (1)
3 13 (12) 13 (12)
4 9 (8) 7 (7)
5 1 (1) 1 (1)
Unknown 30 (28) 37 (35)

IQR, interquartile range.
aInformation available for 104 patients.
bInformation available for 103 patients.

Fig. 1. Neighbor-joining phylogenetic trees for the 77 CORE-E1
sequences (400 nucleotides, corresponding to positions 884–1283; left)
and the 70 NS5B sequences (328 nucleotides, corresponding to
positions 8277–8604; right) of HCV strains obtained from patients in
Cyprus, based on the Kimura two-parameter method for estimation of
genetic distance. Trees were constructed using 35 representative
reference sequences from 6 known subtypes (1 through 6) and
1 recombinant strain (2k/1b) taken from the HCV sequence database
of Los Alamos National Laboratory [Kuiken et al., 2005]. The sequences
determined in the study are color-coded, with colors corresponding to

the patients’ country of origin: Cyprus (yellow), Russia (pink), Georgia
(blue), Moldova (light green), Greece (gray), Egypt (lilac), Bulgaria
(beige), Iran (light blue), Italy (brown), Pakistan (purple), Romania
(black), Ukraine (green), United Kingdom (red). The asterisks indicate
putative 2k/1b recombinant strains. The divergence between any two
sequences is obtained by summing the branch length, using the scale at
the lower left of each tree. The numbers indicated at genotype and
subtype-determining nodes are percentage bootstrap support for
1,000 replicates. The brackets on the right side of the trees indicate
the determined subtypes as described in Results.
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earlier cluster with the 2k subtype in the CORE-E1 tree
with a bootstrap of 99, but with the 1b subtype in the
NS5B region.

Analysis of both genomic regions revealed 13 strains
for genotype 3, all of which belong to subtype 3a,
clustering with the 3a reference strains with bootstrap
values higher than 95 in both trees. These strains were
isolated from four Cypriot patients, four Russian
patients, two Georgian patients, and one patient each
from Greece, Pakistan, and Bulgaria.

For genotype 4, five strains found in this study are
assigned as subtype 4a in both regions, plus one addi-
tional strain for which only the CORE-E1 region could be
sequenced. These strains were isolated from four Cypriot
patients and two patients of Egyptian origin. A cluster of
a further three strains was found to belong to genotype
4 in the CORE-E1 region but these sequences do not
cluster with any particular assigned subtype of genotype
4 and were therefore labeled as unclassified. These
strains were isolated from two Cypriot patients and one
Greek patient. Two of these strains were seen to behave
similarly in the NS5B region, the third being PCR-
negative for NS5B, and therefore could not be sequenced
in this region. For both trees, sequences from all available
subtypes in the corresponding genomic regions were used
and this cluster appears to be genetically closest to
subtypes 4q, 4m, and 4l. These sequences were further
investigated by uploading them into the HCV BLAST tool
of the Los Alamos HCV sequence database and retrieving
the 100 closest matches. These sequences were analyzed
together and a phylogenetic tree was constructed to look
for a possible relationship between the strains found in
this study and any other similar sequences in the HCV
database (data not shown). This was done for the
sequences in both regions. In the CORE-E1 region, the
unassigned Cypriot strains cluster with seven other
sequences from the database, four from subjects of
African origin from a Canadian submission (Acc.
No. EF115885, EF115899, EF115905, and EF115910)
[Murphy et al., 2007] and three from patients of
unknown epidemiological and demographic details from
a UK submission (Acc. No. AY766949, AY767036, and
AY767953), which are also genotype 4 of unassigned
subtype. The sequences do not cluster with sequences of
assigned subtype and are genetically closest to the
subtype 4q group. A similar pattern is revealed in the
NS5B tree, where the two Cypriot sequences cluster with
the same four Canadian sequences (Acc. No. EF116108,
EF116122, EF116128, and EF116133), apart from
assigned subtypes and genetically closest to subtype 4q.
They cluster with no other isolates and the British
sequences were not sequenced in the NS5B region.

Lastly, one genotype 5 strain was also identified in a
Cypriot patient and is classified as subtype 5a on both
trees with corresponding bootstrap values of 100 in both
cases.

No genotype 6 strains were found in this population
study.

NS5B Phylogenetic Analysis of Subtype
3a Strains

To further assess the relationship of the genotype 3a
sequences discovered in this study with intravenous
drug use, these sequences were examined in a new
dataset context. A new tree was constructed using the
NS5B region of only the 3a strains from this study and 50
3a NS5B sequences derived from publications that
studied sequences from intravenous drug users from
various countries [Kalinina et al., 2001; Cochrane et al.,
2002; Morice et al., 2006] and also from a search for 3a
strains from intravenous drug users in the HCV
Sequence Database (Fig. 2). As found previously [Morice
et al., 2006], the geographical areas of origin of the
subjects do not seem to harbor HCV-3a populations
distinct from each other. The tree shows no clearly
defined subclade of subtype 3a strains isolated from
intravenous drug users from different geographical
areas; it can therefore not be verified that the HCV-3a
strains found in this study are introduced by intra-
venous drug use in specific geographical regions.

DISCUSSION

In this study, viral RNA extraction from blood plasma,
RT-PCR and nucleotide sequence analysis of the CORE-
E1 region and NS5B region were used successfully to
genotype HCV strains and determine the genetic
heterogeneity in a sample study group of patients in
Cyprus. The RT-PCR assay design is considered suc-
cessful as over 70% of samples were PCR-positive in both
regions and those that were not belonged mainly to
patients receiving therapy and/or with low viral load.
The patients investigated were epidemiologically
diverse, showing a wide range of ages, countries of
origin, and routes of transmission for HCV. Most
patients were either from Cyprus or from countries of
the former Soviet Union, but the group also included
patients from other countries, including Greece, Brit-
ain, Pakistan, Italy, Egypt, Iran, Romania, and Bulga-
ria. The route of transmission for a large percentage of
patients was unknown, mainly because this virus can be
carried for many years without diagnosis and because
safety measures for the prevention of HCV transmission

J. Med. Virol. DOI 10.1002/jmv

Fig. 2. Neighbor-joining phylogenetic trees for the 13 NS5B
sequences (240 nucleotides, corresponding to positions 8316–8555) of
HCV subtype 3a strains obtained from patients in Cyprus, based on the
Kimura two-parameter method for the estimation of the genetic
distance. Trees were constructed using 50 intravenous drug use-
related subtype 3a sequences taken from published studies [Kalinina
et al., 2001; Cochrane et al., 2002; Morice et al., 2006] and from searches
in the HCV sequence database of Los Alamos National Laboratory
[Kuiken et al., 2005]. The tree is rooted with two non-a genotype three

reference sequences. The reference sequences are color-coded, with the
colors corresponding to the sampling country: Australia (yellow),
France (blue), Russia (pink), Uzbekistan (brown), Brazil (gray),
United Kingdom (dark green) and USA (purple). The Cypriot strains
are indicated with gray circles. The numbers indicated at the nodes are
percentage bootstrap support for 1,000 replicates. The divergence
between any two sequences is obtained by summing the branch length,
using the scale at the lower left of the tree.
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in hospitals and screening of donated blood and blood
products were not carried out until the early 1990s. Also,
considering the patients’ diversity of nationality, it is
worth noting that unsafe nosocomial practice still occurs
in developing countries.

For genotype 1, 38 variants belonging to subtype 1b
and 12 belonging to subtype 1a were identified. It is
interesting that one strain, from a Greek patient, has a
three nucleotide insertion in the CORE-E1 sequence
between positions 1044 and 1045 (numbers according
to strain H77), resulting in an addition of one amino
acid in the E1 protein sequence. The epidemiological
origin or significance of this insertion is not currently
known. One genotype 1 variant has been labeled
unclassified as it does not cluster with any of the
groups of assigned subtypes for which sequences are
available in the HCV sequence database. This strain
could be a new subtype in genotype 1, but more
epidemiologically distinct strains that cluster with this
variant are needed to provisionally assign a new
subtype; such sequences were neither found in this
study nor in the HCV sequence database.

Of the genotype 2 variants isolated in this study, one
strain was identified as subtype 2c. This was isolated
from a Cypriot patient who was born in Argentina and
was infected there by a blood transfusion in the late
1970s. According to Re et al. [2007], 2c is a subtype found
in high prevalence in central Argentina, however it is
unknown whether this was the case at the time this
patient became infected, nor is it known where in
Argentina the blood transfusion took place. Two other
strains were classified as subtype 2k in the CORE-E1
region butnot in the NS5Bregionandtheyareconsidered
to be putative 2k/1b recombinants, discussed below.

For genotype 3, 13 variants belonging to subtype 3a
were identified from the analysis of both regions. These
strains were isolated from four Cypriot patients, four
Russian patients, two Georgian patients, one patient
from Greece, one from Pakistan, and one from Bulgaria.
Because there is an established correlation of genotype
3a with intravenous drug use [Morice et al., 2006], these
strains were analyzed further by comparing them to
genotype 3a sequences from intravenous drug users
available in the database. This analysis yielded no
significant evidence for the Cypriot strains clustering
with each other or with isolates from intravenous drug
users from other countries. Also it has been shown
previously that there is a phylogenetic mixing of HCV
subtype 3a strains from drug users and non-drug users
in various countries, supporting the existence of a
unique origin for subtype 3a [Kalinina et al., 2001;
Cochrane et al., 2002; Samimi-Rad et al., 2004; Morice
et al., 2006]. The observation of no country-specific
phylogenetic clustering for strains isolated from intra-
venous drug users has been made for all genotypes [van
Asten et al., 2004].

For genotype 4, nine strains were identified in this
study group, six of which were classified into subtype 4a,
four from Cypriot patients, and two from patients
originating from Egypt, which is the geographical area

with a significantly high prevalence of HCV-4a. It is
significant to note the origin of the patients with HCV-4a
and the fact that this subtype was not isolated from
patients of any other ethnic origin in this study group,
which includes a high percentage of patients from
countries of the former Soviet Union and other coun-
tries. This highlights the fact that this subtype is more
restricted to a certain geographical radius than geno-
types 1, 2, and 3. Of particular interest was the finding of
three isolates that do not classify within any known
subtype of genotype 4. Three strains in the CORE-E1
region do not cluster with any particular subtype of
genotype 4, having used all available assigned genotype
4 subtypes in this region as reference strains in the
phylogenetic analysis. Two of these strains are seen to
behave similarly in the NS5B region. The third sample
was PCR-negative for NS5B, and therefore could not be
sequenced in this region. For both trees, sequences from
all available subtypes in the corresponding genomic
regions were used.

In genotype 5, just one strain was identified and this
was classified as subtype 5a, which is a subtype found
primarily in South Africa [Chamberlain et al., 1997], but
also in west Flanders, Belgium [Verbeeck et al., 2006],
central France [Henquell et al., 2004], and Syria [Antaki
et al., 2008]. This strain is from a Cypriot patient who
had a transfusion with 17 units (17� 450 ml) of blood in
1975 in Johannesburg after a serious accident, but was
only diagnosed with hepatitis C in 2006.

The strains indicated on the CORE-E1 and NS5B trees
with asterisks (Fig. 1) appear to be 2k/1b recombinants
and both were isolated from Georgian patients who
stated routes of infection as intravenous drug use and
sexual transmission. The first identified 2k/1b recombi-
nant found was recovered in St. Petersburg in intra-
venous drug users [Kalinina et al., 2002] and has since
been found only in Estonia, Ireland, and Uzbekistan in
intravenous drug users [Moreau et al., 2006; Kurbanov
et al., 2007; Tallo et al., 2007]. The putative recombinants
found in this study cluster together and with the St.
Petersburg strain in both the CORE-E1 and NS5B trees
(Fig. 1). These strains are currently being investigated
with clonal analysis along the full genome to identify the
putative point of recombination (unpublished results).

Overall, in the Cypriot patients of this study group, all
HCV genotypes and subtypes reported in this study were
found, except the putative 2k/1b recombinant, revealing
high genetic diversity. In the patients coming from
countries of the former Soviet Union, the HCV strains
identified belonged to subtypes 1b, 1a, 3a, and possibly
the 2k/1b recombinant strain, corresponding to the HCV
subtypes circulating in the eastern Europe [Naoumov,
1999; Kalinina et al., 2001; Kurbanov et al., 2003; Tallo
et al., 2007]. In the Egyptian patients, only subtype 4a
was found, reflecting the HCV situation in their country
[Abdel-Hamid et al., 2007]. For patients from other
European countries (Greece, UK, Italy, Romania, and
Bulgaria) the genotypes identified were 1a, 1b, 3a, and 4,
which are genotypes found commonly in western and
southern Europe [Trepo and Pradat, 1999; Ansaldi et al.,
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2005; Katsoulidou et al., 2006; Esteban et al., 2008].
Finally, among patients of Asian ethnicity (Iranian and
Pakistani), the genotypes discovered were 1a and 3a,
respectively, again corresponding to the most prevalent
types of HCV in their countries [Samimi-Rad et al., 2004;
Idrees, 2008]. It is, however, difficult to make any
further epidemiological conclusions, as for many patients
the mode of transmission is unknown and, equally
important, so is the country of infection.

The genetic diversity of HCV in Cyprus, as shown in
this study, is similar to the findings of HCV diversity in
Greece [Katsoulidou et al., 2006], and unlike the
findings in Turkey, where subtype 1b is predominant
[Altindis et al., 2006; Altuglu et al., 2007], Egypt, which
has mainly subtype 4a [Abdel-Hamid et al., 2007], or
other countries in the Middle East, where genotypes 4
and 1 predominate [Watson et al., 1999; Ramia and Eid-
Fares, 2006]. The heterogeneity in HCV genotypes
found in Cyprus is probably due to imported strains
from repatriated Cypriots, Cypriots traveling abroad
and the large tourism industry. The ethnic background
of the study group and the finding of the possible 2k/1b
recombinant strains also emphasize the impact of
immigrants from eastern Europe and increasing use
of intravenous drugs in Cyprus on the multiple points of
introduction and risk of widespread transmission of
HCV strains on the island.
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