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Hepatitis C virus (HCV), a virus present in human population from indefinite time period, has affected 
millions of people globally, by causing liver infection which in majority of cases leads to chronicity, 
cirrhosis, end stage liver disease and hepatocellular carcinoma (HCC).  The disease burden is expected 
to increase in the developing and under developed world in future. The distribution of HCV genotypes is 
changing, as are the modes of transmission. Evolution of HCV is a highly dynamic process as it 
exploits all known mechanisms of genetic variation including recombination and mutation, to ensure its 
survival. It occurs both through multiple processes of adaptive selection that drive sequence change 
and through drift, in which phenotypically neutral sequence changes accumulate over time without 
altering the phenotype or behaviour of the virus. However, despite its potential to change rapidly, the 
longer-term evolution of HCV appears to be remarkably conservative. Phylogenetic and statistical 
models of viral evolution

 
are useful in reconstructing mutational

 
pathways of drug resistance. The two 

major divisions of viral heterogeneity include genotypes and quasispecies. The rate of nucleotide 
changes varies significantly among the different regions of the viral genome. The present HCV 
classification is incomplete, as new genotypes and variants are being identified till yet. Diversification 
of HCV occurred over time but with different rates. Host immune pressure is thought to be a main factor 
driving diversification in HCV quasispecies. Core and hypervariable regions are more diverse while 5' 
un-translated region (UTR) and 3' UTR are highly conserved across the genotypes. 
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INTRODUCTION 
 
As early as 752, Pope Zacharias wrote in a letter to St. 
Boniface, Bishop of Mainz (Germany), about, “Jaundice 
of a contagious nature” where those affected would have 
to be segregated. Hippocrates described a potentially 
dangerous disease widely witnessed in young people and 
accompanied by jaundice (Kuntz and Kuntz, 2006). 
Hepatitis C virus is an important human pathogen, not 
only because of its high prevalence and world wide 
burden  but   also   because   of   the  potentially   serious  
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complications of persistent HCV infection. These compli-
cations include cirrhosis, hepatocellular carcinoma and 
end-stage liver disease. The incident rates of all these 
complications are expected to rise in the near future. 
Recognition of the importance of HCV infection has led to 
the consensus conferences in both the United States and 
Europe to establish standards of care for HCV-infected 
patients and to set research priorities. Despite substantial 
progress, a precise understanding of the mechanisms of 
HCV replication and persistence and of the pathogenesis 
of the liver disease caused by HCV, remains elusive. The 
limited progress in these important areas stems in large 
part from the lack of efficient cell culture system, as well 
as the narrow host range of the virus, with few animal 
models available for study (Dienstag and Isselbacher, 2005). 
 
 
EVOLUTION OF HCV 
 
HCV evolution is a highly dynamic process. HCV exploits 
all known mechanisms of genetic variation, such as 
recombination   and  mutation,  to  ensure  its  survival.  It  



 
 
 
 
circulates in vivo as a complex population of different but 
closely related variants (Cristina, 2005). Modern HCV 
antiviral therapies have

 
been successful at keeping virus 

suppressed for prolonged
 
periods of time, but therapy 

failures attributable to the emergence
 
of drug resistant 

mutations continue to be a distressing reminder
 
that no 

therapy can fully eradicate these viruses from their
 
host 

organisms. Phylogenetic and statistical models of viral 
evolution

 
are used to reconstruct mutational

 
pathways of 

drug resistance. Mutational
 
pathways facilitate the identi-

fication of fast versus slow evolutionary
 
pathways to drug 

resistance (Buendia et al., 2009). 
The genomic variability of HCV is due to

 
the high error 

rate of the viral RNA-dependent RNA polymerase,
 
which 

has been calculated to be in the range of about 10
-4

. This 
number is in line with the mutation rates of 1.44 x 10

-3 
and 

1.92 x 10
-3

 base substitutions per site per year that were
 

found in a chronically infected human and chimpanzee. 
This phenomenon is favoured by a high viral turnover 
rate. The rate of production of virion is on the order of 
10¹º to 10¹² virions per day (Kronke et al., 2004). A sub-
stantial proportion of newly synthesized viral genomes 
are defective because of highly deleterious genetic lesions, 
whereas other genetic alterations confer advantages that 
lead to the continuous selection of these fittest variants 
under new environmental conditions. 
 
 
DIVISONS OF VIRAL HETEROGENETY   
 
The first division used to describe the genetic heterogeneity 
of HCV is the viral genotype, which refers to genetically 
distinct groups of HCV isolates that has arisen during 
viral evolution. Sequencing of nucleotides has shown a 
34% variation between the genotypes. The most con-
served 5’ UTR (untranslated region) has a maximum 
nucleotide sequence divergence of 9% between the 
genotypes, whereas the highly variable regions that 
encode the putative envelop proteins (E1 and E2) exhibit 
a nucleotide sequence divergence of 35 - 44% between 
genotypes. The 5' UTR of HCV-RNA forms a secondary 
structure that guides the ribosomes for translation. This 
secondary structure is termed the internal ribosome entry 
site (IRES). The sequences cluster into six major genotypes 
(Designated by Arabic Numbers), with sequence similarity 
of 60-70% and more than 50 subtypes (Designated by a 
lower case letter) within these major genotypes with 
sequence similarity of 77-80% in this scheme (Pawlotsky, 
2003, 2009). Global geographical differences exist in the 
distribution of HCV genotypes, as well as in the mode of 
acquisition and response to antiviral therapy. The distri-
bution of HCV genotypes is changing, as are the modes 
of transmission, however and since 1995, genotypes 1a 
and 3a, which are common in injection drug uses, have 
increased in frequency compared with genotype 1b which   
is associated most commonly with transmission by blood 
transfusion (Wesley and Alter, 2000). The reasons for the  
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differences in treatment susceptibility are not fully 
understood but may be attributable in part to genotype 
specific differences in the interaction between certain 
HCV protein, such as NS5a and E2 and intracellular 
pathways that mediate the effects of interferon. A 
consistent association has been found between HCV 
genotype 3 infections and liver steatosis, suggesting that 
HCV genotype 3 may interrupt intracellular metabolism of 
lipids (Lonardo et al., 2004). 

Second component of genetic heterogeneity is Quasi-
species. These are closely related, yet heterogeneous 
sequences of HCV within a single infected person and 
result from the mutations that occur during viral replication. 
The rate of nucleotide changes varies significantly among 
the different regions of the viral genome. The highest rate 
of mutation has been found in E1 and E2 region, parti-
cularly in the hypervariable region (HVR) at the amino-
terminal end of E2 (E2HVR1). The present classification 
of HCV is incomplete, as information from a number of 
isolates is still awaited (Farci et al., 2000). Phylogenetic 
analysis of sequence information obtained

 
from the 

5'NCR correlates fairly well with that obtained from
 
the 

core and the NS3, NS4 and NS5 regions of the viral 
genome

 
in the determination of major genotypes (Germer 

and Zein, 2001). However, insufficient
 
sequence variation 

in the 5'NCR limits its usefulness for determining
 

differences among various subtypes (Bukh et al., 1993, 
1995). The identification and characterization of HCV types 
and subtypes have major implications

 
for HCV 

diagnostics as well as for the development of vaccine.
 
 

Variants of HCV have been classified by nucleotide 
sequence comparisons in different regions of the genome. 
Many investigators have defined the ranges of sequence 
similarity values or evolutionary distances corresponding 
to divisions of HCV into types, subtypes and isolates. 
Using these criteria, novel variants of HCV from Vietnam, 
Thailand and Indonesia have been classified as types 7, 
8, 9, 10 and 11, many of which can be further subdivided 
into between two to four subtypes (Simmonds, 2004). 
Most methods for direct HCV genotyping include ampli-
fication of different genome regions, such as the 5’UTR, 
core, E1 or NS4, by PCR with type-specific primers or by 
restriction fragment length polymorphism analysis of PCR 
products (Ohno et al., 1997; Okamoto et al., 1993; 
Stuyver et al., 1993, 1994). Indirect HCV genotyping may 
be achieved by demonstration of type-specific antibodies 
by ELISA (Dixit et al., 1995; Simmonds et al., 1993). 
Thus, Present methods of HCV genotype identification do 
not take recombination into account. A typing method 
based on the sequence of the core region could

 
reliably 

identify subtypes as well as major genotypes since
 
the 

sequence divergence was greater than the divergence of 
the

 
5'NCR sequence. Though the preferred regions for 

genotyping
 

are E1, NS4, and NS5, which are more 
variable than the core,

 
it is not always possible to amplify 

them. The main reason is
 
a lack of conservation in the 

primer binding sites (Kavita  et  al., 2003). The  viral  RNA  
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genome is translated by the host translation apparatus as 
a single polyprotein product, which is then subjected to 
proteolytic processing to produce the viral proteins. The 
length of the open reading frame (ORF) of each genotype 
is characteristically different. For example, the open 
reading frame in type 1 isolates is approximately 9,400 
ribo-nucleotides in length, while that of type 2 isolates is 
typically 9,099 nucleotides and that of type 3 isolates is 
typically 9,063 nucleotides. There is published suggestion 
that the evolutionary (phylogenetic) relatedness between 
different genotypes should be reconsidered and the 
number of recognized genotypes into which HCV isolates 
are classified should be reassessed. Some reports 
suggest that subsets of HCV genotypes are more closely 
related to each other than to other more distantly related 
genotypes, which should be reflected in a modified HCV 
nomenclature. It is suggested that the 11 genotypes can 
be regrouped into six HCV clades. The grouping of 
clades reflects phylogenetic relationships between the 
genotypes, where genotypes 1, 2, 4 and 5 all represent 
distinct clades, but where genotypes 3 and 10 are placed 
into a single lade 3 and genotypes 6, 7, 8, 9 and 11 are 
placed into a single clade 6 (Zein, 2000). 
 
 
TIME ESTIMATION OF GENOTYPE EVOLUTION 
 
Tanaka (2006), studied the coalescent analysis indicated 
that a transition from constant size to rapid exponential 
growth (spread time) occurred in Japan in the 1920s 
(HCV-1b), but not until the 1940s for the same genotype 
in Spain and other European countries. The spread time 
of HCV-1a in the United States was estimated to be in 
the 1960s; HCV-3a in the FSU, HCV-5a in South Africa 
and HCV-6a in Hong Kong in the 1960s, mid-1950s and 
late 1970s, respectively. Three different linear progression 
curves were determined by analysis of the relationship 
between HCV seroprevalence and HCC mortality in 
different geographic regions; a steep ascent indicated the 
greatest progression to HCC in Japan, a near horizontal 
line indicated the least progression in the United States 
and the FSU and an intermediate slope was observed in 
Europe, suggesting that the initial spread time of HCV is 
associated with the progression dynamics of HCC in 
each area, irrespective of genotype. 

Mizokami and Tanaka (2005), found that the molecular 
clock has been a very powerful tool in looking back at the 
epidemic spread of HCV infection in the United States 
(US) and Japan, as well as in Egypt. This analysis 
estimates that the growth of the US HCV genotype 1a 
(HCV-1a)-infected population occurred around 1960, at 
least 30 years later than the widespread introduction of 
HCV-1b into the Japanese population.  In Japan, the 
estimated effective number of HCV infections indicated a 
rapid exponential growth in the 1920s among patients 
with schistosomiasis, which coincides with injection treat-
ment    for   schistosomiasis,   since   1921   in  previously  

 
 
 
 
schistosomiasis-endemic areas. In Egypt, the spread of 
HCV-4a would have increased exponentially during the 
1940s through 1980, which was also consistent with the 
duration of intravenous antimony campaigns for the 
treatment of shistosomiasis in that country. The implications 
are that Japan has set the model for HCV-related HCC 
and that the high HCC incidence in Japan might be 
replicated by the rest of the world as their HCV-infected 
population ages and the duration of HCV infection 
approaches that currently observed in Japan. Evolution of 
the quasispecies is hypothesized to be due to ongoing 
selection of viruses that are most fit for a particular host. 
Selective pressure can be related to several factors but 
host immune pressure is thought to be a main factor 
driving diversification. Failing to detect a correlation 
between HCV evolution and the strength of the host 
immune response to HVR-1 epitopes, (Allain et al., 2008) 
have suggested that variation can result from genetic drift 
occurring independently of immune pressure. Comparison 
frequencies of synonymous nucleotide substitutions per 
synonymous site (dS) and nonsynonymous nucleotide 
substitutions per nonsynonymous site (dN) can be used 
to evaluate the process of natural selection. In the 
absence of selection, dS exceed dN in most protein-
coding genes. A pattern of dN > dS suggests positive 
selection (Henry et al., 2004; Honardoost et al., 2008). 

The molecular epidemiology
 
of HCV genotype 2 in its 

region of endemic origin, west and
 
central Africa was 

analysed including 56 new and highly diverse
 

HCV 
isolates sampled from infected individuals in Guinea-
Bissau.

 
Eastwards spatial spread from the West African 

coast
 
to Cameroon that took place over several centuries. 

Molecular
 
clock analysis dates the common ancestor of 

HCV in Guinea-Bissau
 
to 1470 (1414-1582). The phylo-

genetic position of isolates
 

from Madagascar and 
Martinique suggests a role for the historical

 
slave trade in 

the global dissemination of HCV and of the epidemic
 

subtypes 2a and 2c. Coalescent-based estimates of 
epidemic growth

 
indicate a rapid 20th-century spread of 

HCV genotype 2 in Cameroon
 
that is absent in Guinea-

Bissau. This contrast is to be discussed in
 
the context of 

possible parenteral HCV exposure during public-health
 

campaigns undertaken during the colonial era (Markov et 
al., 2009).  

Despite the sequence diversity of HCV, all genotypes 
share an identical complement of collinear genes of 
similar or identical size. However, contrasting with this 
general observation is the marked variation in their 
capability to express a further protein that is generated by 
translational frameshift at codon 11 of the core gene 
(Walewski et al., 2001; Xu et al., 2001; Varaklioti et al., 
2002) both the frameshift site and potential size of this 
novel coding sequence are very poorly conserved between 
and within genotypes. This contrast with the evolutionarily 
conserved nature of so many other aspects of HCV 
replication supports the idea that this ‘gene’ is more likely 
to be a computational artefact that has  arisen  from  RNA  



 
 
 
 
structure-imposed constraints on third-codon position 
variability in the core gene (Tuplin et al., 2004). 
 
 
EVOLUTION OF 5'UTR REGION OF HCV GENOME 
 
During the last decade, there has been a dramatic increase 
in intravenous drug use in young adults in Estonia with an 
increased incidence of hepatitis C and other viral 
infections, as a consequence. Since genetic data are 
limited regarding HCV strains in Estonia, the aim of the 
study was to characterize HCV strains in different risk 
groups to determine their relatedness to strains from 
other geographical regions. Three hundred fifty-three 
anti-HCV positive sera collected during 1994 - 2004 from 
hospitalized patients, blood donors and health care 
workers were used as source of HCV RNA. Positive sera 
for HCV RNA by PCR directed to the 5'-UTR region.  
HCV subtype was determined by analyses of the NS5B 
and/or the 5'UTR-core regions. 1b was the most common 
subtype followed by 3a, 2c, 1a and 2a. The 1b and 3a 
strains were similar to strains from other regions of the 
former USSR. Within genotype 1b there were several 
HCV lineages. However, for 3a there seemed to be two 
separate introductions into Estonia. There was a relative 
shift from subtype 1b to 3a in 1999 - 2000 with a further 
replacement of 3a with 1b in intravenous drug users in 
2001 and onwards (P < 0.05). However, both subtypes 
were found to co-circulate in the community independent 
of risk factors. One patient was infected with the 2 k/1b 
recombinant presumed to originate from St. Petersburg 
being the first isolate of this recombinant recovered 
outside Russia (Tatjana et al., 2007). 

Previous and recent studies have suggested a diversi-
fication of type 1 HCV in the South American region. The 
degree of genetic variation among HCV strains circulating 
in Bolivia and Colombia is currently unknown. In order to 
get insight into these matters, a phylogenetic analysis 
was performed of HCV 5' non-coding region (5'NCR) 
sequences from strains isolated in Bolivia, Colombia and 
Uruguay, as well as available comparable sequences of 
HCV strains isolated in South America (Moratorio et al., 
2007). Phylogenetic tree analysis of HCV strains isolated 
in the South American region revealed the presence of a 
distinct genetic lineage inside genotype 1. Signature 
pattern analysis revealed that the presence of this 
lineage is consistent with the presence of a sequence 
signature in the 5'NCR of HCV strains isolated in South 
America. Comparisons of these results with the ones 
found for Europe or North America revealed that this 
sequence signature is characteristic of the South   American    
region. Phylogentic analysis revealed the presence of a 
sequence signature in the 5'NCR of type 1 HCV strains 
isolated in South America. This signature is frequent 
enough in type 1 HCV popula-tions circulating South 
America to be detected in a phylogenetic tree analysis as 
a   distinct   type  1  sub-population. The  co-existence  of  
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distinct type 1 HCV sub-populations is consistent with 
quasispecies dynamics and suggests that multiple 
coexisting subpopulations may allow the virus to adapt to 
its human host populations (Roque-Afonso, 2005; 
Moratorio et al., 2007). A significant proportion of HCV-
infected subjects harbour in their peripheral blood 
mononuclear cells highly divergent variants which were 
likely acquired through super-infections (Roque-Afonso, 
2005).  

Forty five recent isolates of Hepatitis C virus (HCV) 
originating from four different geographic regions of the 
world, were typed using phylogenetic analysis of a 192 
nucleotides (nts) long sequence from the 5'non-coding 
region (5'-NCR) of the virus genome and compared them 
with 55 HCV isolates/strains of known type. During the 
study it was observed that phylogenetic studies can 
assign an HCV isolate to the correct type in 100% and to 
the correct subtype in 98%. A comparison of this method 
with other methods using commercial kits revealed that it 
is appropriate for clinical use and is cost effective 
(Cristina et al., 2002). Investigating the evolution of the 
HCV genome in the small number of patients that 
experience viral breakthrough might shed light on the 
problem of resistance to interferon therapy. Within the 
HCV genome, sequence diversity of the viral nonstructural 
5A protein-coding region (NS5A) has been linked to 
interferon responsiveness. Comparing baseline sequences 
showed substitutions were focused in the V3 and flanking 
regions in Break Through patients but not in Sustained 
Virological Response patients. The high number of 
substitutions in NS5A in both Break Through and Sustained 
Virological Response groups suggests that selective 
pressure is associated with viral response to therapy. 
Amino acid substitutions within the NS5A coding region 
may reflect a host response that drives selective pressure 
for viral adaptation (Yuan et al., 2009). 
 
 
EVOLUTION OF CORE REGION OF HCV GENOME 
 
Phylogenetic analysis of core region of HCV genome 
revealed a large international network of HCV transmission 
among HIV-positive MSM (Male Sex with Male). The 
rapid spread of HCV among neighboring countries is 
supported by the large proportion (74%) of European 
MSM infected with an HCV strain co-circulating in multiple 
European countries, the low evolutionary distances among 
HCV isolates from different countries and the trend 
toward increased country mixing with increasing cluster 
size. Temporally, this epidemic coincides with the intro-
duction of highly active antiretroviral therapy and associated 
increases in sexual risk behaviours (Laar et al., 2009). 

The most extensively documented area is an 81-bp 
region in the N-terminus of the envelop 2 region called 
the hypervariable region 1 (HVR-1), a major target for 
neutralizing antibodies. Analysis of HVR-1 allows establish-
ment of  linkage  between different  sequences.  Perinatal  
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transmission can be verified by demonstrating close 
linkage between maternal and infant HCV isolates. 
Weiner et al., (1993) reported a case of an HCV-infected 
newborn whose unique isolate was different from those of 
the mother and raised the issue of whether the trans-
mitted virus was an escape mutant or whether selection 
occurred at the time of transmission. Subsequent studies 
in children have demonstrated diverse patterns of 
transmission including transmission of multiple clones, 
transmission of dominant or subdominant clones, or a 
mixture of these (Henry et al., 2004).  

Diversification of HCV occurred over time but with 
different rates. Differential HCV phylogenetic evolution of 
common source-infected individuals suggests that 
individual host selective pressures are at play in 
determining quasispecies transmission and evolution. 
The effect of immune pressure, or adaptive selection, not 
only increases viral diversification but may also result in 
escape from humoral or cellular immunity. A number of 
studies have documented that the hypervariable region 
(HRV-1) in the E2 region of the virus is a dominant 
neutralization epitope. The carboxyterminal end of HRV-1 
also contains epitopes for both T-helper and cytotoxic 
responses. The presence of immune pressures could 
play a role in determining which viral clones are passed 
from mother to child and could also influence the 
evolution of the viruses in both the mother and child over 
time. Additional factors involved might be the mode of 
transmission and potentially different quasispecies 
populations, that is, blood, placenta vs. blood, vaginal 
fluid and the amount of inoculums, etc. The high rate of 
changes in the 1st year of life, a time when infant 
immunity is generally diminished, reflects possible viral 
escape as a result of declining titers of passively acquired 
maternal HCV antibody rather than newly acquired HCV-
specific immune responses in the infant. After the 1st 
year of life, changes in infant quasispecies populations 
are less dramatic and suggest a more slowly evolving 
process (Henry et al., 2004). 
 
 

EVOLUTION OF X-TAIL 3'UTR OF HCV GENOME 
 
Drexler et al. (2009), determined by de novo sequencing 
that the 3′-X-tail element, characterized significantly later 
than the rest of the genome, is highly conserved across 
genotypes. A prototype qualitative and quantitative test 
was developed and evaluated multicentrically on a large 
and complete panel of clinical plasma samples, to prove 
its clinical utility as a molecular diagnostic target, covering 
HCV genotypes 1-6, from four continents namable 
Germany, UK, Brazil, South Africa and Singapore. In 
recent past HCV X-tail region has been targeted for 
molecular detection and quantification, in order to 
circumvent the limitations that the 5′-NCR presents in 
diagnostics. But its utility was not sure because of several 
reasons implied by its biological functions, the issues not 
properly investigated  till  yet.  One  could  have  been  its 

 
 
 
 
position at the end of the genome and beyond the poly-U 
tract, making the X-tail prone to nuclease degradation. 
Moreover, due to its functions as a 3′-element it could 
have been associated strongly with viral or cellular 
proteins.  X-tail-based viral loads were highly concordant 
with results from bDNA testing. bDNA was chosen as a 
gold standard because it uses multiple probes along the 
5′-NCR and initial core region and has proven to be the 
most robust viral load test compared to other assays 
(Drexler et al., 2009; Caliendo et al., 2006; Elbeik et al., 
2004; Tuaillon et al., 2007). 

The evolution of HCV is a highly dynamic process. It 
occurs both through multiple processes of adaptive 
selection that drive sequence change (such as those 
resulting from the host immune response and potentially 
from antiviral treatment) and through drift, in which 
phenotypically neutral sequence changes accumulate 
over time without altering the phenotype or behaviour of 
the virus. However, despite its potential to change rapidly, 
the Longer-term evolution of HCV appears to be remark-
ably conservative. Whilst the differences in treatment 
response between genotypes are important clinically, 
there has been little fundamental change in the 
relationship between HCV genotypes and their human 
hosts (such as their ability to persist and transmit) over 
the extremely long periods over which they have probably 
evolved. HCV thus appears to have successfully filled an 
extremely specific ecological niche in human populations. 
Knowing more about the intimate host–parasite 
relationship that balances innate and acquired immune-
defence mechanisms in the host with the development of 
complex evasion mechanisms in the virus is the key to 
understanding its pathogenesis and for developing future 
treatment intervention strategies (Araujo et al., 2008; 
Simmonds, 2004). 
Regions of the genome such as NS5B have been used 
frequently for epidemiological reconstruction, other parts 
of the genome, such as the ‘hypervariable’ regions 
(HVRs) of E2 and NS5A; show much greater sequence 
variability and much more rapid amino acid sequence 
change over time. One of the reasons of this variability 
may be specific selection, Darwinian mechanisms operating 
on the virus that are associated with immune escape, like 
the HVR in E2 may be a target for neutralizing antibody 
and persistence might require continuous virus sequence 
change to evade B-cell responses (Farci et al., 2000; 
Kantzanou et al., 2003). Many of the amino acid poly-
morphisms that are observed in HCV are driven 
sequentially by selection from different major histocom-
patibility complex class I or II alleles or by antibody 
recognition that is encountered during a virus’s passage 
through human populations. Indeed, direct evidence for 
the occurrence of immune-selected changes in cytotoxic 
T-lymphocyte (CTL) epitopes has been obtained on 
experimental infection of chimpanzees (Erickson et al., 
2001). Sequence change was slower in individuals with 
defects in T- or B-cell immunity, also supports this 
hypothesis (Booth et al., 1998), interpreted  as  indicating 



 
 
 
 
reduced immune selection on CTL or B-cell epitopes. 
Indeed, recovery from infection is linked with strong and 
sustained CTL responses during the time of primary 
infection, a time where there is evidence for specific 
changes in CTL epitopes and accelerated sequence 
change in the coding sequence in those who become 
chronic carriers (Lechner et al., 2000; Thimme et al., 
2001; Cantaloube et al., 2003; Sheridan et al., 2004). 
Immune selection may also underlie the high degree of 
sequence variability between and within genotypes in the 
NS5A region and therefore lead to differences in the 
ability of various variants and genotypes to evade intra-
cellular defenses. 
 
 
QUISISPECIES 
 
Continued fixation of nucleotide changes over time and 
the development of variable degrees of sequence 
diversity within the replicating population at a given time 
frame, are the processes leading to neutral and adaptive 
evolution of HCV during the course of chronic infection 
within an individual. Sequence diversity is a continuous 
process during virus replication, as RNA copying by the 
virally encoded RNA polymerase (NS5B) is error-prone 
and the replicating population is so large. For example, 
ongoing error rates of between 1 in 10 000 and 1 in 100 
000 bp copied, which are typically found for RNA poly-
merases combined with a rate of virus production of up to 
1012 virions per day, would produce a highly genetically 
diverse population of variants, containing mutants that 
differed at every nucleotide position and every combination 
of paired differences from the population mean or 
consensus (Drake et al., 1998; Neumann et al., 1998). 

Even though the consensus sequence may be close to 
the fitness peak at any one time, the existence of a large 
and diverse population would allow rapid, adaptive, 
Darwinian changes in response to changes in the 
replication environment. Further the selection against 
viruses with specific T- or B-cell epitopes might take the 
form of evolving immune responses; that might also 
confer resistance to antiviral therapies. The rapid and 
reproducible independent appearance of specific amino 
acid changes that are associated with the acquisition of 
HIV-1 resistance to reverse transcriptase and protease 
inhibitors is a dramatic demonstration of Darwinian evolution 
of the ‘quasispecies’. In the future, this may be 
reproduced in HCV infections that are treated with the 
new generation of protease and RNA polymerase inhibitors 
(Lamarre et al., 2003; Pause et al., 2003; Trozzi et al., 
2003; Lu et al., 2004; Sarisky, 2004). 
 
 

RECOMBINATION  
 
Recombination occurs in many families of RNA viruses, 
its occurrence requiring both epidemiological opportunity 
and   biological   compatibility.  In  positive-stranded  RNA 
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viruses, recombination generally occurs through a process 
of template-switching during RNA genomic replication. To 
detect such occurrences, a single cell must be infected 
with two or more genetically identifiable variants of the 
virus. In vivo, this requires both coinfection of the same 
individual with more than one such variant and substantial 
overlap in their geographical distributions, in order to 
enable recombinant forms to be detected (Simmonds, 
2004). 

The genotype, epidemiology and natural history of 
infection with HCV clearly fulfils both of these criteria. A 
wide range of genotypes circulate in the main risk groups 
for HCV in Western countries, including 1a and 3a in 
IDUs and 1b, 2a-2c and 4a throughout the Mediterranean 
area. In these areas, infection is often characterized by 
multiple exposures around the time of primary infection, 
such as frequently repeated needle-sharing with several 
infected individuals over short time-intervals in the case 
of IDUs and the contamination of blood products, such as 
factor VIII clotting factor concentrates, with multiple HCV-
positive plasma units. Indeed, even ongoing, chronic 
HCV infection does not protect from reinfection in experi-
mentally challenged chimpanzees (Farci et al., 1992) or 
in HCV-contaminated blood or blood-product recipients, 
such as thalassaemics and hemophiliacs (Lai et al., 
1994). The viability and pathogenicity of inter- and intra-
genotype recombinants are more difficult to assess and 
are likely to vary considerably between virus families.  

There is little experimental information on the potential 
viability of inter- or intra-genotype recombinants of HCV, 
although it has recently been observed that most com-
binations of genotype 1a and 1b sequences in the non-
structural region of the genome fail to generate a viable 
replicon (Gates et al., 2004), implying the existence of 
incompatibilities between variants that show approxi-
mately 20% sequence divergence. Despite these in vitro 
observations, recombinant forms of HCV have been 
observed in nature, including a variant formed from 
structural genes of genotype 2 and non-structural genes 
from genotype 1b that was found in infected IDUs in St 
Petersburg, Russia (Kalinina et al., 2002, 2004) and a 
possible 1a/1b recombinant in Peru (Colina et al., 2004). 
Despite the number of studies that have been carried out 
to investigate this issue, the true frequency of recom-
bination of HCV may have been considerably under-
estimated. Recombination would not be detected easily 
between variants of the same subtype (such as between 
two infecting genotype 1a strains in an IDU). Similarly, it 
would be difficult to document inter-subtype recombinants 
where HCV is highly diverse, such as within genotype 2 
in western Africa, because in such regions, a full 
catalogue of sequence variants is lacking within which to 
observe recombination events (Simmonds, 2004). 
 
 

CONCLUSION 
 
The emergence of widespread recombination would place a 
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considerable limitation on the use of genotyping assays 
presently in use that are based on single genome regions, 
such as the UTR or core gene. As more recombinant 
viruses emerge in the coming years as a result of 
increasing geographical overlap in genotype distributions, 
this would cause major problems in the interpretation of 
genotyping assay results. For recombinant viruses, only 
those assays that genotyped samples in regions of the 
genome that determined IFN susceptibility would be able 
to predict treatment response, which is one of the main 
applications of genotyping assays. Secondly, recon-
sideration of hepatitis C virus classification is required for 
the better understanding of the treatment response. 
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