
Abstract
Hepatitis C virus (HCV) exists as a cloud of closely related sequence variants called a 
quasispecies, rather than as a population of identical clones. To date there is no 
preventive vaccine and though antiviral therapy has been improved in the past few years 
the HCV cannot be eradicated in all patients as a result of its quasispecies nature due to 
lack of proof reading activities and high error rate of RNA-dependent RNA polymerase 
and the pressure exerted by host immune system. This review focuses on the genetic 
diversity and quasispecies nature of HCV viral genomes, and briefly reviews the 
principles of quasispecies dynamics and the differences with classical population 
genetics and discusses the biological implications of this phenomenon, focusing on the 
hepatitis C virus.
Keywords: Quasispecies; hepatitis C Virus; RNA; evolution; genetic diversity; 
compartmentalization; drug resistance. 
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Introduction
Hepatitis C virus (HCV) has infected over 185 
million people worldwide and creates a huge 
disease burden due to chronic, progressive liver 
disease. HCV is a single stranded, positive sense, 
RNA virus, member of the Flaviviridae family.1 
HCV replication via RNA-dependent RNA 
polymerase is very error-prone and generates

mutations at an estimated rate of 10-5 mutations 
per nucleotide per replication. This high mutation 
rate is the main cause of the virus's genetic 
diversity. The high error rate of RNA-dependent 
RNA polymerase and the pressure exerted by the 
host immune system, has driven the evolution of 
HCV into 7 different genotypes and more than 67
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subtypes.2 HCV evolves by means of different 
mechanisms of genetic variation. On the one hand, 
its high mutation rates generate the production of a 
large number of different but closely related viral 
variants during infection, usually referred to as a 
quasispecies.3 This quasispecies is composed of a 
group of heterogeneous RNA sequences centered 
around a dominant nucleotide sequence that 
changes, under the selective pressure of the host 
immune system throughout the course of 
infection.4 

The great quasispecies variability of HCV has also 
therapeutic implications since the continuous 
generation and selection of resistant or fitter 
variants within the quasispecies spectrum might 
allow viruses to escape control by antiviral drugs.5 
On the other hand HCV exploits recombination to 
ensure its survival. This enormous viral diversity 
together with some host factors has made it 
difficult to control viral dispersal. Current 
treatment options involve ribavirin in combination 
with a direct-acting antiviral drug, depending on 
the country. Despite all the efforts put into 
antiviral therapy studies, eradication of the virus 
or the development of a preventive vaccine has 
been unsuccessful so far. This review focuses on 
current available data reported to date on the 
genetic mechanisms driving the molecular 
evolution of HCV populations and its relation with 
the antiviral therapies designed to control HCV 
infection.

Genetic Diversity
Genetic variability is one of the most remarkable 
features of HCV, contributing to evasion of host 
immune responses and complicating development 
of diagnostics, therapeutics, and effective 
vaccines. HCV genomic sequences can be 
clustered phylogenetically into related groups 
(genotypes and subtypes), are distinct between 
individuals, and are highly variable within each

infected individual at any given point in time (i.e., 
quasispecies diversity) and over time (i.e., 
quasispecies divergence).6 Shortly after its 
discovery in 1989, it became clear that HCV had 
substantial nucleotide sequence diversity, with 
only 66 to 80% overall sequence similarity among 
strains belonging to different genotypes or 
subtypes. The overall sequence similarities over 
complete genomic sequences are at least 91% 
within variants of the same genotype, 
approximately 79% (range, 77 to 80%) between 
subtypes, and about 68% (range, 66 to 69%) 
between different genotypes.7 Different molecular 
mechanisms including mutation, genetic drift, 
recombination and natural selection shape the 
molecular evolution of HCV. Analogous to the 
other viruses, HCV circulates as heterogeneous 
but related genomes, called quasispecies. The 
processes of neutral and adaptive evolution of 
HCV operate during the course of chronic 
infection within an individual, leading to both 
continued fixation of nucleotide changes over time 
and the development of variable degrees of 
sequence diversity within the replicating 
population at a given time point.8 This viral 
population is composed o a dominant sequence 
called master sequence and a number of different 
sequences. Master sequence generally represents 
the consensus sequence of the population. This 
sequence might not represent an actual genome in 
the quasispecies, but it is useful to identify the 
adaptive (Darwinian) changes that affect a 
representative proportion (>50%) of total 
quasispecies population.8

Mutation and Quasispecies
HCV evolution is a highly dynamic process. Like 
most RNA viruses, HCV exploits all possible 
mechanisms of genetic variation to ensure its 
survival. HCV exists in each infected host as a 
swarm of genetically related but distinct variants,



collectively called a quasispecies.6 Diversity is 
generated by mutations introduced by the NS5B 
RNA-dependent RNA polymerase, which lacks a 
proofreading function and has an estimated error 
rate of 10-3 to 10-5 per nucleotide per replication 
cycle.9 Enhancing this diversity is the high rate of 
viral replication, with 10¹º to 10¹² virions produced 
per day.10 This dynamic, error-prone replication is 
likely to generate a vast array of mutants every 
day.11 Due to this feature and to the high 
replication rate of HCV, a large number of 
different but closely related viral variants are 
continuously produced during infection. Due to 
neutral drift and sequential selection events, HCV 
quasispecies sequences have motifs that gradually 
change over time and during passage among 
individuals, making sequence analysis suitable for 
forensic and epidemiologic linkage studies. Many 
viral factors, such as the error rate of the 
polymerase, short replication cycle, and compact 
genome contribute to the generation of the cloud 
of variants. Additionally, host factors and immune 
responses exert a selection pressure that 
contributes to evolution and diversification of the 
quasispecies. The variation between individual 
viral genomes in vivo is thought to contribute to 
persistence, resistance to treatment, tissue tropism, 
and the failure of experimental vaccines.12

Quasispecies Evolution during Acute 
HCV Infection
A diverse viral population, under influence from a 
variety of selection pressures in a complex host 
environment, is an ideal situation for viral 
adaptation in a Darwinian manner.13 The 
quasispecies is shaped by positive selection 
pressure from the host (immune response) and 
negative selection pressure due to functional 
constraints imposed by requirements of the viral 
life cycle; therefore, each host’s HCV quasispecies 
directly reflects dynamic aspects of both the host 
and pathogen. During acute HCV infection, the 
diverse quasispecies may be targeted by cellular 

and humoral immune responses, which have the 
potential to reduce the fitness of variants carrying 
epitopes they recognize and therefore apply 
positive selection pressure.14 The rate of mutation 
in nonenvelope genes decline during the transition 
to chronicity, consistent with progressive T-cell 
dysfunction.15,16 Some escape mutations require 
compensatory changes to restore fitness,17 
possibly accounting for additional changes 
observed during acute HCV infection that The 
envelope (E1E2) region of the HCV genome is 
highly variable and has a much higher rate of 
evolution within hosts than other regions of the 
genome.18 Humoral immune responses directed 
against envelope genes E1 and E2 have the 
potential to neutralize HCV, and the HCVpp and 
HCVcc systems provide the means to correlate 
E1E2 evolution with neutralizing antibody 
responses. HCV escape from neutralizing 
antibodies drives the evolution of envelope 
sequences during acute infection.19,20 This is 
contrasted with relative stasis of HCV envelope 
sequences in persons with severely impaired 
humoral immunity.21 Both stasis and driven 
evolution are illustrated by HVR-1 evolution in a 
subject with acute HCV infection progressing to 
chronicity in whom neutralizing antibody 
responses were not detected in the first 2 years of 
high-level viremia, during which there was no 
evolution of HVR-1, whereas there was rapid 
evolution following the detection of neutralizing 
antibodies. Delayed onset of neutralizing antibody 
responses is typical in those developing persistent 
HCV infection and appears to explain the 
acceleration of envelope evolution during the 
transition from acute to chronic infection.20,22,23

Clinical Significance of HCV 
Quasispecies
HCV quasispecies are of research interest, but 
their measurement has not yet been directly 
applicable to HCV management or treatment. An 
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example of the significance of quasispecies is that, 
in acute HCV infection, isolates develop little 
genetic diversity in a particular region when they 
produce self-limited hepatitis, whereas they 
develop greater genetic diversity in the setting of 
persistent infection.24 Thus, the dynamics of 
quasispecies evolution during acute infection may 
reflect the future course of infection. Quasispecies 
diversity also has been found to be stable or to 
increase in patients being treated with DAA drug 
and ribavirin who do not respond to therapy, 
whereas it decreases in responders.25 HCV 
variants also can be used to prove linkage of 
infections that are associated epidemiologically. 
For example, molecular analysis has been used to 
link mother/infant pairs, to define HCV in 
apparently concordant sexual couples as 
virologically concordant or discordant, to prove 
nosocomial transmission of HCV between health 
care provider and patient, and to link needle stick 
recipients with the sources of infection.26

Biological Implications of a 
Quasispecies Distribution for HCV 
Virus
Viruses that circulate as a quasispecies present a 
unique set of challenges to the host. Variants may 
differ in their biological properties such as 
virulence, ability to escape the immune system, 
resistance to antiviral therapies, and tissue 
tropism. A specific variant within the quasispecies 
can have a phenotype that differs from the 
majority of the population. If such variants arise 
de novo they can change the course of disease.27 
The quasispecies nature of viruses such as HCV 
and HIV may contribute to the challenge of 
vaccine development because the use of live 
attenuated viruses in vaccines is risky due to the 
potential of these viruses to mutate rapidly and 
become virulent.

The major implications of a quasispecies 
distribution are discussed below with examples 
from studies of HCV.

Transmission and quasispecies divergence

HCV viruses that circulate as a quasispecies, there 
are usually multiple variants present at the time of 
transmission of infection. Transmission of all 
variants within a quasispecies is not uniform.28-30 
Often transmission results in a population 
bottleneck, with only a small fraction of the 
variants in the original quasispecies passing to the 
new host. The dominant variants in the inoculum 
are often poorly adapted to the new environment. 
As a result, a minor variant in the quasispecies 
often becomes dominant in the new host. When 
multiple variants successfully make the transition 
into the new host, there is high quasispecies 
diversity during the early phase of infection.31 
Within an infected individual HCV quasispecies 
diversity can vary greatly. Herring et al., reported 
sequences differing by 1 to 7.8% at the nucleotide 
level in HVR1 in the Quasispecies of 12 subjects 
during the early phase of infection.31

Compartmentalization

Analysis of variants isolated from different body 
compartments show that the members of the 
quasispecies are not randomly distributed. 
Variants with different tissue tropisms and 
compartmentalization of genomes have been 
observed for a number of RNA viruses including 
HIV and HCV. Sequence variants that are 
restricted to a particular body compartment have 
been found in the serum,32,33 peripheral blood 
mononuclear cells (PBMCs),34-36 CNS,37-40 and 
other extrahepatic sites in specimens from patients 
with HCV, suggesting that some portions of the 
quasispecies may replicate in isolation from other 
portions. Individuals infected with multiple 
distinct quasispecies may show complete 
segregation of the two populations. In extreme 
cases, sequences of one HCV genotype are 
isolated from a specific compartment (e.g., liver)
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and sequences of a different genotype are isolated 
from a different compartment (e.g., PBMCs). We 
previously described a patient infected with both 
genotype 1a and genotype 1b HCV. Genotype 1b 
variants were found exclusively in the liver, while 
genotype 1a variants were found in the liver, 
plasma, and brain tissue.37 It is also possible to 
demonstrate that the genetic distances observed 
between variants isolated from different 
compartments are significantly greater than the 
genetic distances observed between variants in the 
same compartment.41

Viral persistence and progression of disease

A few RNA viruses, including HCV, can establish 
a chronic infection. It is thought that changes in 
antigen epitopes may contribute to persistence by 
allowing the virus to escape from the adaptive 
immune system. According to this hypothesis, in 
the absence of immune pressure, there should be 
little or no antigenic diversity in the viral 
population. Indeed, one small study of HCV 
patients with agammaglobulinemia, found limited 
quasispecies diversity.42 More recent studies of 
HCV patients undergoing liver transplantation for 
HCV related cirrhosis showed that post transplant 
viral complexity and diversity was lower in HVR1 
than pre-transplant, suggesting that 
immunosuppression can decrease the introduction 
of new variants into the quasispecies.43-46

It remains unclear if the increasing complexity and 
diversity of the quasispecies, and in particular 
immune escape mutants are the cause or result of 
chronic infection. Studies of HCV show that 
progression from acute to chronic infection is 
associated with an increase in complexity in 
HVR1 sequences of the quasispecies.45 In patients 
with transfusion acquired HCV, viral clearance 
was associated with stasis of the quasispecies 
during acute phase, while progression to chronic 
infection was associated with evolution

of the quasispecies.45 In serum samples taken 
before seroconversion, there was a significant 
decrease in the diversity of the quasispecies 
relative to pre-seroconversion serum samples in 
patients who cleared the virus spontaneously. No 
such decrease in quasispecies diversity was 
observed in those who progressed to develop 
chronic infection. These changes in the 
quasispecies were observed only in the HVR1 
region, underscoring the importance of HVR1 in 
HCV-host interactions. 

Implications to new antiviral strategy

In viruses that circulate as a quasispecies, the 
polymerase error rate is such that on average one 
point mutation is made per replication cycle.5 This 
mutation rate works to the advantage of the virus. 
Among mammalian viruses, the error rate 
contributes to fitness by helping the virus evade 
the immune system.46

However, due to the quasispecies nature of HCV, it 
is difficult to develop durable small molecule 
inhibitors of HCV. Variants harboring resistant 
mutations to protease inhibitors have been 
observed in treatment naïve subjects.47,48 The 
emergence of minor variants with drug resistant 
phenotypes can be anticipated and has been 
observed in early trials of the STAT-C (specifically 
targeted anti-viral therapy for HCV) drugs. 
Although resistance mutations have generally 
been associated with reduced viral fitness relative 
to the wild-type,48 these variants can become 
major species during treatment. As a consequence, 
resistant mutants are likely to become more 
prevalent in the population, reducing the success 
rate of newly developed drugs. Combination 
therapy of protease inhibitors with interferon and 
ribavirin should increase the likelihood of 
achieving a sustained virological response.
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Conclusions

The quasispecies nature of HCV in particular, has 
significant implications for the behaviors of these 
viruses in vivo. The exact mechanisms by which 
the variants in the population contribute to 
compartmentalization, viral persistence and 
progression, and transmission events remain open 
questions.

Review Article

Delta Med Col J. Jan 2018;6(1) 50

1. Moradpour D, Penin F, Rice CM. Replication of 
Hepatitis C Virus. Nature Reviews. Microbiology. 
2007;5(6):453.

2. Smith DB, Bukh J, Kuiken C, Muerhoff AS, Rice 
CM, Stapleton JT, et al. Expanded Classification of 
Hepatitis C Virus into 7 Genotypes and 67 Subtypes: 
Updated Criteria and Genotype Assignment Web 
Resource. Hepatology. 2014;59(1):318-27.

3. Bartenschlager R, Lohmann V. Replication of 
Hepatitis C Virus. Journal of General Virology. 
2000;81(7):1631-48.

4. Bukh J, Miller RH, Purcell RH. Genetic 
Heterogeneity of Hepatitis C Virus: Quasispecies 
and Genotypes. Seminars in Liver Disease. 
1995;15(1):41-63. 

5. Drake JW, Holland JJ. Mutation Rates among RNA 
Viruses. Proceedings of the National Academy of 
Sciences. 1999;96(24):13910-13.

6. Martell M, Esteban JI, Quer J, Genesca J, Weiner A, 
Esteban R, et al. Hepatitis C Virus (HCV) Circulates 
as a Population of Different but Closely Related 
Genomes: Quasispecies Nature of HCV Genome 
Distribution. Journal of Virology. 
1992;66(5):3225-29.

7. Maertens G, Stuyver L. Genotypes and Genetic 
Variation of Hepatitis C Virus. In: Harrison T, 
Zuckerman AJ, editors. The Molecular Medicine of 
Viral Hepatitis. Chichester, England: Wiley; 1997. 
p.183-233.

8. Simmonds P. Genetic Diversity and Evolution of 
Hepatitis C Virus - 15 Years on. Journal of General 
Virology. 2004;85(11):3173-88.

9. Bartenschlager R, Lohmann V. Replication of 
Hepatitis C Virus. Journal of General Virology. 
2000;81(7):1631-48.

10. Neumann AU, Lam NP, Dahari H, Gretch DR, Wiley 
TE, Layden TJ, et al. Hepatitis C Viral Dynamics in 
Vivo and the Antiviral Efficacy of Interferon-α 
Therapy. Science. 1998;282(5386):103-107.

11. Rong L, Dahari H, Ribeiro RM, Perelson AS. Rapid 
Emergence of Protease Inhibitor Resistance in 
Hepatitis C Virus. Science Translational Medicine. 
2010;2(30):30ra32.

12. Holland JJ, de la Torre JC, Steinhauer DA. RNA 
Virus Populations as Quasispecies. In: Holland JJ, 
editor. Genetic Diversity of RNA Viruses. Current 
Topics in Microbiology and Immunology. vol 176. 
Heidelberg, Berlin: Springer; 1992. p.1-20.

13. Weiner AJ, Geysen HM, Christopherson C, Hall JE, 
Mason TJ, Saracco G, et al. Evidence for Immune 
Selection of Hepatitis C Virus (HCV) Putative 
Envelope Glycoprotein Variants: Potential Role in 
Chronic HCV Infections. Proceedings of the 
National Academy of Sciences. 1992;89(8):3468-72.

14. Timm J, Lauer GM, Kavanagh DG, Sheridan I, Kim 
AY, Lucas M, et al. CD8 Epitope Escape and 
Reversion in Acute HCV Infection. Journal of 
Experimental Medicine. 2004;200(12):1593-604.

15. Cox AL, Mosbruger T, Lauer GM, Pardoll D, 
Thomas DL, Ray SC. Comprehensive Analyses of 
CD8+ T Cell Responses during Longitudinal Study 
of Acute Human Hepatitis C. Hepatology. 
2005;42(1):104-12.

16. zur Wiesch SJ, Ciuffreda D, Lewis-Ximenez L, 
Kasprowicz V, Nolan BE, Streeck H, et al. Broadly 
Directed Virus-Specific CD4+ T Cell Responses are 
Primed during Acute Hepatitis C Infection, but 
Rapidly Disappear from Human Blood with Viral 
Persistence. Journal Experimental Medicine. 
2012;209:61-75.

17. Neumann-Haefelin C, Oniangue-Ndza C, Kuntzen T, 
Schmidt J, Nitschke K, Sidney J, et al. HLA-B27 
Selects for Rare Escape Mutations that Significantly 
Impair Hepatitis C Virus Replication and Require 
Compensatory Mutations. Hepatology. 
2011;54:1157-66.

References



Review Article

Delta Med Col J. Jan 2018;6(1)51

18. Gray RR, Parker J, Lemey P, Salemi M, Katzourakis 
A, Pybus OG. The Mode and Tempo of Hepatitis C 
Virus Evolution within and Among Hosts. BMC 
Evolutionary Biology. 2011;11(1):131.

19. von Hahn T, Yoon JC, Alter H, Rice CM, Rehermann 
B, Balfe P, et al. Hepatitis C Virus Continuously 
Escapes from Neutralizing Antibody and T-Cell 
Responses during Chronic Infection in Vivo. 
Gastroenterology. 2007;132(2):667-78.

20. Dowd KA, Netski DM, Wang XH, Cox AL, Ray SC. 
Selection Pressure from Neutralizing Antibodies 
Drives Sequence Evolution during Acute Infection 
with Hepatitis C Virus. Gastroenterology. 
2009;136(7):2377-86.

21. Booth JC, Kumar U, Webster D, Monjardino J, 
Thomas HC. Comparison of the Rate of Sequence 
Variation in the Hypervariable Region of E2/NS1 
Region of Hepatitis C Virus in Normal and 
Hypogammaglobulinemic Patients. Hepatology. 
1998;27(1):223-27.

22. Ray SC, Mao Q, Lanford RE, Bassett S, 
Laeyendecker O, Wang YM, et al. Hypervariable 
Region 1 Sequence Stability during Hepatitis C 
Virus Replication in Chimpanzees. Journal of 
Virology. 2000;74(7):3058-66.

23. Pestka JM, Zeisel MB, Blaser E, Schürmann P, 
Bartosch B, Cosset FL, et al. Rapid Induction of 
Virus-Neutralizing Antibodies and Viral Clearance 
in a Single-Source Outbreak of Hepatitis C. Proc 
Natl Acad Sci USA. 2007;104:6025-30.

24. Farci P, Shimoda A, Coiana A, Diaz G, Peddis G, 
Melpolder JC, et al. The Outcome of Acute Hepatitis 
C Predicted by the Evolution of the Viral 
Quasispecies. Science. 2000;288(5464):339-44. 

25. Puig-Basagoiti F, Forns X, Furčić I, Ampurdanes S, 
Gimenez-Barcons M, Franco S, et al. Dynamics of 
Hepatitis C Virus NS5A Quasispecies during 
Interferon and Ribavirin Therapy in Responder and 
Non-Responder Patients with Genotype 1b Chronic 
Hepatitis C. Journal of General Virology. 
2005;86(4):1067-75. 

26. Gretch DR. Diagnostic Tests for Hepatitis C. 
Hepatology. 1997;26 Suppl:S43-47.

27. Duarte EA, Novella IS, Weaver SC, Domingo E, 
Wain-Hobson S, Clarke DK, et al. RNA Virus 
Quasispecies: Significance for Viral Disease and 
Epidemiology. Infectious Agents and Disease. 
1994;3(4):201-14.

28. Gao G, Buskell Z, Seeff L, Tabor E. Drift in the 
Hypervariable Region of the Hepatitis C Virus 
during 27 Years in Two Patients. Journal of Medical 
Virology. 2002;68(1):60-67.

29. Sugitani M, Shikata T. Comparison of Amino Acid 
Sequences in Hypervariable Region-1 of Hepatitis C 
Virus Clones Between Human Inocula and The 
Infected Chimpanzee Sera. Virus Research. 
1998;56(2):177-82.

30. Weiner AJ, Thaler MM, Crawford K, Ching K, 
Kansopon J, Chien DY, et al. A Unique, Predominant 
Hepatitis C Virus Variant Found in an Infant Born to 
a Mother with Multiple Variants. Journal of 
Virology. 1993;67(7):4365-68.

31. Herring BL, Tsui R, Peddada L, Busch M, Delwart 
EL. Wide Range of Quasispecies Diversity during 
Primary Hepatitis C Virus Infection. Journal of 
Virology. 2005;79(7):4340-46.

32. Cabot B, Martell M, Esteban JI, Sauleda S, Otero T, 
Esteban R, et al. Nucleotide and Amino Acid 
Complexity of Hepatitis C Virus Quasispecies in 
Serum and Liver. Journal of Virology. 
2000;74(2):805-11.

33. Jang SJ, Wang LF, Radkowski M, Rakela J, Laskus 
T. Differences between Hepatitis C Virus 5' 
Untranslated Region Quasispecies in Serum and 
Liver. Journal of General Virology. 
1999;80(3):711-16.

34. Ducoulombier D, Roque‐Afonso AM, di Liberto G, 
Penin F, Kara R, Richard Y, et al. Frequent 
Compartmentalization of Hepatitis C Virus Variants 
in Circulating B Cells and Monocytes. Hepatology. 
2004;39(3):817-25.

35. Laskus T, Radkowski M, Wang LF, Jang SJ, Vargas 
H, Rakela J. Hepatitis C Virus Quasispecies in 
Patients Infected with HIV-1: Correlation with 
Extrahepatic Viral Replication. Virology. 
1998;248(1):164-71.

36. Genetic Diversity and Tissue Compartmentalization 
of the Hepatitis C Virus Genome in Blood 
Mononuclear Cells, Liver, and Serum from Chronic 
Hepatitis C Patients. Journal of Virology.

37. Fishman SL, Murray JM, Eng FJ, Walewski JL, 
Morgello S, Branch AD. Molecular and 
Bioinformatic Evidence of Hepatitis C Virus 
Evolution in Brain. The Journal of Infectious 
Diseases. 2008;197(4):597-607.



Review Article

Delta Med Col J. Jan 2018;6(1) 52

38. Forton DM, Karayiannis P, Mahmud N, 
Taylor-Robinson SD, Thomas HC. Identification of 
Unique Hepatitis C Virus Quasispecies in the Central 
Nervous System and Comparative Analysis of 
Internal Translational Efficiency of Brain, Liver, and 
Serum Variants. Journal of Virology. 
2004;78(10):5170-83.

39. Radkowski M, Wilkinson J, Nowicki M, Adair D, 
Vargas H, Ingui C, et al. Search for Hepatitis C Virus 
Negative-Strand RNA Sequences and Analysis of 
Viral Sequences in the Central Nervous System: 
Evidence of Replication. Journal of Virology. 
2002;76(2):600-608.

40. Vargas HE, Laskus T, Radkowski M, Wilkinson J, 
Balan V, Douglas DD, et al. Detection of Hepatitis C 
Virus Sequences in Brain Tissue Obtained in 
Recurrent Hepatitis C after Liver Transplantation. 
Liver Transplantation. 2002;8(11):1014-19.

41. Afonso AM, Jiang J, Penin F, Tareau C, Samuel D, 
Petit MA, et al. Nonrandom Distribution of Hepatitis 
C Virus Quasispecies in Plasma and Peripheral 
Blood Mononuclear Cell Subsets. Journal of 
Virology. 1999;73(11):9213-21.

42. Kumar D, Malik A, Asim M, Chakravarti A, Das RH, 
Kar P. Response of Combination Therapy on Viral 
Load and Disease Severity in Chronic Hepatitis C. 
Digestive Diseases and Sciences. 2008;53 
(4):1107-13.

43. Feliu A, Gay E, García‐Retortillo M, Saiz JC, Forns 
X. Evolution of Hepatitis C Virus Quasispecies 
Immediately Following Liver Transplantation. Liver 
Transplantation. 2004;10(9):1131-39.

44. Schvoerer E, Soulier E, Royer C, Renaudin AC, 
Thumann C, Fafi-Kremer S, et al. Early Evolution of 
Hepatitis C Virus (HCV) Quasispecies after Liver 
Transplant for HCV-Related Disease. The Journal of 
Infectious Diseases. 2007;196(4):528-36.

45. Farci P, Shimoda A, Coiana A, Diaz G, Peddis G, 
Melpolder JC, et al. The Outcome of Acute Hepatitis 
C Predicted by the Evolution of the Viral 
Quasispecies. Science. 2000;288(5464):339-44.

46. Kamp C, Bornholdt S. Coevolution of Quasispecies: 
B-Cell Mutation Rates Maximize Viral Error 
Catastrophes. Physical Review Letters. 
2002;88(6):068104.

47. Bartels DJ, Zhou Y, Zhang EZ, Marcial M, Byrn RA, 
Pfeiffer T, et al. Natural Prevalence of Hepatitis C 
Virus Variants with Decreased Sensitivity to NS3•4A 
Protease Inhibitors in Treatment-Naive Subjects. The 
Journal of Infectious Diseases. 
2008;198(6):800-807.

48. Sarrazin C, Kieffer TL, Bartels D, Hanzelka B, Müh 
U, Welker M, et al. Dynamic Hepatitis C Virus 
Genotypic and Phenotypic Changes in Patients 
Treated with the Protease Inhibitor Telaprevir. 
Gastroenterology. 2007;132(5):1767-77.


