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Abstract 

 Hepatitis B virus genotype G (HBV/G) is a unique genotype of HBV which 

contains a 36-nucleotide insertion in the Core gene as well as 2 mutations that 

lead to stop codons in the Pre-Core coding region. Chronic infection with HBV/G 

is not known to occur without a co-infecting HBV genotype, suggesting that it is 

defective on its own. This study aims to look at the replication capacity of HBV/G, 

HBV/A, and HBV/A/G recombinant strains circulating in Canada and to determine 

the relationship between co-infecting strains. 

 Four full-length HBV genomes were isolated from 2 different patients and 

transiently transfected into the HepG2 human hepatoma cell line for phenotypic 

analysis of each strain. HBV/G, HBV/A and HBV/A/G recombinant strains were 

isolated from Patient 1, while a different HBV/A/G recombinant strain was 

isolated from Patient 2. HBV replication capacity was measured using a 

quantitative real time PCR assay. Markers of replication, such as secreted 

HBsAg and HBeAg, intracellular core particles and replicative DNA intermediates 

were measured by ELISA, Western blot and Southern blot, respectively. 

 HBV/G demonstrated a higher replicative capability, relative to its co-infecting 

strains, while both HBV/A/G strains had levels of secreted HBV DNA greater than 

HBV/A alone, suggesting a modulating effect due to recombination. Replication 

marker levels revealed possible reasons for a co-infection requirement during 

HBV/G infection such as HBeAg for chronicity. These observations demonstrate 

the potential interactions of HBV/G with its co-infecting HBV genotype and 

provide the first reported phenotypic analysis of a HBV recombinant. 
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Introduction 

 Hepatitis B Virus (HBV) is the cause of a potentially fatal liver infection, 

resulting in both acute and chronic disease. According to the World Health 

Organization (WHO) there are 2 billion people who have been infected with the 

virus worldwide. Of these, over 350 million are living with a  chronic infection and 

approximately 600 000 will die each year as result of complications due to acute 

or chronic liver disease (141). In addition, approximately 4.5 million new HBV 

infections occur worldwide each year, of which a quarter progresses to liver 

disease. 
The Public Health Agency of Canada estimates that the incidence of HBV 

in Canada was approximately 2.0 cases for every 100,000 persons in 2006 

(PHAC, Notifiable Diseases On-Line). The prevalence of Hepatitis B infection in 

Canada is estimated to be 0.7-0.9%, and the distribution of cases varies by 

ethnic origin, job and risk group (1).  
 

History 

In the 19th and early 20th centuries, evidence for a form of hepatitis other 

than hepatitis A virus (HAV) began to appear. It was thought to be transmitted via 

blood and body fluids, but it wasn’t until the 1930s and 1940s during outbreaks of 

hepatitis following vaccination for measles, mumps and yellow fever that this was 

accepted. The vaccines contained convalescent serum or plasma, and in some 

cases, an infectious agent (32). The actual discovery of HBV didn’t occur until the 

1960s by Blumberg et al. who were doing work to track genetic differences in 
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human populations using sera from multi-transfused individuals as sources of 

antibody to human serum proteins. During the course of their work they 

indentified a new antigen from the serum of an Australian Aborigine, termed the 

“Australia” antigen (13). The Australia antigen has since been termed/identified 

as the Hepatitis B Surface antigen (HBsAg). 
 

Transmission 

The virus is a bloodborne pathogen and is found in various body fluids 

such as blood, saliva, tears, semen and vaginal secretions with the highest 

concentrations found in blood and serum (114). As such, the virus is transmitted 

by percutaneous or mucosal exposure to infected blood or body fluids with 

various routes of transmission. One of the most common routes of transmission 

is perinatal/mother-to-child, usually from a chronically infected mother to her 

infant during delivery. In-utero transmission is less likely but does occur in less 

than 6% of perinatal transmissions (140, 144). Exposure through sexual contacts 

is another efficient route of transmission (4). There is a higher seroprevalence of 

HBsAg associated with sexual contacts of chronically infected persons and 

acutely infected people tend to report higher numbers of heterosexual partners 

(3, 41). Men who have sex with men (MSM) are also known to have higher HBV 

seroprevalence rates than the general population (30, 74).  Non sexual 

transmission can also occur when someone has had frequent and prolonged 

close contact with an infected person (27). While the exact mode of transmission 

is unknown in that situation, it is thought to occur from unapparent blood or body 
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fluid exposures from infected parents, siblings or playmates that inoculate the 

virus into cutaneous scratches, abrasions or other mucosal surfaces (27). 

Injection drug users (IDU) are at high risk of contracting HBV due to behaviours 

such as sharing needles, syringes and other drug paraphernalia (64). 

Percutaneous exposures besides injection drug use such as tattooing and 

acupuncture have also been reported as routes of transmission (57, 68). Health-

care related transmission is an important source of new HBV infections 

worldwide. Provider-to-patient, patient-to-provider and patient-to-patient 

transmissions have all been observed, but the frequency at which they occur is 

highly variable (114). 

The primary route of infection correlates with the geographic area and how 

endemic HBV is to that region. High endemicity regions are those where HBsAg 

seroprevalence is ≥8%, intermediate endemicity is 2-7% and low endemicity is 

<2% (Figure 1). Regions with high endemicity, the route of transmission is 

generally perinatal (mother to child) or horizontally through household contacts. 

Intermediate have a mix of transmission routes including those of high 

endemicity but also work-related and sexual. Low endemicity countries have 

most new infections occurring in young adults through sexual contacts or IV drug 

use (114).  
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Figure 1. Global rates of HBV endemicity based on HBsAg prevalence 

(2005). Source: Centres for Disease Control, Health Information for International 

Travel 2010. Atlanta: U.S. Department of Health and Human Services, Public 

Health Service, 2009. 
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Prevention 

Several prevention measures have been employed to reduce the risk of 

HBV transmission. Screening blood donors, inactivating HBV in blood products, 

infection control and the administration of hepatitis B immune globulin (HBIG) 

after suspected exposure are all effective methods. However, the single most 

important HBV prevention measure is the hepatitis B vaccine. 

The first licensed HBV vaccines were approved for use in 1981 by the 

Food and Drug Administration in the United States; they were plasma-derived 

and composed of purified HBsAg. In 1986, new vaccines became available that 

did not contain blood products as they were manufactured through 

deoxyribonucleic acid (DNA) recombinant technology. It is now one of the most 

widely used vaccines in the world and is part of routine vaccination schedules for 

infants and children. It is the first vaccine known to prevent cancer as well as a 

sexually transmitted disease. 

Since the introduction of the universal program of immunization and the 

increased use of vaccine in targeted groups, the epidemiology of the disease has 

changed significantly. The incidence of disease has decreased in all age groups 

with the increased use of the vaccine (Figure 2).  
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Figure 2. Decline in Incidence of HBV in Canada since 1989. Includes all age 

groups and sexes. Source: Centre for Infectious Disease Prevention and Control,  

Public Health Agency of Canada, 2005. Chart produced using OWTChart on the 

Public Health Agency of Canada’s notifiable diseases online website. 
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Natural History of Infection 

Infection with HBV can result in either symptomatic or asymptomatic 

infection, acute-self limited infection, fulminant hepatitis or chronic infection which 

can lead to cirrhosis or hepatocellular carcinoma (HCC). Asymptomatic infections 

tend to be more common especially in children. Infections in adults, whether 

symptomatic or not, are usually self-limiting with clearance of the virus from blood 

and liver and the development of long-lasting immunity. The likelihood of a HBV 

infection becoming chronic is dependent on the age of the person at the time of 

infection. Infection at infancy results in more than 90% becoming chronic, 25%-

50% of children infected between the ages of 1 and 5 years, and 6%-10% of 

acutely infected older children and adults will develop chronic infections (46). 

 

Acute Infections 

A person who is infected with HBV and develops acute hepatitis, the 

incubation period is approximately 90 days (time of infection to onset of 

symptoms) (43). Common signs and symptoms can include nausea, abdominal 

pain, vomiting, fever, jaundice, dark urine, changes in stool colour, and 

hepatomegaly or splenomegaly. 

Even before symptoms occur, HBsAg can be detected in the blood (4-10 

weeks), followed shortly by antibodies to the HBV core antigen (anti-HBc) which 

are of the IgM isotope (42). By the time HBsAg is detectable, viremia is already 

well established with high viral titers frequently reaching levels of 109 to 1010 

virions/ml (104). The Hepatitis B ‘e’ antigen (HBeAg) also becomes detectable in 
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most cases, with 75% -100% of hepatocytes being infected, making HBeAg a 

good indicator of infectivity (66). High rates of vertical and horizontal transmission 

are often seen during acute HBV infection. 

Liver injury during acute infection does not occur until after viral infection is 

well established. This is due to the time required by the immune system to elicit a 

T-cell mediated response towards infected hepatocytes. This is marked by an 

increase in levels of alanine aminotransferase (ALT), an enzyme commonly used 

to monitor liver functions. Once this response is established, virus titers in both 

the blood and liver begin to drop. As the infection is cleared, the viral antigens 

(HBsAg and HBeAg) disappear from circulation and free antibodies to the 

surface antigen (anti-HBs) and anti-HBc antibodies of the IgG isotope become 

detectable. 

 

Chronic Infections 

Chronic HBV infections are characterized by three widely accepted 

phases; the immune tolerant phase, the immune active or clearance phase, and 

the inactive hepatitis B phase (44).  

Chronic HBV infections tend to start off the same as acute infections, with 

an initial rise in HBsAg and anti-HBc IgM antibodies. A chronic infection is 

defined as either the presence of HBsAg in the serum for at least six months or 

the presence of HBsAg in a person who tests negative for IgM antibodies to the 

heptatitis B core antigen (HBcAg) (114). The immune tolerance phase is 

generally only seen in people who were perinatally infected and can last up to 30 
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years (49, 69). This phase is characterized by high viral loads, HBeAg positivity, 

normal ALT levels and minimal if any liver inflammation or fibrosis.  

The immune tolerance phase is followed by the immune active or immune 

clearance phase. This phase is characterized by elevated HBV DNA levels, 

elevated ALT levels and active liver inflammation with or without liver fibrosis. 

This is due to the immune system recognizing HBV as foreign and mounting an 

attack against infected hepatocytes. Eventually, DNA levels will decline and 

seroconversion from HBeAg to antibodies against the e antigen (anti-HBe) will 

occur. Seroconversion is often preceded or accompanied by a rise in ALT levels, 

known as a flare (67, 73).   

 Following seroconversion to anti-HBe, there are four possible scenarios 

that could occur over the course of the infection. For most patients, they will enter 

in the inactive hepatitis B phase and they will likely remain there for life (45, 47, 

73). The inactive hepatitis B phase is characterized by the absence of HBeAg 

and presence of anti-HBe, normal ALT levels and low HBV DNA levels. Over 

time there is usually an improvement in liver inflammation and fibrosis. Another 

scenario that occurs in ~20% of patients is the possibility of reversion back to 

HBeAg-positive status (76). These reversions/seroconversions are often 

associated with hepatic flares. A third option occurs in 10%-30% of patients who 

enter the inactive hepatitis B phase but at some point will reactivate to anti-HBe-

positive hepatitis. These reactivations are characterized by elevated HBV DNA 

and ALT levels and can occur more than once (71, 73). The last scenario also 

occurs in about 10%-30% patients where they have seroconverted to anti-HBe 
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but they remain in the immune active phase with elevated ALT and HBV DNA 

levels (73). This form is often referred to as HBeAg-negative chronic hepatitis B 

(CHB) or anti-HBe-positive CHB. These patients are generally infected with a 

HBV variant that has mutations in either the basal core promoter (BCP) or 

precore (PC) region of the HBV genome. The most common mutation occurs in 

the PC region and is characterized by a guanine (G) to adenine (A) change at 

nucleotide (nt) 1896 (G1896A). This change introduces a stop codon at position 

28 of the precore and abolishes HBeAg production. This site is also involved in 

base pairing with nt 1858 of the pgRNA to help form the highly conserved 

encapsidation signal (discussed in more detail later on, see Figure 5) (70). HBV 

genotypes B, D, E, G and some C strains contain a thymidine (T) at nt 1858; 

therefore the mutation of G to A will actually stabilize this secondary structure in 

these genotypes. In genotypes A and some C strains, a cytosine (C) occupies 

position 1858 and therefore the PC mutation at 1896 is rarely seen as the G 

helps form the more stabilized structure (113). Patients who experience 

reversions back to HBeAg positive status or reactivation of anti-HBe-positive 

chronic hepatitis are at a higher risk of developing cirrhosis or HCC (76). Figure 3 

shows typical patterns of serologic and molecular markers in both acute and 

chronic HBV infection. 

As with most chronic conditions, complications will arise. In the case of a 

chronic HBV infection, complications include the progression to cirrhosis and liver 

failure, HCC and extra-hepatic diseases (polyarteritis nodosa, glomerulonephritis 

and leukocytoclastic vasculitis).  
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Figure reproduced with kind permission from the Massachusetts Medical Society. 
Taken from Ganem and Prince, New England Journal of Medicine (35) Copyright 
© [2004] Massachusetts Medical Society. All rights reserved. 
 
Figure 3. Patterns of Serologic and Molecular Markers in HBV Infection.  

Typical levels of HBV DNA, HBeAg, HBsAg, antibodies to HBs, HBe and HBc 

and alanine aminotransferase (ALT). A) Typical acute infection and B) typical 

chronic infection 
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Treatment 

Since the 1980s, Interferon alpha (IFN-α) had been the primary choice 

until the advent of nucleoside/nucleotide analogues for the treatment of CHB. 

IFN-α is effective in that it provides a direct antiviral effect, it stimulates a T-cell 

immune response, and it has an antiproliferative and an antifibrotic effect (32). In 

20% to 25% of HBeAg-positive patients with chronic HBV, treatment with IFN-α 

leads to HBeAg seroconversion, loss of viral DNA and clinical remission (83, 

139). Unfortunately, IFN-α is not well tolerated and usually results in “flu-like” 

symptoms as a side effect in many patients. As well, it needs to be injected 

subcutaneously, 3 times a week, for at least 6 months. In 2005, the Food and 

Drug Administration approved the use of pegylated IFN-α 2a for the treatment of 

HBV. Pegylated IFN-α is IFN covalently bound to polyethylene glycol, which 

slows adsorption and allows for the doses to be reduced to once a week (7, 98). 

Another method of treatment is with reverse transcriptase inhibitors. 

These function by stopping viral DNA replication within hepatocytes and in turn 

prevent the release of infectious particles into the bloodstream. Two groups exist 

for the treatment of HBV, nucleoside analogs and nucleotide analogs (hereinafter 

nucleos(t)ide). Both groups function by competing with the naturally occurring 

deoxynucleotides needed to synthesize the viral DNA. They are incorporated into 

the growing viral DNA chain, however, unlike the natural deoxynucleotides 

substrates, nucleos(t)ides lack a 3'-hydroxyl group on the deoxyribose moiety. As 

a result, following incorporation of a nucleos(t)ides, the next incoming 

deoxynucleotide cannot form the next 5'-3' phosphodiester bond needed to 
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extend the DNA chain. Thus, when a nucleos(t)ides is incorporated, viral DNA 

synthesis is halted, a process known as chain termination. Some drugs have the 

3’-hydroxyl group and work by either terminating strand extension or by 

interfering with priming of the polymerase. Nucleoside analogs must be activated 

in the cell by the addition of three phosphate groups to their deoxyribose moiety 

to be incorporated into the viral DNA. The most commonly used nucleoside 

analog for HBV treatment is lamivudine (LMV) which is a cytosine analog. 

Entecavir (a guanosine analog) is also approved for HBV treatment.  Nucleotide 

analogs are already phosphorlyated and do not need to undergo any conversion 

in the body. Nucleotide analogs approved for the treatment of HBV include 

adefovir (ADV) and tenofovir (both adenosine analogs). 

Nucleos(t)ides are a better alternative to IFN in that they can be 

administered orally, have fewer side effects and are very effective at suppressing 

viral replication. Unfortunately, there is a high rate of relapse once treatment is 

stopped and therefore long-term treatment becomes necessary. With long-term 

treatment though comes a rapid rise in antiviral drug resistance, which decreases 

the benefit of therapy and is sometimes associated with hepatic flares and even 

death (72). The most common resistance mutation is associated with long term 

use of LMV and involves the YMDD (tyrosine-methionine-aspartate-aspartate) 

catalytic motif of the HBV reverse transcriptase C domain. The rtM204V/I 

mutation within the YMDD motif can induce a 1000-fold decrease of susceptibility 

to LMV in vitro (compared to wild-type) (2). These LMV resistance mutations 

have also been shown to confer cross-resistance to other nucleoside analogs 
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such as; telbivudine, clevudine and emtricitabine as well as contributing to 

entecavir resistance (145). Fortunately ADV remains effective against LMV 

resistant strains; however, it has its own set of resistance mutations that occur 

with long-term usage. The two primary mutations associated with resistance to 

ADV are rtA181T/V and rtN236T (5, 39). While these mutations confer drug 

resistance, they occur in catalytic domains B and D of the reverse transcriptase 

which consequently decrease the activity of the polymerase. Without the antiviral 

pressure, these drug resistant mutants do not replicate as efficiently as their wild 

type counterparts (2, 77). Often, compensatory or secondary mutations occur 

that restore activity of the viral polymerase. The most common being the 

rtL180M, rtV173I and the rtL80I which all occur upstream of the rtM204V/I (29, 

89, 92) and are associated with LMV resistance. 

 

Molecular Biology and Viral Replication 

HBV is part of the Hepadnaviridae family of viruses. These are DNA 

viruses that preferentially infect hepatocytes. The HBV virion is approximately 40-

42nm in diameter and consists of two layers. The outer layer is made up of three 

related envelope glycoproteins within a lipid bilayer (34). The inner capsid layer is 

made up of HBV core protein and it contains the viral genome, a relaxed-circular 

(RC), partially double stranded DNA of approximately 3.2 kb, and a polymerase 

that synthesizes viral DNA in infected cells (124). The negative (-) strand of the 

circular genome is complete while the positive (+) strand is only partially 

complete. The 5’ end of the (-)-strand is linked covalently to the polymerase (P) 
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protein and the 5’ end of the (+)-strand contains a ribonucleic acid (RNA) 

oligonucleotide that was derived from the pregenomic RNA (pgRNA) and served 

as the primer for (+)-strand synthesis (9). 

The viral genome is unique in that in encodes for seven proteins in only 

four open reading frames (ORFs).  Due to the small size of the genome, this is 

made possible by overlapping of the ORFs. Figure 4 shows the HBV genome 

organization of the RC-DNA. 

The PreS-S ORF encodes the small, medium and large surface antigens 

from three different in-frame start codons (32). These proteins make up the 

surface antigen proteins found on the outer layer of the virion. The smallest 

surface antigen, HBsAg, is the most abundantly expressed. Aside from making 

up part of the viral envelope, the surface antigens also form aggregrates and are 

secreted as subviral particles. These particles are non-infectious and are found in 

the blood as either spheres or rods (35). They are the most abundant structures 

found in the blood of an infected person and are thought to play a role in 

adsorbing virus-neutralizing antibodies, facilitating the spread of the virus and 

contributing to persistence (32). 

The PreC-C (preCore-Core) ORF encodes the structural Core protein that 

makes up the capsid. It also encodes the preCore or HBeAg, a secreted protein 

that is thought to play a role in chronicity. It has also been suggested that HBeAg 

can act as a toleragen by crossing the placenta and eliciting a HBe/HBcAg-

specific Th cell tolerance in utero (79). Mutants that are defective for HBeAg 
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production are quite common, especially in a chronic infection, which suggests 

the function of the protein is no longer needed once chronicity is established (32).  

The X ORF encodes the X protein (HBx); its role is in modulation of host-

cell signal transduction and can directly/indirectly affect host and viral gene 

expression (32). It is absolutely required for in vivo replication and spread of the 

virus (151).  

The P ORF encodes the viral DNA polymerase; it has a reverse 

transcriptase domain as well as an RNaseH domain. Due to the reverse 

transcriptase activity, there is a high mutation rate associated with HBV 

replication despite it being a DNA virus. This results in HBV being present as a 

quasispecies in an infected patient (82). 
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Figure reproduced with kind permission from Elsevier, Copyright (2008). Taken 
from Nassal, Virus Research (81). 
 
Figure 4. Genetic organization of the human HBV genome. 

The outer thin lines represent the viral transcripts which are controlled by several 

internal promoters. They initiate at different sites but are all terminated after a 

common polyadenylation site. The ε RNA signal on the terminally redundant 

pgRNA is indicated as a hairpin. The thick lines represent the RC-DNA form of 

the genome as present in infectious virions. DR1 and DR2, direct repeats. The 

inner arrows indicate the open reading frames. 
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Upon infection of hepatocytes by an as yet unknown mechanism, nucleocapsids 

are released into the cell cytosol and the RC-DNA is transported to the nucleus 

(51). Here, the RC-DNA is converted into a covalently closed circular form 

(cccDNA). The mechanism of conversion from RC-DNA to cccDNA is also poorly 

understood.  Several steps that are needed for conversion to occur are as 

follows; the P protein that is covalently linked to the (-)-DNA must be removed, 

the RNA primer on the (+)-DNA must be removed, gaps must be filled in on (+)-

DNA, and the ends of both strands must be ligated to yield closed circles (9, 81). 

This cccDNA form is essential for both the production of new HBV virions as well 

as maintaining a persistent infection. It serves as a template for the cellular RNA 

polymerase II which produces several subgenomic RNAs that encode the various 

viral proteins but also the greater than genome length RNA that serves as the 

pregenomic RNA (pgRNA) and precore RNA (81). All HBV RNAs contain 5’ cap 

structures and they are all poly-adenylated at the 3’ terminal end at a common 

site (9). 

The pgRNA is the transcript required for viral replication. It encompasses 

the entire genome length plus a terminal redundancy that consists of the direct 

repeat 1 (DR1), the encapsidation (ε) signal and the beginning of the core ORF 

(see Figure 5). This redundancy is achieved because the polyadenylation signal 

of cccDNA is ignored by the RNA polymerase during its first encounter (24). The 

pgRNA serves two roles; firstly, it serves as mRNA for the core protein and the 

reverse transcriptase. Secondly, it is the template for the reverse transcriptase to 

generate new DNA genomes.  
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Figure 5: Schematic of pgRNA and Encapsidation signals. A) Schematic of 

pgRNA (not to scale), which encompasses the entire HBV genome including the 

terminal redundancy that consists of the direct repeat 1 (DR1), the encapsidation 

(ε) signal and the beginning of the core ORF. B) Epsilon signals for HBV/A and 

HBV/G, modified from Li et al 2007. (65) 
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Prior to synthesis of the new DNA genome, pgRNA must be packaged in 

to newly forming capsids. The two key elements needed for this to occur are ε 

and the P protein, which binds to ε. The P-ε mediates recruitment of core protein 

dimers and leads to packaging of the pgRNA-P complex (9). Once encapsidated, 

P-ε are responsible for the initiation of reverse transcription. Here, a tyrosine 

residue covalently linked to the N-terminus of the polymerase, acts as a primer 

and is extended ~3-4 nt from the ε bulge creating a DNA oligonucleotide. The P-

linked DNA primer then translocates to the complimentary 3’ DR1* and extends 

back to the 5’ end of the pgRNA completing the (-)-DNA. During the extension of 

the (-)-DNA the pgRNA is entirely degraded by the RNase H activity of the HBV 

polymerase. RNase H degradation stops approximately 11-16nt from the 5’-end 

of the pgRNA, leaving the capped 5’ terminal end and the 5’ DR1 of the pgRNA 

intact (40). This small RNA oligonucleotide can now do one of two things; 

translocate to the sequence-identical DR2 (38) becoming a primer for the (+)-

DNA synthesis and completing RC-DNA synthesis or it can remain in its original 

position and prime (+)-DNA synthesis from there (in situ priming). This second 

alternative is a minor pathway in HBV replication and results in a double-

stranded linear HBV DNA genome (147). Figure 6 shows the synthesis of RC-

DNA from pgRNA. 
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Figure reproduced with kind permission from the World Journal of 
Gastroenterology. Taken from Beck and Nassal, World Journal of 
Gastroenterology (9). 
 
Figure 6. RC-DNA Formation. A: (-)-DNA completion. The DNA primer is 

extended from DR1* to the 5´ end of pgRNA. The RNA is simultaneously 

degraded by the RH domain, except for its capped 5´ terminal region including 5´ 

DR1 B: RNA primer translocation (second template switch). The RNA primer 

translocates to DR2, and is extended to the 5´ end of (-)-DNA. 3´ r and 5´ r 

denote an approximate 10 nt redundancy on the (-)-DNA. C: Circularization (third 

template switch). Having copied 5´ r, the growing 3´ end of the (+)-DNA switches 

template to 3´ r on the (-)-DNA, enabling further elongation. D: Extension on the 

(-)-DNA template creates a set of (+)-DNA strands of various length; E: Double-

stranded linear (dsL) DNA. This minor DNA form originates when the RNA 

primer, having failed to translocate to DR2, is extended from its original position 

("in situ priming"). 
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Genotypes 

Subtypes 

Prior to genetic characterization, HBV was subtyped based on antigenic 

determinants within the surface protein. The main antigenic determinant “a” was 

first reported in 1969 and is common to all HBV subtypes (63). Several studies in 

the 1980s were able to clearly show that subtype determinants were specified by 

a single amino acid in the small surface protein. The initial purpose of subtyping 

was to study the geographic distribution of HBV. However, this method of 

classification is based on a limited number of amino acid substitutions and does 

not reflect the true genotypic variation (94). Genotyping is based on the entire 

genome and is a more appropriate method of classifying HBV variants, studying 

geographic distributions and epidemiology.   

 

Genotypes 

In 1988, a study compared the full nucleotide sequence of 18 HBV strains 

and found that they clustered into four groups, A-D (91). The nucleotide 

divergence between each of these groups was more than 8% and is the current 

definition for HBV genotype. Four separate subgroups were also found by Orito 

et al by sequencing the polymerase gene as opposed to the whole genome (94). 

Norder et al used the sequences of the S gene for comparisons (86, 87) and 

described two more subgroups, E and F. Genotypes G and H weren’t reported 

until almost 10 years later in 2000 and 2002,respectively (6, 118). 
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As stated, there are currently 8 genotypes (A-H) of HBV with more than 

8% sequence divergence between the groups. The use of genotyping has 

become an important tool in studying the epidemiology and evolution of HBV. It 

has been shown that not only are HBV genotypes found in a distinct geographic 

distribution, they also have significant clinical outcomes. 

 

Geographic Distributions 

 Genotype A is most prevalent in North America, Europe and sub-Saharan 

Africa. HBV/A has been further classified into subgenotypes; subgenotype Aa/A1 

is dominant in South Africa and Asia while subgenotype Ae/A2 is found in Europe 

and the United States (58, 119).  

Genotypes B and C are found most frequently in Southeast Asia with 

HBV/C being more prevalent in Northern mainland regions, mainland Japan and 

especially in South Pacific islands (93). Subgenotypes of HBV/B have also been 

identified with the division based on recombination with HBV/C (107, 120, 121) 

Genotype D is distributed globally with a high prevalence in a belt stretching from 

southern Europe and North Africa to India and in West and South Africa (15, 18, 

86). Genotype E is genetically similar to HBV/D, although, all HBV/D strains lack 

33nt at the beginning of the preS1 region (85, 86). Geographically, HBV/E is 

found in West and South Africa (88). Genotype F is the most divergent HBV 

genotype; found in South and Central America it is thought to be the original 

genotype of the New World (84). Genotype G has a low prevalence throughout 

the world but has been found in France, The United States, Mexico, Brazil, 
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Germany and Canada (16, 95, 108, 118, 131). Genotype H is the most recently 

discovered genotype, it is also prevalent in Central America and Mexico and is 

thought to be descended from HBV/F (6) Figure 7 shows the prevalence of 

distribution of genotypes throughout the world. 
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Figure reproduced with kind permission from John Wiley and Sons, Inc. Taken 
from Panessa et al, Journal of Viral Hepatitis (97). 
 

Figure 7. Global geographical distribution of HBV genotypes. A compilation 

of 106 literature reports of HBV genotype prevalence is shown. For each study, a 

pie chart was produced showing the HBV genotypes identified for the associated 

geographical region. Three sizes of pie charts were made to correspond to study 

sample size (i.e. N = 1–50, 51–150, >150) and a unique colour was assigned to 

each genotype as well as to mixed genotype infections. All pie charts shown 

represent chronic HBV, except when indicated (**). All data are from published 

articles. 
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Clinical Significance 

The evidence for a link between genotypes, liver disease and response to 

antiviral therapy is increasing for both acute and chronic infections. 

Unfortunately, due to the geographic distribution of genotype prevalence which 

results in varied backgrounds and risk factors, it is not possible to compare the 

clinical significance of all 8 genotypes to each other. Most studies are restricted 

to comparing the prevalent genotypes of a specific region. The most studied 

genotypes are HBV/B versus HBV/C in Asia and HBV/A and HBV/D in Europe 

and India. Several studies have shown that HBV/C induces a more severe liver 

disease than HBV/B and is an independent risk factor for hepatocellular 

carcinoma (HCC) (19, 52, 130). As well, HBV/B produces a better response to 

interferon therapy than HBV/C (53, 133). A study comparing HBV/A and HBV/D 

in Western Europe found that chronic HBV infection was associated more with 

HBV/A than HBV/D (75). Another study found that sustained biochemical 

remission and clearance of HBV DNA were more frequent in infection with 

HBV/A than HBV/D or HBV/F (109). Yet another study found that HBV/D was 

more associated with severe liver disease and may predict the occurrence of 

HCC in young Indian patients (129). In 2006, Lacombe et al published a study 

looking at the determinant of liver fibrosis progression in patients who were 

HIV/HBV-co--infected. They found that HBV/G was a determinant of liver fibrosis 

in this population (60). Studies looking at the replication of HBV/G in chimeric 

mice carrying human hepatocytes also found that infection with HBV/G could 

enhance fibrosis under immunocompromised states (123, 127). 
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Genotype G 

HBV genotype G (HBV/G) is a relatively new genotype which was first 

described by Stuyver et al in 2000 (118). At that time it was found to be prevalent 

in chronically infected patients from Georgia, USA (11 out of 82) and France (2 

out of 39). HBV/G is characterized by several features; having a length of 

3248bp, two translational stop codons at position 2 and 28 of the preCore region 

and a 36 nucleotide insertion found after the fifth nucleotide following the Core 

translation initiation point. These characteristics result in a genotype that is likely 

incapable of expression of the preCore protein (HBeAg), and the capsid structure 

and/or encapsidation signal may be altered due to the 12 additional amino acids.  

While the genetic sequence of HBV/G would suggest that HBeAg 

expression is not possible, it has clearly been shown that some patients are 

positive for HBeAg. It has been suggested that there is an alternate strategy for 

HBeAg expression (118). In 2002, Kato et al performed a study looking at 

patients infected with HBV/G and positive for HBeAg. Using a hemi-nested PCR 

reaction specific for the 36nt insertion (56) they identified 4 patients from San 

Francisco that fell into this criteria. Several clones from each patient were 

sequenced and not only was HBV/G identified but each patient also had a co-

infecting HBV/A isolate (54). Studies have shown that HBV/G is frequently found 

with a co-infecting genotype; it is generally HBV/A (55) but co-infection with 

HBV/H (108) has also been reported. The presence of a co-infecting genotype 

would explain the HBeAg positivity in serum of HBV/G infected individuals. There 

has been a report though of a HBV/G monoinfection in an acutely infected 
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plasma/platelet donor but who was also negative for both HBeAg and anti-HBe. 

This suggests that HBV/G is capable of replication but perhaps is not able to 

establish a chronic infection without the presence of HBeAg (25). 

Though HBeAg is not essential for viral replication, the Core region is. As 

stated earlier, at the protein level, it makes up the viral capsid and at the RNA 

level, provides the encapsidation signal for the pgRNA. The 36nt insertion in the 

Core region of HBV/G affects both of these structures. The first 3nt of the 

insertion changes the base pairing at the lower stem of the ε signal and the entire 

insertion adds 12 amino acids into the Core protein. A 2007 study by Li et al 

looked at the role of this insertion with respect to viral replication. They found that 

the insertion was necessary for efficient viral replication in that it resulted in 

higher levels of Core protein, and enhanced genome maturity of secreted virus 

particles (65)  

A recent study looking at HBV/G prevalence and risk factors in Canada 

(95) observed that while HBV/G is always found with a co-infecting genotype 

(HBV/A), there are prolonged periods of time where HBV/G is the dominant 

genotype and the co-infecting genotype falls below detectable levels. As well, 

several patients were shown to have a HBV/A/G recombinant strain among the 

quasispecies. Of the 8 patients having a recombinant strain, two patients had the 

HBV/A/G recombinant strain as the dominant strain. 
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Recombinants 

HBV genome recombinations, both inter- and intra-genotypically, are quite 

common in nature (14, 80, 115). What remains unknown, however, is the 

mechanism of recombination. For two strains to come within close enough 

proximity for recombination to occur, they need to co-infect the same patient. 

Beyond that, both strains also need to co-infect the same cell. The co-infection 

could occur either simultaneously or sequentially, with the latter being less likely 

due to immune pressure. Another problem for recombination is that when the 

pgRNA is packaged into the nucleocapsid, only one copy is packaged. Various 

controls exist to ensure that only one copy is packaged. Theoretical mechanisms 

of how recombination may occur have been suggested.  A process described as 

“illegitimate replication” by Yang et al. refers to a pathway in which HBV viral 

DNA replication goes through a linear DNA intermediate (147). These linear 

forms are a result of in situ priming and occur at a rate of ~5% during replication 

of wild-type viruses (117). These linear forms (see Figure 6E) can be converted 

to the “legitimate” replicactive intermediate, covalently closed circular (ccc) DNA, 

through non-homologous recombination between the two ends. It was suggested 

in this report that since recombination between the two ends of one linear 

product is possible to result in the cccDNA form, perhaps recombination between 

the ends of two different linear products is also possible, resulting in oligomeric 

linear DNA molecules in random orientations. It would then be plausible to 

suggest that perhaps two different linear products of two different genotypes 

recombined resulting in a new recombinant species. Another possibility 
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associated with illegitimate replication is that the linear products may also be able 

to integrate into the host cellular DNA. These integrated forms could recombine 

with episomal forms of the virus upon superinfection with another genotype (80). 

Another proposed method of recombination is through “template-switching” (17). 

HBV replication requires templates switches for both plus- and minus-strand 

synthesis and is a common mechanism for homologous recombination of other 

viruses (48). It is thought to be unlikely for HBV as replication of the viral genome 

occurs through a single encapsidated RNA pregenome (8). However, the 

presence of replicative intermediates have been detected in the liver of a patient 

(102) and suggest that unencapsidated forms of HBV DNA could accumulate in 

chronic carriers. If different genotypes are accumulating together, template 

switching for one genome to another could occur and a new, recombinant strain 

could result. 

While recombinants are well reported and quite common, the advantage, if 

any, to replication is unknown. 

 

In vitro Models of Replication 

Currently it is not possible to study HBV replication through the infection of 

any cell lines. This is because HBV is not able to infect cells in culture, whether it 

is due to an issue with attachment or internalization. Since the replication cycle of 

HBV is still not fully understood, this issue remains elusive. The need for an in 

vitro model to study HBV replication came about to understand the development 

of antiviral drug resistance during therapy of an HBV infection. 
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Resistance to nucleoside analogues is a result of mutations occuring in 

the polymerase region of HBV. Enzymatic assays can detect the activity of the 

HBV polymerase in a cell free reaction and therefore whether or not resistance 

has occured. Several cell free assays have been developed using a baculovirus 

vector-based polymerase assay (142, 143), an in vitro endogenous polymerase 

assay based on isolated HBV nucleocapsids (128) and the cell free assay for the 

expression of duck HBV polymerase in a reticulocyte lysate system (134). Within 

these systems, discrepancies are observed in the inhibitory effects of drugs on 

viral DNA synthesis. A cell culture system would include the intracellular 

metabolism of the nucleos(t)ide analogue improving the evaluation of antiviral 

activity. 

Permanent cell lines (33, 61) and Baculovirus transfer assays (28) provide 

an advantage over the cell free systems as they provide reproducible results. 

However, the disadvantage is that a new cell line or recombinant vector needs to 

be developed for each mutant and/or genotype to be studied. 

 

Transient Transfection Assays 

Initial experiments studying the drug resistance of HBV relied on the 

transfection of HBV clones that contained the suspected resistance mutations, 

introduced either through site-directed mutagenesis or the exchange of viral 

genome fragments, in the presence of the antiviral drug. These first experiments 

helped characterize LMV and famciclovir (FCV) resistance (2, 77, 99). Alternative 
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methods have since been developed that use either a vector-free or vector-

mediated phenotypic assay. 

 

Vector-Free Phenotypic Assay 

The first vector-free approach was developed by Günther et al and 

involved a polymerase chain reaction (PCR) amplification of the full-length HBV 

genome (37). The primers contained a restriction enzyme site that when the 

amplicon was digested with the specific enzyme it resulted in the ends of the 

amplicon becoming compatible. Once this digested amplicon was transfected, 

host repair mechanisms would circularize the product which served as a 

convalently closed circular-like DNA template for the initiation of the intracellular 

HBV replication. The advantage to this system is that not only does it facilitate 

the analysis of naturally occurring HBV variants, but it also relies on natural HBV 

promoters for replication. This method is the most representative of a natural 

infection. The disadvantage is that depending on the nature of the HBV genome 

being analyzed, the level of intracellular DNA synthesis occurring can be quite 

low, especially when compared to the vector-mediated phenotypic assay (31, 

132).  

 

Vector-Mediated Phenotypic Assay 

The basis of the vector-mediated approach is that 1.1 – 2.0 genome units 

are cloned within a plasmid and contain enough HBV genetic material to drive 

the intracellular replication cycle once transfected. To synthesize the pgRNA 
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required to initiate replication, 1.1 genome units is the minimum amount of HBV 

DNA to achieve this (149). At this length, a mammalian promoter is needed to 

drive replication. The natural HBV promoters are sufficient with 1.3 – 2.0 genome 

units contained within the vector (149). Several variations of the vector-mediated 

approach exist, but the main advantage is that high levels of viral DNA synthesis 

is achieved, but a cloning step is required.  
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Rationale 

 A previous study carried out by Dr. Carla Osiowy’s group reported on the 

epidemiology and risk factors associated with HBV/G (95). Through routine 

surveillance and diagnostic service, 13 patients were found to be infected with 

HBV/G. For several of these patients, 6 month serum samples were available 

over a course of several years. At each time point, clonal sequence analysis was 

carried out, and it was found that while HBV/G was always found with the co-

infecting HBV/A strain, there were periods of time where HBV/G was the 

dominant strain and HBV/A fell below detectable levels. This raises several 

questions: Is HBV/G capable of replication on its own, without a co-infecting 

genotype? What is the effect on replication with the absence of HBeAg 

expression? What is the relationship between co-infecting genotypes? While 

HBV/G may be capable of independent replication, the presumed requirement for 

a co-infecting genotype in the establishment of a HBV/G chronic infection 

suggests a defect in the HBV/G replication cycle. Although this is not the main 

question being asked through this project, it is possible that light may be shed on 

the defective nature of HBV/G and the reason why a co-infecting genotype is 

needed.   

Whatever the relationship between HBV/G and its co-infecting genotype, it 

also provides for the opportunity of recombination. Through the course of this 

work, two strains were found to have the HBV/A/G recombinant as the dominant 

strain. How does recombination between HBV/G and another genotype affect its 
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replication and protein expression? Do particular recombinations confer 

advantages or disadvantages to replication?   

To answer these questions, an in vitro phenotypic assay using the vector-

free approach or the “native genomic construct” was developed. This allowed for 

the analysis of samples in the most representative way of a natural infection. 

However, to produce enough DNA for transfections, the simple digested 

amplicon procedure is not sufficient and therefore the full-length product with 

restriction enzyme sites at the ends was cloned to scale up the amount of DNA 

produced. 

 

Hypothesis 

 I hypothesize that although HBV/G is not found as a monoinfection in 

infected patients, it is capable of independent replication, protein expression, 

particle formation and secretion of mature virions. As well, I hypothesize that 

recombination between HBV/G and its co-infecting genotype will affect replication 

and may be dependent on the recombination breakpoints.  
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MATERIALS AND METHODS 

Samples 

Infected individuals were indentified through the results of routine 

molecular diagnostic service at the National Microbiology Laboratory (NML) and 

through the Canadian enhanced hepatitis strain surveillance system (EHSSS). 

Thirteen samples were identified as having HBV/G within the quasispecies, two 

of which were predominantly HBV/G for at least six months or longer. 

Recombinations between genotype A and G were also indentified within the 

quasispecies of eight isolates, generally at low population levels. Of these 

though, two isolates were found to be predominantly recombinants. Ethics 

approval to perform research on the patient samples was provided by the 

Research Ethics Committee of Saint-Luc du Centre Hospitalier de L'Université de 

Montréal. 

Serum from two patients was selected for this project; both are male, 

HBeAg positive chronic carriers on treatment. Patient 1 is 37 years old and at the 

time the sample was taken, had been on treatment with ADV for 12 months 

following the development of LMV resistance. Patient 2 is 46 years old and at the 

time the sample was taken, had just developed LMV resistance and just started 

ADV treatment. Patient 1 had an ALT level of 236 IU/ml (normal upper limit for a 

male is 30 IU/ml) and a viral load of 8.8 x 105 IU/ml. Patient 2 had an ALT level of 

176 IU/ml and a viral load of 1.0 x 107 IU/ml. At the time the sample was taken, 

patient 1 was predominantly HBV/A, however low levels of HBV/G were 

observed within the quasispecies population. Clonal analysis and highly sensitive 
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methods such as real time PCR and LiPA were required to detect HBV/G. Patient 

2 was predominantly the HBV/A/G recombinant species. 

 

Viral DNA Extraction and Amplification 

Viral DNA was extracted from 200μl of serum using the QIAamp DNA 

Blood Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s 

instructions with the following recommended modifications made to increase 

overall yield; 10μg yeast tRNA was added to the lysis reaction and was used as a 

carrier RNA, 230μl of 100% ethanol was used to wash DNA. The final volume of 

eluate was 50μl and 5μl was used for subsequent PCR amplifications. All PCR 

reactions were performed using Expand High FidelityPLUS PCR System (Roche). 

Primers used are detailed in Table 1 (shown in 5’ to 3’ direction). 
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Table 1. Primer and probe sequences used for the purpose of this project.  

The following table represents the primers used for full length amplification of the 

HBV genome. Sequences are listed in 5’-3’ orientation with the appropriate nt 

annealing sites following in brackets which are based on the theoretical Eco RI 

start site (62). As well, the TaqMan probe used for real time PCR detection of 

HBV DNA is also listed. 

Name (Reference) Sequence 5’-3’ (nt annealing sites) Reaction 

PhenoP1(31) CCGGAAAGCTTATGCTCTTCTTTTTCA
CCTCTGCCTAATCATC (1821-1843) 

Full length genome amplification from 
serum extract 

PhenoP2 (31) CCGGAGAGCTCATGCTCTTCAAAAAG
TTGCATGGTGCTGGTG (1825-1804) Sap I sites are underlined 

      

HBV/A_NarI_FWD  GATCGGGGGCGCCATGCAACTTTTTC
ACCTCTGCC (1814-1837) 

Introduction of NarI restriction sites into 
full lenth P1P2 amplified genome;  
Genotype A specific  

HBV/A_NarI_REV AAAAGTTGCATGGCGCCGGTGCTGG
TGCGCAG (1826-1799) Nar I sites are underlined 

      

HBV/G_NarI_FWD  GATCGGGGGCGCCATGTAACTTTTTC
ACCTCTGCC (1814-1837) 

Introduction of NarI restriction sites into 
full lenth P1P2 amplified genome;  
Genotype G specific 

HBV/G_NarI_REV AAAAGTTACATGGCGCCGGTGCTGGT
GCGCAG (1826-1799) Nar I sites are underlined 

      

HBV_Sybr51 (150) 
GCTGACGCAACCCCCACT (1186-
1203) Real Time PCR 

HBV_Sybr52 (150) 
AGGAGTTCCGCAGTATGG (1283-
1266)   

HBV_Sybr51_52  FAM-AACCTTTGTGGCTCCTCTGC 
CGA (1242-1261) Real Time PCR Probe 
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Full length genome amplification from serum extract 

Primers PhenoP1 and PhenoP2 (31) were used to amplify the full length 

HBV genome from the serum extract of both patients. Cycling parameters used 

included: an initial denaturation at 94°C for 2 minutes; subsequent steps were 

94°C for 30 seconds, annealing at 55°C for 30 seconds and extension at 68°C for 

3 minutes for 35 cycles total with 10 seconds/cycle added to the extension step 

for the last 25 cycles. A final extension at 68°C for 10 min plus a hold at 4°C 

completed the amplification. The PCR product (named P1P2) was 

electrophoresed on a 0.8% agarose (Invitrogen) gel and the ~3.2kb band was 

purified using the MinElute Gel Extraction Kit (Qiagen, Hilden, Germany). Purified 

amplicons for both patients were cloned into the pDrive cloning vector (Qiagen, 

Hilden, Germany) using TA-based ligation. Approximately 5-10 clones were 

selected for plasmid isolation using the QIAprep spin miniprep kit (Qiagen). HBV 

insert DNA of all clones was sequenced and aligned using MegAlign software 

(Lasergene Version: 7.2.1(1), 410, DNAStar Inc.) to determine the consensus 

sequence.   

 

Sequencing, Genotyping and Recombination Analysis 

Sequencing of clones submitted to the Genomics Core Facility at the 

National Microbiology Laboratory was performed by cycle sequencing with an 

ABI Prism 3100 genetic analyzer (Applied Biosystems, Foster City, CA), using 

BigDye v3.1 Terminator chemistry. The NCBI HBV Genotyping Tool 

(http://www.ncbi.nlm.nih.gov/projects/genotyping/formpage.cgi) was used to 
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determine the genotype of each clonal sequence (HBV/A, HBV/G or HBV/A/G) 

by sliding a 300-bp window along a query sequence and comparing each 

window, by 100-bp step BLAST analysis, to HBV genotypic reference sequences 

(106).  
Intergenotypic recombination analysis was performed using Grouping 

Scan software (Simmonic2005 v1.6) (116) by scanning full genome sequence 

against 288 GenBank reference sequences (human HBV genotypes A to H and 

chimpanzee- and gibbon-derived strains).  

Full length sequences were analyzed for theoretical functionality by 

translating open reading frames and taking note of any mutations associated with 

replication defects/enhancements. 

 

Native Genomic full length amplification 

Once an appropriate clone for each sample was isolated, vectors were 

digested with Kpn I and Hind III (New England Biolabs) restriction enzymes to 

release P1P2_HBV insert DNA. The HBV insert was gel purified as described 

above. Depending on the genotype of the sample, purified inserts were amplified 

with either NarIFWD_G and NarIREV_G or NarIFWD_A and NarIREV_A (Table 

2) using the same cycling parameters as the P1P2 PCR reaction. These PCR 

products (named NarI) were gel purified and cloned into pDrive. Clones were 

sequenced to ensure the sequence was the same as P1P2 products except for 

the additional Nar I restriction site at each end. For large scale plasmid 

purification, NarI inserts needed to be removed from pDrive and cloned into the 

 41



low copy vector, pET29b (Novagen) due to an apparent toxicity to the competent 

cells when using the pDrive high copy vector.  NarI_pDrive constructs and 

pET29b were both digested with Kpn I and Sac I (New England Biolabs). The 

NarI_HBV insert was gel purified and ligated into the multiple cloning site of 

pET29b using T4 DNA ligase (New England Biolabs) at a 1:10 vector:insert ratio. 

The NarIHBV_pET29b construct was transformed into One Shot® TOP10 

chemically competent E.coli cells (Invitrogen) and plated on LB agar plates with 

kanamycin (15μg/ml, NML Media Department). Clones were screened through 

Nar I digestion and positives were submitted for sequencing to ensure no 

changes from original P1P2 products. The NarIHBV_pET29b construct was then 

subject to large-scale plasmid purification using the EndoFree Plasmid Maxi Kit 

(Qiagen) as per manufacturer’s protocol. The following recommended 

modification to increase the overnight cell culture volume to 500ml (suggested for 

low copy vectors) was made to increase the yield of construct DNA extracted. 

DNA pellets were resuspended in 500μl TE Buffer and concentration was 

determined using the NanoDrop 1000 Spectrophotometer (Thermo Fisher 

Scientific, Waltham, MA). Each maxiprep was submitted for sequencing to 

ensure the full length HBV sequence was the same as the initial P1P2 amplicon 

consensus sequence as well as the NarI sequence in pDrive vectors. Once the 

sequence was determined to be acceptable the maxiprep was digested with Nar I 

and the entire reaction was cleaned up using the QIAEXII kit for desalting and 

concentration of digested material (Qiagen). DNA concentration of Nar I digested 

maxiprep was determined using the NanoDrop 1000 Spectrophotometer (Thermo 
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Fisher Scientific, Waltham, MA). The digested construct, which comprised of both 

the HBV insert and pET29b backbone, was now acceptable for use in 

transfections. While the pET29b backbone is present it is not complete due to 

digestion, and as such, it is not expected to interfere with HBV replication. Three 

constructs from Patient 1 (P1) and one construct from Patient 2 (P2) were made 

for the purpose of this project and are named as follows: P1-

HBV/A_pET29b_NarI, P1-HBV/G_pET29b_NarI, P1-HBV/A/G_pET29b_NarI, 

and P2-HBV/A/G_pET29b_NarI. The first section of each construct name 

indicates the patient and genotype, the second section refers to what vector the 

HBV insert was cloned into for large scale purification and the third section 

indicates the enzyme used for digestion.  Figure 8 shows the cloning strategy 

used to achieve the Nar I digested construct for transfection from serum 

extracted HBV DNA. 

 

Transfection Constructs 

Two negative controls were included in all transfection experiments. The 

first was the P2-HBV/A/G_pET29b_NarI replicon construct transfected in the 

absence of transfection reagent and is referred to as NEG Control 1. The second 

negative control uses the P2-HBV/A/G_pET29b construct as well but it is 

digested with Bsr BI and Bmt I (NEB) instead of Nar I which digests outside the 

full length HBV genome just upstream and downstream, respectively of the Nar I 

sites. This creates a 3.48kb linear HBV genome that is incapable of 

recircularization and therefore replication. The NEG Control 2 construct was 
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further digested with Spe I (NEB) which was used to disrupt the HBsAg open 

reading frame to inhibit expression of HBsAg from the internal preS/S promoter. 

This control is referred to as NEG Control 2 and map of this construct showing 

the restriction digest sites can be seen in Figure 9. 
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Figure 8. Cloning Strategy for Nar I digested construct. 1) HBV DNA 

extracted from human sera was amplified with primers PhenoP1 and PhenoP2. 

2) P1P2 amplicon was cloned into pDrive for sequencing and maintenance. 3) 

P1P2 insert was released from pDrive though a double restriction digest with Kpn 

I and Hind III restriction enzymes and gel purification of linear product. 4) Linear 

P1P2, Kpn I/Hind III digested insert was amplified with primers that introduce the 

Nar I specific restriction site to the ends of the amplicon. 5) NarI amplicon was 

cloned into pDrive for sequencing and maintenance 6) NarI insert was released 

from pDrive through a double restriction digest with Kpn I and Sac I. The low 

copy vector, pET29b, was also digested with Kpn I and Sac I. Both pET29b and 

the NarI insert were gel purified. 7) The Kpn I/Sac I digested NarI-HBV insert was 

ligated into the Kpn I/Sac I digested pET29b vector using T4 DNA ligase at 1:10 

vector:insert ratio. 8) The HBV_pET29b construct was subject to large scale 

plasmid purification and digested with the Nar I restriction enzyme to produce the 
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linear HBV genome with Nar I compatible ends to be used for transfection 

experiments. Blue square represents DR1, red square represents DR2. 

 

 

 

 

 47



 

P2-HBV/A/G_pET29b 
8717 bp 

Figure 9: Negative Control 2. Construct for transfection was made using P2-

HBV/A/G_pET29b, but instead of digestion with Nar I it was digested with Bsr BI 

and Bmt I (approximate restriction sites are marked). To inhibit de novo HBsAg 

expression, further digestion with Spe I was done to disrupt the open reading 

frame. Construct map made using SeqBuilder (DNASTAR Lasergene 7). 
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pSEAP2-Control (Clontech, Mountain View, CA) is a vector that expresses 

secreted alkaline phosphatase (SEAP). It is co-transfected with each replicon 

construct and its signal is measured using the Great EscAPe Chemiluminescent 

HRP (Clontech, Mountain View, CA) assay to normalize transfection 

experiments. Approximately 1μl of pSEAP2-Control vector that was provided with 

the kit was transformed into One Shot® TOP10 chemically competent E.coli cells 

(Invitrogen). A single colony was picked to inoculate a 100ml overnight culture of 

LB broth with 50μg/ml ampicillin. The pSEAP2-Control vector was purified using 

the EndoFree Plasmid Maxi kit (Qiagen).  

 

Cell Culture and Transfection 

HepG2 cells (American Type Culture Collection (ATCC): HB-8065) were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 

10% (v/v) fetal bovine serum (Gibco) and 1% (v/v) antimycotic/antibiotic (Gibco) 

at 37°C in 5% C02.  

For transfection, cells were seeded into 6-well tissue culture plates 

(Corning) at a density of ~5.0 x 105 cells/well and allowed to adhere overnight. 

On the following day, when the cells were approximately 60-70% confluent, the 

culture medium was replaced with fresh medium, 0.5μg of replicon construct or 

negative control construct, 0.1μg pSEAP2-Control (Clontech) and 5μl of the 

polyamine transfection reagent, Genejammer (Stratagene, La Jolla, CA) 

according to the instructions provided by the supplier. Briefly, 5μl of Genejammer 

was added to 100μl of serum free media (OPTI-MEM, Gibco), mixed with a 
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pipette tip and incubated at room temperature for 10 minutes. Following this 

incubation, 0.5μg of replicon construct or negative control construct and 0.1μg of 

pSEAP2-Control was added to the mixture and incubated at room temperature 

for 20 minutes. Media was removed from cells and 1ml of fresh media was 

added. Following the second incubation, the transfection mixture was added to 

cells in a dropwise fashion. Plates were incubated at 37°C, 5% C02 for 3 hours 

and then 2ml of media was added to plates (Time 0 hour). Transfection 

proceeded for 5 days with media changes on days 1 and 2 to remove input DNA 

from supernatant. 

 

Supernatant and Cell Lysate Collection 

On day 5 (120 hours) post-transfection, supernatant was removed from 

each well, clarified by centrifugation at 5000 RPM for 10 minutes at 4°C and 

stored at -20°C until further use. On ice, cells were washed with ice-cold, sterile 

phosphate buffered saline (PBS) and 100μl of 1 x NEBuffer #4 (New England 

Biolabs) was added to each well. Cells were scraped into a 1.5ml microfuge tube 

and freeze/thawed 3 times to physically lyse cells. Cell lysates were centrifuged 

to pellet cell debris. 

 

Enzymatic Removal of Input DNA 

To detect newly replicated DNA as opposed to the DNA used initially for 

transfection, cell lysates were treated with an enzyme to degrade the input DNA 

prior to viral DNA extraction. As HBV replication occurs within assembled 
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capsids, newly replicated viral DNA is protected within these capsid particles and 

it is not subject to degradation by the enzyme. To optimize removal of input DNA, 

four different enzymes; DNase I (New England Biolabs), Nuclease S7 (Roche), 

Dpn I (New England Biolabs) and Nla IV (New England Biolabs) were used at 

varying concentrations and incubation times to reduce input DNA. Optimization 

involved digesting approximately 500μg of intact P2_HBV/A/G_pET29b maxi 

prep in a 25μl final volume digestion reaction. Each digestion reaction was 

carried out as per the manufacturer’s protocol for the specific enzyme. Following 

digestion, each reaction was brought up to 200μl with PBS and DNA was 

extracted using the PureLink™ Viral RNA/DNA mini kit (Invitrogen) as per 

manufacturer’s protocol.  An aliquot of untreated starting material was used as a 

control to measure the reduction through the HBV_Sybr51/52 (Table 2) TaqMan 

real time PCR assay. Nla IV digestion performed the best of all methods tried to 

reduce input DNA as the enzyme digests throughout the HBV genome including 

the sequence region probed during real time PCR detection and thus was used 

for all subsequent experiments. 

 

HBV Viral DNA Extraction of Transfected Cell Cultures 

10μl of clarified culture supernatant was brought up to 200μl with PBS and 

DNA was extracted using the QIAamp DNA Blood Mini Kit (Qiagen, Hilden, 

Germany). 9μl of cell lysate was digested for 6 hours at 37°C with 2U of Nla IV 

(New England Biolabs) in a total reaction volume of 15μl. The reaction was 

stopped by incubating at 65°C for 20 minutes and then brought up to 200μl with 
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PBS. Cell lysate DNA was extracted using the PureLink™ Viral RNA/DNA mini 

kit (Invitrogen). DNA was stored at -20°C. 

Detection of HBV Viral DNA in Transfected Cell Cultures 

A Real Time PCR assay was developed to detect replicative intermediates 

in cell lysate and secreted viral particle DNA in the culture media. The primers 

and reaction conditions used for amplification were chosen from the HBV gap 

region based on Zoulim et al with modification (150) See Table 2 for primer 

sequences of HBV_Sybr51 forward primer, HBV_Sybr52 reverse primer, and 

HBV_Sybr51_52 MGB probe. 

Amplification was performed in a 25μl reaction mixture containing 12.5μl 

TaqMan Universal Master Mix (Applied Biosystems), 1.13μl of 20μM sense and 

antisense primers (final 0.9μM), 0.63μl of 10μM MGB TaqMan probe (final 

0.25μM), 4.61μl sterile DNAse-free water. The total 20μl of the Taqman mixture 

was mixed with 5μl template DNA in a well of the MicroAmp 96-well Fast plate. 

Amplification and detection were carried out using the ABI PRISM 7500 and the 

accompanying 7500 Fast System SDS Software (Applied Biosystem). 

Quantitative PCR thermocycling conditions were an initial incubation at 

50°C for 5 minutes and 95°C for 10 minutes, followed by 45 cycles at 95°C for 15 

seconds for denaturation and 60°C for 1 minute for annealing and extension. 

OptiQuant® HBV DNA quantitative standards (2 x 103IU/ml to 2 x 107IU/ml, 

Acrometrix, Benicia, CA) were included in each real time PCR run to permit 

relative DNA quantification of test samples. Each sample was analysed in 

duplicate.  
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SEAP Assay 

The Great EscAPe™ SEAP Chemiluminescence Kit 2.0 (Clontech, 

Mountain View, CA) was used to monitor the expression of SEAP from the 

pSEAP2-Control vector that was co-transfected with the HBV replicon constructs 

as per the manufacturer’s protocol. The assay was carried out in flat-bottom 

Microlite 1 Luminescence Microtiter 96-well plates (VWR, Cat No. 62403-124). 

Each sample was run in triplicate. Culture medium for HepG2 cells was used as 

a negative control and the placental alkaline phosphatase provided with the kit 

was used as the positive control. The GENios Pro microplate reader (Tecan, 

Switzerland) was used to detect and record the SEAP signal which was then 

used to normalize the results of the real time PCR from both culture supernatant 

and cell lysate samples. 

 

HBsAg Detection 

A commercial enzyme linked immunosorbent assay (ELISA) kit 

(MONOLISA HBsAg; BioRad, Mississauga, ON) was used to detect HBsAg in 

culture supernatant samples according to the manufacturer’s protocol. The assay 

was made quantifiable using an HBsAg standard (2nd International Standard for 

HBsAg; National Institute for Biological Standards and Control (NIBSC), United 

Kingdom). The stock concentration of the standard was 33 International Units 

(IU)/ml once reconstituted and was diluted 1:2. The following dilutions were used 

to construct a standard curve: 4.13, 2.06, 1.03, 0.5 and 0.25 IU/ml. Standard 
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samples were assayed in duplicate while all other samples were assayed in 

triplicate. 

 

HBeAg Detection 

A commercial ELISA kit (HBeAg/Ab EIA; International Immunodiagnostics, 

Foster City, CA) was also used to detect HBeAg in culture supernatant samples 

as per the manufactuer’s protocol. This assay was also made quantifiable using 

the supplied antigen calibrator which is at a stock concentration of 1 PEI U/ml. 

This was diluted 1:2 as well and the following dilutions were used to construct the 

standard curve: 1, 0.5, 0.25, 0.13, 0.06 and 0.03 PEI U/ml. Standard samples 

were assayed in duplicate while all other samples were assayed in triplicate. 

 

HBcAg Detection 

An in-house Western blot was developed to detect HBcAg in cell lysate 

samples. The NuPAGE® Electorphoresis System (Invitrogen, Carslbad, CA) was 

used to run SDS-PAGE gels as per the manufacturer’s protocol. Briefly, a 6.5μl 

aliquot of cell lysate was mixed with 1μl of 10X NuPAGE® Reducing Agent 

(Invitrogen) and 2.5μl of 4X NuPAGE® LDS Loading Buffer (Invitrogen). The 10μl 

reaction was denatured by incubating at 70°C for 10 min. The entire sample was 

loaded onto a precast 4%-12% acrylamide NuPAGE® Novex Bis-Tris gel 

(Invitrogen). The MagicMark™ Western Standard ladder (Invitrogen) was run 

alongside samples and an aliquot of cell lysate from the HepG2.2.15 cell line was 

used as a positive control. The HepG2.2.15 cell line is a human hepatoma cell 
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line derived from HepG2 cells that were transfected with a complex four-copy 

HBV construct (112). This cell line stably expresses HBV due to an integrated 

version of the HBV genome and is commonly used in antiviral research. The gel 

was run for 35 minutes at 200V using the XCell Sure Lock™ mini-cell (Invitrogen) 

with NuPAGE® MES SDS Running buffer (Invitrogen) in both outer and inner 

chambers. For reducing conditions, 500μl of NuPAGE® antioxidant (Invitrogen) 

was added to the inner chamber. Transfer of protein from the gel to a 

nitrocellulose membrane was done using the iBlot® Dry Blotting System 

(Invitrogen). The blots were blocked in Tris Buffered Saline (TBS) buffer with 

0.5% skim milk and 0.1% Tween-20. The blot was incubated with primary anti-

HBc antibody (rabbit polyclonal, Dako Canada Inc., Mississauga, ON) in the 

same buffer used for blocking overnight at 4°C at a 1:250 dilution. Following the 

overnight incubation, blots were washed in TBS, 0.1% Tween-20 three times for 

10 minutes each. The blot was then incubated with a horseradish peroxidise 

(HRP) conjugated secondary anti-Rabbit antibody (Millipore, Temecula, CA) in 

blocking buffer at a 1:10,000 dilution for at least one hour at room temperature. 

The blots were washed again, three times for 10 minutes each and visualization 

of bands was carried out using the Immobilon Western Chemiluminescent HRP 

Substrate (Millipore, Temecula, CA). The blots were exposed to a sheet of 

Amersham Hyperfilm ECL (GE Healthcare) for approximately 1 minute and 

developed using the SRX-201A film processor (Konica Minolta, Mississauga, 

ON).   
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Replicative Intermediate Isolation from Core Particles 

The replicative intermediates found within the Core particles of HBV are 

isolated from the cell lysates of transfected cell cultures. They represent each 

stage of replication from pgRNA to ssDNA to dsDNA that occurs within the core 

particle prior to its release into the cell supernatant as a mature virion. Detection 

of these replicative intermediates in a replicon system not only demonstrate that 

the system is capable of replicating HBV from a linear transfected genome, but it 

can also be used to quantitate the level of intracellular viral replication that is 

occurring. 

 Two T-150 tissue culture flasks (Corning) of HepG2 cells were seeded 

with enough cells to achieve 60%-80% confluency to be transfected with the 

following constructs; P1-HBV/A_pET29b_NarI, P1-HBV/G_pET29b_NarI, and 

P1-HBV/A/G_pET29b_NarI (ie: six T-150 flasks were seeded). Each flask was 

transfected as before only with 7.5μg of construct DNA and 35μl of Genejammer. 

Transfections proceeded for 5 days and supernatant removed and clarified by 

centrifugation at 5000 RPM for 10 minutes. Supernatant was stored at 4°C to be 

used to purify HBV viral particles for detection by electron microscopy. Cells in 

each flask were washed with sterile PBS and lysed within each T-150 flask: 

3.6ml of lysis buffer (10 mM Tris-HCl (pH 8.0),1 mM EDTA,1% NP-40,2% 

sucrose) was added and the flask was incubated for 10 minutes at 37ºC. Lysed 

cells were collected into a microcentrifuge tube and clarified by centrifugation at 

14,000 rpm for 2 minutes. The 3.6ml of collected supernatant was transferred to 

a 15ml conical centrifuge tube and 36µl 1M MgCl2 (for a final concentration of 10 
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mM), 72µl Turbo DNase (Ambion; 2U/µl to have 40U/ml lysate), and 7.2µl RNase 

If (NEB; 50U/µl to have 100 U/ml lysate) was added. Tubes were incubated at 

37ºC for 2 hours. Core particles were precipitated by first terminating the 

DNase/RNase reaction by adding 75µl 0.5M EDTA (final concentration 

approximately 10 mM EDTA). 1.3ml of 35% PEG-8000 containing 1.5M NaCl 

was added, mixed well and incubated on ice for 1 hour. The viral nucleocapsids 

were pelleted by centrifugation at 10,000 x g for 5 minutes at 4ºC. The 

supernatant was removed and 150µl distilled water, 150µl HBV extraction lysis 

buffer(50 mM Tris-HCl (pH 7.5),10 mM EDTA,1% SDS), and 15µl proteinase K 

(20 mg/ml) was added. The lysis reaction was incubated at 65ºC overnight. The 

following day, the lysate was subjected to a phenol-chloroform extraction and the 

replicative intermediates were precipated with ethanol and resuspended in 50µl 

10 mM Tris-HCl (pH 8.5) buffer.  

 A 48 hour transfection using 3.75μg DNA and 15μl of Genejammer was 

also carried out for the same constructs using one T-75 flask each. Core particles 

were isolated as for 5 day transfections and reactions were scaled appropriately. 

 

Southern Blotting for the Detection of Replicative Intermediates 

 The total amount of DNA isolated for core particles above was determined 

by the Nanodrop, and the same amount of DNA for each construct from the 48 

hour and 5 day time point transfections was loaded into the well of a 0.8% 

agarose gel (TAE). The gel was electrophoresed and transferred to a positively 

charged nylon membrane (Roche) using the alkaline transfer method. The gel 
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was depurinated by treating twice with 5-10 volumes of 0.25 M HCl and agitating 

gently at room temperature for 15 minutes. The gel was rinsed with dH2O and 

then treated twice with 5-10 volumes of 0.4 M NaOH and gentle agitation at room 

temperature for 15 minutes. Transfer was set up by wetting a wick made of 2 

pieces of filter paper with transfer solution (0.4 M NaOH). The wick was placed 

over a support platform and the gel was placed face down on the wet wick. The 

bottom right corner of the membrane was cut off for orientation, wet with transfer 

solution and placed on gel. Air bubbles were gently removed and 4 pieces of pre-

wet filter paper was placed on top and air bubbles removed again. A tall stack of 

dry cut paper towels was placed on top and weighted down. Plastic wrap was 

placed around gel to prevent evaporation. See figure 10 to see transfer set up. 
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Figure 10. Transfer set-up for Southern blot. Alkaline transfer to positively 

charged membrane. Modified from 

http://plaza.ufl.edu/johnaris/Protocols/Blotting/BlotSouthernNylonArisLabWeb.pdf 

(Accessed January 16, 2010). 
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Following transfer, the set-up was disassembled and the membrane 

washed twice in 2 x SSC. DNA was crosslinked to the membrane by exposing 

the membrane to a UV light (302nm) for 1 minute.  

The membrane was sealed in a hybridization bag (Roche) with 10ml of 

prewarmed DIG Easy Hyb (Roche) for 15-30 minutes at 42°C for 

prehybridization. During prehybridization, the DIG-labelled probe was denatured 

by boiling for 5 minutes and rapidly cooling on ice. The DIG-labelled probe was 

made using the PCR DIG Probe Synthesis Kit (Roche). Briefly, a 50μl reaction 

consisting of 5.0μl 10x PCR Buffer, 5.0μl dNTP stock for unlabeled control or 

5.0μl PCR DIG Probe Synthesis Mix (70μM DIG) to make labelled probe, 2.5μl 

each of 20μM sense and antisense primers (PhenoP1 and PhenoP2), 0.75μl 

enzyme mix and 2.0μl template DNA (full length P1-HBV/A P1P2 amplicon 

released from pDrive through Hind III/Kpn I digeston). The reaction was brought 

up to 50μl with sterile dH20. The PCR thermocycling conditions consisted of an 

initial denaturation at 95°C for 2 minutes; subsequent steps were 95°C for 30 

seconds, annealing at 60°C for 30 seconds and extension at 72°C for 40 

seconds for 30 cycles with 20 seconds/cycle added to the extension step for the 

last 20 cycles. A final extension at 72°C for 7 minutes plus a hold at 4°C 

completed the amplification.  The DIG-labelled PCR product and the unlabelled 

PCR product were run on a gel. Even though both products are the same length, 

the DIG-labelled product will run slower in comparison to the unlabelled product, 

indicating that it was appropriately labelled. 
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The prehybridization solution was removed from the bag and the 

denatured probe/DIG Easy Hyb mixture (2μl denatured probe to 1ml prewarmed 

DIG Easy Hyb) was added and incubated overnight at 42°C. Following the 

overnight incubation, the hybridization solution was removed and the membrane 

was subject to two 15 minute low stringency washes of 2X SSC containing 0.1% 

SDS at room temperature. The membrane was then subject to two 5 minute high 

stringency washes of 0.5X SSC, 0.1% SDS at 65°C. 

The DIG Wash and Block Block Buffer Set (Roche) and the DIG Nucleic 

Acid Kit (Roche) were used for the detection of the DIG-labelled probes as per 

the manufacturer’s protocol. The membrane was exposed to a sheet of 

Amersham Hyperfilm ECL (GE Healthcare) for approximately at least one hour 

and developed using the SRX-201A film processor (Konica Minolta, Mississauga, 

ON).   

    

Statistical Analysis 

Statistical significance of the results for each experiment was determined 

using the Students’ t-test. 
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RESULTS 

Full Length HBV Genome Amplification 

A total of 13 clones were sequenced to determine the consensus 

sequence of Patient 1. The serum sample was taken from the patient 6 months 

post therapy and at that time, the HBV population was predominantly genotype A 

(84.6%HBV/A, 7.7%HBV/G, 7.7%HBV/A/G). During the course of sequencing 

clones, HBV/A, HBV/G and HBV/A/G recombinant clones were isolated from 

Patient 1. Thus for patient 1, three clones were chosen for further analysis 

comprising HBV genome of genotype A, G and recombinant A/G with the HBV/A 

clone being representative of the consensus sequence. For patient 2, 

approximately 20 clones were also sequenced to determine the consensus 

sequence. Patient 2 was predominantly HBV/A/G at the time serum was taken 

and this was reflected in the clones sequenced as they were all recombinant 

HBV/A/G. Thus, a single clone comprising a recombinant A/G genotype that was 

representative of the consensus sequence was selected for further analysis. 

Sequence analysis of each full length genome found several drug 

resistance mutations within the reverse transcriptase region of the polymerase 

gene as well as associated compensatory or secondary mutations in both the 

reverse transcriptase and PC and BCP region. Table 2 lists the polymerase 

mutations associated with each genome as well as the common PC mutation 

G1896A and the BCP mutations. 
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Table 2. Mutations associated with replication defects/enhancements. 

Mutations associated with nucleos(t)ide analogue resistance, precore mutations 

(G1896A) and basal core promoter mutations (A1762T/G1764A) as determined 

by sequence data for each patient sample construct. The G1896A mutation 

introduces a stop codon in the Pre Core region which abolishes HBeAg 

expression. In some cases, there is TAA at codon 2 of the Pre Core (a result of 

being HBV/G) which also introduces a stop codon. Some strains have one or the 

other or both. WT,wild type; MUT,mutant; LMV,lamivudine; ETV,entecavir; 

ADV,adefovir; TDF,tenofovir. 

P1 P2 Nucleos(t)ide 
Analogue 

Associated 
Resistance 

Reverse 
Transcriptase 
Mutation Site 

HBV/G HBV/A/G HBV/A HBV/A/G

LMV rtL80V/I MUT 
(L80I) 

WT WT WT 

ETV rtI169T WT WT WT WT 
LMV rtV173L WT WT WT WT 

LMV, ETV rtL180M WT MUT MUT MUT 
LMV, ADV rtA181V/T WT WT WT WT 

ETV rtT184S/A/I/L/F/
G 

WT WT WT WT 

TDF rtA194T WT WT WT WT 
ETV rtS202G/I/C WT WT WT WT 

LMV, ETV rtM204V/I/S MUT 
(M204I) 

MUT 
(M204V) 

MUT 
(M204V) 

MUT 
(M204I) 

ADV rtI233V WT WT WT WT 
ADV rtN236T WT WT WT WT 
ETV rtM250V/I/L WT WT WT WT 

      
 G1896A  

(TAA 2nd codon 
of HBeAg) 

MUT 
(MUT) 

WT (MUT) WT MUT (WT)

 A1762T/G1764A MUT MUT WT MUT 
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Breakpoint Analysis of Recombinant Strains 

The two HBV/A/G recombinant strains isolated were analyzed for 

breakpoints using Group Scanning analysis software (Simmonic2005 v1.6) to 

identify intergenotypic recombination (116). Patient 1 has four breakpoints at 

approximately nucleotide positions 286, 361, 1134 and 1921 (HBV genomic 

numbering based on theoretical Eco RI site as nucleotide 1 (62)). The first two 

breakpoints are within the HBsAg/Polymerase region, the third is only within the 

Polymerase and the fourth is right at the end of the PreCore region. As can be 

seen in Figure 11A The X gene is entirely genotype G while the Core is entirely 

genotype A. Most of the polymerase, PreS and HBsAg are of genotype A except 

for the 75 nucleotides between the first two breakpoints that are putatively of 

genotype G. 

Patient 2 has three breakpoints at approximately nucleotide positions 286, 

646 and 781 (also based on theoretical Eco R1 site). These three breakpoints 

are also within the HBsAg/Polymerase region. The majority of Patient 2 genome 

is of genotype G, with only a small portion of PreS and HBsAg being of genotype 

A (Figure 11B). 
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Figure 11.  Grouping Scan analysis of Patient 1 and Patient 2 HBV/A/G full 

genomes. The full genome sequences were scanned against GenBank 

reference sequences of human HBV genotypes A to H and chimpanzee- and 

gibbon-derived strains (n= 288 sequences). Association values >0.5 indicate 

phylogenetic clustering with the specified genotype reference group, while 

association values < 0.5 indicate an outgroup position having no phylogenetic 

association with the genotype reference groups. Mosaic breakpoints within the 

sequence are labeled at the nt position at which they occur. Approximate location 

of each coding region within the HBV genome is shown above each graph to 

demonstrate the location of the breakpoint. A) Recombination analysis of P1-

HBV/A/G full genome: P1 has 4 breakpoints; within the HBsAg/Pol, the Pol non-

overlapping region and the PreCore region. B) Recombination analysis of P2-

HBV/A/G genome: P2 has 3 breakpoints; all within the HBsAg/Pol coding region 

  

 

 

 

 

 

 

 

 

 

 66



Enzymatic Removal of Input DNA 

Four different enzymes were tested to remove the initial input DNA used 

for transfection prior to viral DNA extraction. The purpose being that DNA 

detected by real time PCR would then only be newly replicated DNA. The 

enzymes used were; DNase I (New England Biolabs), Nuclease S7 (Roche), Dpn 

I (New England Biolabs) and Nla IV (New England Biolabs). Different lengths of 

time and unit amounts for each enzyme were assessed. Overall, 2 units of Nla IV 

at 37°C for 6-8 hours provided the best reduction in input. Overnight incubations 

did not increase reduction, and in fact was not as efficient as the 6-8 hour 

incubation (not shown). See figure 12 for Nla IV data, data for other enzymes not 

shown. 
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Figure 12. Reduction of input DNA by Nla IV digestion. 500μg of HBV DNA 

was digested with either 1unit or 2 units of the Nla IV restriction enzyme (New 

England Biolabs) for 2, 4, 6 and 8 hours. An incubation of 6-8 hours using 2 units 

of Nla IV reduced the input DNA by over 3-fold.  
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Relative Quantification of HBV Replicative Intermediates and Secreted 

Particle DNA 

HepG2 cells were transfected with a linearized full length genome of HBV 

containing NarI restriction sites at both ends. Upon transfection, the linear 

product was presumably recircularized by host repair mechanisms. Five days 

after transfection, supernatant was collected and cells were harvested. The cells 

were physically lysed through several freeze/thaw cycles and an aliquot of cell 

lysate was treated with Nla IV (NEB) to remove the starting DNA material and 

viral DNA was extracted from capsids. The viral DNA was amplified and 

quantified through real time PCR. The values represent all viral DNA, both 

ssDNA and dsDNA, hence the replicative intermediates. The values for each 

sample were normalized to the SEAP values determined from the SEAP assay 

and the normalized negative control sample was set at 1.0 with all other values 

relative to the negative control. Patient 1 (P1) HBV/G was found to have a 

significantly higher level of replicative intermediates within the cell while P1 

HBV/A and both P1 and P2 HBV/A/G recombinants were significantly lower 

(p<0.01). No significant difference was found between P1 HBV/A, P1 HBV/A/G 

and P2 HBV/A/G. Figure 13 shows the relative value for each sample compared 

to negative control 2.  

An aliquot of 15μl of supernatant was used to extract secreted particle 

DNA (ie: RC-DNA). The viral DNA was amplified and quantified using a real time 

PCR assay. HBV/G has significantly more viral particles being secreted than 

Genotype A (p<0.01), both HBV/A/G recombinant strains also secrete a 
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significant amount of viral particles over HBV/A (Patient 1; p<0.01 and Patient 2: 

p<0.05). There was no significant difference in viral secretion between the 

recombinant strains or with HBV/G and either recombinant strain. Figure 14 

shows the relative values of secreted particle DNA. 

 

 

 

 

 

 

 

 

 

 70



Intracellular HBV DNA Levels

0

1

2

3

4

5

6

P1 HBV/A P1 HBV/G P1 HBV/A/G P2 HBV/A/GR
el

at
iv

e 
V

al
ue

 (t
o 

NE
G

 C
on

tr
ol

 2
)

*

Intracellular HBV DNA Levels

0

1

2

3

4

5

6

P1 HBV/A P1 HBV/G P1 HBV/A/G P2 HBV/A/GR
el

at
iv

e 
V

al
ue

 (t
o 

NE
G

 C
on

tr
ol

 2
)

*

 

Figure 13. Intracellular HBV DNA Levels. HBV DNA levels were determined by 

comparison to a dilution curve of extracted HBV DNA (2x103 IU/ml to 2x107 

IU/ml; Acrometrix CA) during real-time PCR analysis. Viral loads were 

normalized to expressed SEAP levels and the negative control (NEG control 2) 

viral load level was set as 1. All other HBV DNA levels were determined relative 

to this value. Each genotype was transfected in triplicate for 3 different 

experiments (n=9) and the results shown represent the mean for all experiments. 

There is no significant difference between patient 2 (P2) HBV/A/G, patient (P1) 

HBV/A and P1 HBV/A/G. P1 HBV/G has a significantly higher amount of relative 

replication over the other 3 strains. The asterisk (*) represents a difference of 

p<0.01. 
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Figure 14. Secreted Virus Particle DNA. Each genotype was transfected in 

triplicate for 3 different experiments (n=9) and the results shown represent the 

mean of all 3 experiments. There is no significant difference between Patient 1 

(P1) HBV/A/G and Patient 2 (P2) HBV/A/G. As well there is no significant 

difference between P1 HBV/G and P1 HBV/A/G or P2 HBV/A/G. The asterisk (*) 

represents a difference of p<0.01 and the double asterisk (**) represents a 

difference of p<0.05. 
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HBeAg Expression    

HBeAg levels in the culture supernatants were measured using a 

commercial ELISA kit. The standard curve was made using the Antigen 

Calibrator provided with the kit at a stock concentration of 1 PEI U/ml. Only the 

HBV/A strain from Patient 1 secreted significant amounts of HBeAg. Of note, 

there was slight detection in both recombinant and HBV/G strains. However, 

these values are not statistically significant and are not even considered positive 

values according to the manufacturer’s protocol. Figure 15 shows HBeAg 

expression levels in PEI U/ml. 

 

HBsAg Expression 

HBsAg levels in the culture supernatants were measured using a 

commercial ELISA kit for the detection of HBsAg (MonoLisa HBsAg, BioRad). 

The NIBSC HBsAg standard was used to develop a standard curve and make 

the assay quantifiable. Four different transfection experiments were carried out, 

the first three showed a significant amount of HBsAg detection in the NEG 

Control 2 samples. For the fourth experiment, NEG Control 2 was digested prior 

to transfection with Spe I (NEB) which cuts within the HBsAg ORF. This 

eliminated any HBsAg expression, which apparently was occurring through its 

own promoters despite the fact the genome was incapable of replication.  P1-

HBV/A and P2-HBV/A/G expressed significantly more HBsAg than P1-HBV/G 

and P1-HBV/A/G. P1-HBV/G was significantly higher than P1-HBV/A/G as well 
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and there appears to be no significant difference between P1-HBV/A and P2-

HBV/A/G. Figure 16 shows the amounts of HBsAg expressed in IU/ml. 
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HBeAg Expression in Culture Supernatant
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Figure 15. HBeAg expression detection. Each sample was tested in triplicate 

and 3 experiments were carried out (n=9).  HBV/A was the only sample positive 

for HBeAg. Results shown are representative of 3 different experiments. While 

P1 HBV/G and P2 HBV/A/G displayed some detection of HBeAg, the values still 

fall well below the cut-off (red line) as determined by manufacturer’s 

recommended calculations. 
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Figure 16. HBsAg expression detection. Each sample was assayed in 

triplicate and results shown are representative of 3 different experiments. HBsAg 

expression was significantly greater in P1-HBV/A compared to P1-HBV/G and 

P1-HBV/A/G, while P1-HBV/G was higher than P1-HBV/A/G.  All values above 

zero are considered positive. The asterisk (*) represents a difference of p<0.01 

and the double asterisk (**) represents a difference of p<0.05. 
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HBcAg Expression 

 HBcAg was detected in cell lysate material through a Western Blot using a 

polyclonal anti-HBc antibody. HBcAg was detected in all samples except P1 

HBV/A/G. The core protein of HBV/G is 10 amino acids larger than that of 

HBV/A; ~195 aa to ~185 aa. Due to this difference the HBV/G core migrates at 

approximately 21.5 kDa while the HBV/A core migrates at approximately 20.4 

kDa. The core protein from P2 HBV/A/G is of HBV/G and therefore larger than 

the core of P1 HBV/A/G which is genotype A. The anti-HBc antibody used in this 

experiment does not appear to recognize the core of HBV/A well and this could 

explain why the core from P1 HBV/A/G was not detected. Due to epitope 

variability, this is a common observation with clinical samples (65). Several other 

anti-HBc antibodies were tested (approximately 4), but the anti-HBc antibody 

manufactured by Dako (N1556) performed best. The Western Blot was analyzed 

using ImageJ 1.42q software (National Institutes of Health, USA) to determine 

the relative band intensities. There are relatively higher levels of intracellular 

HBcAg observed with P1-HBV/G compared to P1-HBV/A (12.5-fold lower) and 

P2-HBV/A/G (3.7-fold lower) while P2-HBV/A/G has higher levels (3.4-fold 

higher) of HBcAg than P1-HBV/A. Figure 15 shows a representative Western 

Blot for HBcAg detection. 
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Figure 17. Representative HBcAg Western Blot. Lanes for each sample 

represent individually transfected wells of HepG2 cells. Band intensity was 

measured using ImageJ 1.42q software (National Institutes of Health, USA, 

http://rsb.info.nih.gov/ij). Core bands were normalized to the non-specific band 

directly below the core protein band (lowest band on blot). 
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Detection of Replicative Intermediates from Core Particles 

 Core particles were isolated from cell lysates of HepG2 cells transfected 

with all constructs from Patient 1 through a PEG-8000 precipitation and 

centrifugation. Viral DNA was extracted from core particles using a phenol-

chloroform extraction and ethanol precipitation. Extracted DNA from each sample 

transfected was quantified and equivalent amounts (25μg) were run on each lane 

of an agarose gel and transferred to a positively charged nylon membrane. 

Following transfer, HBV DNA was probed with a DIG-labelled probe synthesized 

through a P1P2 PCR amplification of full length P1-HBV/A DNA. Detection of 

replicative intermediates was made in both 48 hour and 5 day transfections. A 

band slightly less than 3.2kb is present in all sample lanes except for the 

Negative Control 2 sample lanes and is representative of the partially dsDNA 

(PDS). Below that is a “smear” of replicative intermediate that is representative of 

the ssDNA. This “smear” has been similarly observed in previous studies (65). As 

can be seen in figure 18, there appears to be a higher level of detection in the 48 

hour samples compared to the 5 day samples and P1-HBV/A appears to have 

the least amount of replicative intermediates for both time points. These 

observations suggest that replicative intermediates are likely increasing early in 

the replication cycle relative to the secreted particle DNA. Levels of replicative 

intermediates will then either plateau or decrease towards the fifth day as the 

transfected material completes the replication cycle and secreted particles are 

concentrated outside the cell. 
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Figure 18. Southern Blot of HBV Replicative Intermediates. DNA was 

extracted from purified core particles for P1-HBV/G, P1-HBV/A and P1-HBV/A/G 

from both 48 hour and 5 day transfection experiments. Equivalent amounts of 

DNA were run on a 0.8% agarose gel, transferred to a nylon membrane and 

subjected to a Southern Blot using a DIG-labelled probe. Samples and time 

points are indicated above the appropriate lane while the partially dsDNA (PDS) 

band and ssDNA “smear” are indicated to the left. 
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Discussion 

 To understand the replication competency and particle formation ability of 

these clinical strains, phenotypic analysis is required. For this study I have 

developed a phenotypic assay based on aspects of the vector-free approach. 

Through this assay I was able to study the replication competency and particle 

formation of the unique HBV/G genotype as well as recombinant HBV/A/G 

strains by transiently transfecting HepG2 cells. 

There have been several in vitro phenotypic assays developed to date. 

Most have used a vector-mediated approach, and until recently, depended on 

PCR-mediated transfer of HBV genome cassettes or site-directed mutagenesis 

within plasmids carrying 1.1 to 2.0 genome units of an already established, 

replication-competent laboratory strain (149). Unfortunately, the use of cassette 

exchange or site-directed mutagenesis does not take into account the variability 

of the entire HBV genome and can also result in unnatural chimeric genomes, 

especially when the genotype of the strain to be studied differs from that of the 

backbone strain (149). In 2004, Durantel et al reported on a new method they 

had developed that would allow for the cloning of the entire HBV genome 

isolated directly from the patient into a plasmid vector (31).  Through the 

assembly of molecular clones a 1.1x HBV genome unit is inserted into a plasmid 

vector, putting the HBV DNA insert under control of a heterologous mammalian 

promoter. This type of phenotypic analysis allows for high DNA replication and 

protein expression of the virus and also takes into account any mutations that 

occur throughout the entire genome. 
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Prior to the assay developed by Durantel et al, Günther et al. developed 

an assay that would amplify the full HBV genome to be used directly for 

transfection (37). With this approach, there was no need for a cloning step and 

upon transfection; replication was dependent on the endogenous promoters of 

the virus and not driven by an outside promoter. Unlike the method developed by 

Durantel et al, which involves assembling different PCR products, amplifying the 

full HBV genome in one step eliminates the possible introduction of chimeric 

genomes. This can especially become a problem with co-infections as it could 

appear that a recombinant genome was isolated when in fact it was different 

PCR products assembled from different genotypes. 

The method developed by Günther does come with its disadvantages 

though, one being the dependence on the Sap I enzyme to digest the ends of the 

amplicon. The ends need to be complementary to recircularize in cellulo upon 

transfection. The Sap I enzyme lacks effective cleavage capacity which reduces 

the ability to appropriately initiate recircularization resulting in levels of replication 

that are very low (150). 

To overcome these disadvantages, Zoulim et al developed a method 

similar to Günther’s (150). It is the method used and modified in the present 

study. This method also relied on a one step amplification of the full HBV 

genome which, again, does not create chimeric genomes and it also resulted in 

higher levels of replication than Günther. However, the primers used for 

amplification introduce the Nar I restriction site (more efficient than Sap I) which 

in turn also introduces 2 amino acids into the X protein. It has previously been 
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shown that the X protein is not a requirement for in vitro replication of HBV (12). 

It remains unknown whether the 2 amino acid insertion enhances or diminishes 

replication; however, each construct for this project has the exact same 2 amino 

acid insertion present in the X protein and therefore should be affected equally. 

 

Efficacy of Replicon System 

For the purpose of my study I wanted to look at the replication 

competency of individual strains compared to each other, therefore the vector-

free approach was selected as replication would be driven by the strain’s own 

promoter. The primers used for full length genome PCR amplification are 

modified from the primers developed by Zoulim et al (150). However, due to low 

viral loads in the initial patient serum samples, the PCR amplification does not 

result in a high enough yield of DNA to be used directly for transfections. 

Therefore the vector-free approach was modified with a cloning step which would 

increase the amount of DNA to provide sufficient material for repeated 

transfection experiments. Unfortunately, these primers would not amplify the 

HBV genome directly from the patient serum DNA extract due to a lower 

sensitivity. Direct PCR amplification of the entire HBV genome from patient 

serum was done using the primers described by Günther and the amplicon was 

cloned into pDrive (Qiagen). These constructs were used as a template for the 

Zoulim-based primers which introduce a Nar I restriction site (six nt) at the 5’ and 

3’ end of the amplicon.  It has been shown that intracellular DNA synthesis via 

this method can be quite low and was a concern for this project. However, upon 
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preliminary transfection experiments, while the replication levels were low they 

were still detectable through real time PCR. 

 

HBV/G is capable of independent replication without a co-infecting 

genotype in vitro 

 Previous studies have shown HBV/G to be poorly replicative in the 

absence of a co-infecting HBV genotype (65, 123, 127).  However, in the present 

study, HBV/G not only replicated on its own but it demonstrated higher levels of 

replication in comparison to both HBV/A and the two HBV/A/G recombinant 

strains. Higher levels of DNA for HBV/G were observed in both transfected cell 

lysates (replicative intermediates) and cell supernatants (secreted particles). 

Although DNA levels were significantly higher than HBV/A, HBsAg expression 

was significantly higher for HBV/A than HBV/G. It is undetermined whether 

detection of HBsAg expression was due to enveloped particles and/or subviral 

particles composed of just HBsAg. Conversely, HBcAg expression levels within 

transfected cells were significantly higher for HBV/G compared to HBV/A, 

although this may be due to specificity of the detecting anti-HBc antibody used 

for Western blotting. A recent study looking into the role of the 36 nucleotide 

insertion of the core in HBV/G also found that HBV/G clones were genome 

replication and virion secretion competent in Huh7 cells (65). However, they 

found that in experiments using tandem dimer constructs under the control of 

their endogenous promoter, that HBV/G appeared to be less efficient in pgRNA 

and subgenomic RNA transcription than HBV/A. It is important to note that these 
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clones, particularly HBV/A, had differing levels of transcription of pgRNA and 

subgenomic RNA (65). Some strains were found to be “high replicating” while 

others were “low replicating”. It is possible that the differences observed in 

replication for HBV/G and HBV/A of this study may be strain-specific. 

Regardless, this still provides insight into the relationship and viral dynamics of 

co-infecting HBV strains. 

 Similar to in vitro transfection studies, HBV/G is found to replicate poorly in 

vivo using chimeric mice. These mice have received human hepatocyte 

transplants and are susceptible to human HBV infection. They are inoculated 

with a HBV/G virus that was recovered from culture supernatants of Huh7 cells 

that had been transfected with plasmids carrying 1.24x HBV genome lengths 

(123). They found that the chimeric mice contracted infection with HBV/G in very 

low levels. HBV/G DNA was observed in hepatocytes by specific PCR reactions 

but circulating HBV DNA was below the limit of detection at approximately 200 

IU/ml. They also found low levels of replicative intermediates in HBV/G 

transfected cells (123).  

 In the present study, the detection of HBcAg in the cell lysates was much 

stronger for HBV/G than the other strains, indicating a high level of core protein 

expression and thus by extension, nucleocapsid assembly in the cells. Li et al 

also found that HBV/G tandem dimer constructs, under control of the 

endogenous promoter, expressed much more core than HBV/A (65). The 

enhanced core protein levels correlated with the level of core particles formed 

intracellularly, and as a consequence, free core protein or naked capsid particles 
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may be released into the supernatant. The increased levels of core protein were 

determined to be due to more efficient core protein translation rather than 

upregulated mRNA levels. (65). While HBV/G in the present study had the 

strongest HBcAg detection, it was also detected quite well in P2-HBV/A/G (3.7-

fold lower than G) which has a core region of genotype G.  With increased levels 

of core protein expression within the cell, it would be expected that a stronger 

cell-mediated immune response would be launched against those infected cells, 

and in fact, it has been reported that HBV/G is associated with increased liver 

fibrosis (60, 123, 127). 

 The 36-nt/12-aa insertion has previously been found to be responsible for 

the enhanced core protein expression but it also played a role in genome 

maturity and particle secretion (65). HBV/G secreted more naked core particles 

compared to HBV/A and the naked core particles of HBV/G contained a less 

mature genome than its enveloped counterpart, which when eventually 

enveloped and secreted had markedly increased genome maturity. Due to 

envelopment being less efficient, by the time it occurs, the encapsidated genome 

has had time to become fully double stranded. Our findings, that HBV/G is 

capable of independent replication and increased expression of intracellular 

HBcAg, are supported by these studies. However, it is important to note that 

there are some differences; the replication systems used in the previous studies 

were tandem dimers, an expression construct or a mouse model. The different 

systems used may not only result in differences amongst themselves but also in 

comparison to the model used in our study, a native genomic construct. While 
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the previous studies reported low levels of HBV/G replication without a co-

infecting genotype, they also do not take into account the inherent differences 

and/or mutations that may be found within the HBV/G genome and may also 

affect replication.  

 All four strains used for this project contain the LMV resistance mutation 

within the YMDD motif (rtM204V/I). Both P1 HBV/A and P1 HBV/A/G have the 

rtM204V mutation while P1 HBV/G and P2 HBV/A/G have the rtM204I mutation. 

Strains carrying these mutations are capable of replication in the presence of 

LMV but will result in a reduced viral fitness compared to the wild-type in the 

absence of the drug (77). Compensatory mutations also occurring in the reverse 

transcripatse, such as rtL180M, allow the virus to replicate at close to wild type 

levels by restoring viral replication of YMDD mutants (92, 111). As well, 

mutations in the precore and/or core protein have also shown to confer a 

replication advantage (23). The rtL180M mutation is found in all the strains used 

except for P1-HBV/G. Based on these particular mutations, it would be expected 

that P1-HBV/A and P1-HBV/A/G would have a higher replication as they both 

harbour the rtM204V LMV resistance mutations and the rtL180M compensatory 

mutation. However, these mutations only enhance replication in the presence of 

LMV. In the absence of the drug they will have a reduced replication yield (135).  

P1 HBV/G still exhibited a higher replication capacity and it carries the rtM204I 

resistance mutation which should also result in reduced replication yields in the 

absence of LMV. A mutation that is found only in P1 HBV/G is the rtL80I 

mutation. This mutation was first reported in 1999 in several Japanese patients 
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who had experienced viral breakthrough and disease exacerbation while 

undergoing long-term LMV therapy (89). At the time it was implicated in 

treatment failure but its contribution to drug resistance had not been established. 

A report published in 2007 used in vitro assays to characterize the rtL80I 

mutation. They found that the mutation alone resulted in less efficient replication, 

however in the presence of the rtM204I mutation and the absence of LMV, 

replication was enhanced by up to 150% (135). Since HBV/G harbours both the 

rtM204I and rtL80I mutations, it is not surprising that it would also have an 

enhanced replication capacity. Interestingly the same study found that the 

replication yields were “slightly greater in an HBeAg-negative background, with 

the enhancing effects of rtL80I and the PC mutation [G1896A] being independent 

and approximately additive” (135). Therefore, in the absence of LMV, strains 

harbouring the rtM204V/I, rtL80I and the PC G1896A mutations, replication yields 

are enhanced – all factors present in our transfection experiments with the P1-

HBV/G strain. Beyond the mutations found in the reverse transcriptase region of 

the virus, other mutations outside of this region have been reported to confer a 

replication advantage. As previously stated, the PC mutation, G1896A is 

commonly found in chronic infections and generally associated with enhanced 

replication efficiency especially in the presence of the rtM204I mutation (23). A 

second group of mutations that affect the basal core promoter (BCP) alter HBeAg 

expression through transcriptional mechanisms. These mutations, A1762T and 

G1764A, have also been found to enhance replication in LMV-resistant strains to 

above wild type levels even in the absence of LMV (126). The BCP mutations are 
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found in all HBV/G strains whereas they generally do not appear until late into 

the chronic stage of the infection for other genotypes (20, 90). P1-HBV/G 

harbours of all of these mutations; rtM204I, rtL80M, G1896A, A1762T and 

G1764A which could in part explain why this construct had the highest levels of 

DNA in the cells and supernatant.  

 

Possible theories to the likely requirement for a co-infecting genotype for 

HBV/G to establish persistence of infection and chronicity 

 In this system, HBV/G demonstrated higher DNA levels in transfected cell 

lysates (replicative intermediates) and cell supernatants (secreted particles), 

indicating higher levels of replication as compared to its co-infecting genotype. 

HBeAg was not observed to be expressed by HBV/G, but was expressed by its 

co-infecting genotype strain.  

 The lack of HBeAg expression by HBV/G suggests that chronic mono-

infection would be rare as HBeAg is believed to be an immunotolerogen and is 

essential for the establishment of a persistent infection (22, 65, 78). Thus, for 

HBV/G to maintain a chronic infection, a co-infecting genotype is likely required. 

In terms of HBeAg and its immunomodulatory role, it is important to note that 

HBV/G is the predominant genotype of HBV-infected populations where the risk 

factor is sexual transmission through men who have sex with men (MSM) (11, 

95, 131). These populations are generally immunosuppressed and are less likely 

to clear the viral infection allowing for the establishment of persistent infections. 

While the co-infecting genotype is still present in these groups, perhaps the lack 
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of an effective immune system is more conducive for HBV/G infection. A study 

comparing intracellular and extracellular expression of viral DNA and antigens 

between HBV genotypes and subgenotypes reported that HBV/A expressed 

higher levels of extracellular HBsAg but reduced levels of DNA (intracellular and 

extracellular), intracellular core and extracellular HBeAg in comparison to 

genotypes B, C and D (122). The mechanism as to how HBV/A can direct the 

expression of HBsAg at a higher proportion than DNA, core protein and HBeAg is 

unknown. However, it is thought to help HBV/A evade immune pressure, possibly 

through tolerance and/or deletion of HBV-specific CD8 cells. While protection 

against HBV is dependent on both adaptive and innate immune mechanisms, it 

appears that the HBV-specific CD8 cells are a key aspect to viral clearance 

(136). Acute, self-limited HBV infections are associated with a strong 

multispecific CD8 response while chronic HBV infections can result in a collapse 

of this response due to the inability to control the HBV infection (10). The 

envelope-specific CD8 cells are characterized by an altered phenotype and an 

apparent indifference to fluctuating levels of HBV DNA, suggesting a tolerant 

state of the CD8 cells, similar to the tolerizing effect of secreted HBeAg (10, 103). 

With increased HBsAg expression in the form of secreted subviral particles 

during HBV replication and the fact that the sustained presence of viral proteins 

can lead to a decline in the functionality and eventual deletion of CD8 cells (10, 

110, 138, 148), it stands to reason that HBV/A may be better equipped to 

establish chronicity. In fact, HBV/A has been found to result in chronicity more 

often, especially in comparison to HBV/D, which is more frequently acute (96, 
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105). These observations may play a role in helping HBV/G establish a chronic 

infection, but only in geographic regions where HBV/A is prevalent. While most 

HBV/G strains are co-infected with HBV/A, it is not the only co-infecting genotype 

identified. In Mexico, HBV/G has been reported to be co-infected with HBV/H, 

and in Thailand a HBV/C/G recombinant has been identified indicating that 

HBV/G was co-infected at one point with HBV/C (108, 125). These observations 

suggest that the co-infecting genotype represents the prevalent genotype for that 

geographic region and thus HBV/G is likely capable of establishing co-infection 

with all other HBV genotypes. While genotypes other than HBV/A may also 

provide some replicative advantage, it is most likely that the role of the co-

infecting genotype is the contribution of HBeAg for the establishment of 

chronicity; however, it may not be the only role.  

 The relatively lower level of secreted HBsAg yet relatively higher level of 

intracellular HBcAg expression observed in this study with HBV/G fits with the 

observations and theories of Li et al (65), in that perhaps we are seeing a lower 

level of secreted enveloped virions. The increased levels of HBV/G DNA 

observed in the culture supernatant could be a result of more naked capsids 

being released from the cell and that HBV/G is inefficiently enveloped. Further 

evidence to ineffiecient envelopment is supported by observations made by 

Cotelesage et al (unpublished 2009) when determining the structure of the 

HBV/G capsid through cryo-electron microscopy. They found that the 12-aa 

insertion is structurally exposed on the capsid surface and while the insertion 

does not interfere with the passage of nucleic acids through the capside surface 
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pores, it may partially obscure several residues on the core surface. These 

residues are known to play a role in envelopment and secretion of virions by 

interacting with the cytoplasmic domain of HBsAg (100). This may also explain 

why HBV/G is unable to readily transmit. For efficient infection and replication, 

the virions need to first attach to the cell surface of hepatocytes via the surface 

antigens on the virus. In the study of HBV/G replication using chimeric mice, 

HBV/G monoinfections resulted in undetected increases in viral DNA. This 

suggests that perhaps HBV/G virions are either incapable of infecting 

hepatocytes or at least have a decreased ability and therefore require the co-

infecting genotype as a sort of “helper virus” for infection. (123).  

 The chimeric mice studies demonstrated that upon superinfection or co-

infection with either HBV/C, HBV/A or HBV/H, once the viral DNA of these 

genotypes began to develop there was a rapid increase and complete 

replacement with HBV/G DNA. This was also true if mice were first inoculated 

with HBV/A or HBV/C and then superinfected with HBV/G (123, 127). As well,  

Sugiyama et al also found that when Huh7 cells were co-transfected with a 

plasmid carrying a 1.24-fold genome length of a HBV/G clone and plasmid 

carrying just the core gene of HBV/A, replication of HBV/G was enhanced in 

dose-dependent manner (123).  

 Sugiyama et al believes that trans-complementation with the core protein 

of the co-infecting genotype is possibly required for HBV/G to replicate actively 

(123), although Li et al found no enhancement of HBV/G DNA levels in the 

presence of HBV/A core (65). Perhaps the HBV/G pgRNA utilizes 

 92



transcapsidation of the co-infecting core protein, effectively “hijacking” the capsid 

particles of its co-infecting genotype, thus allowing proper envelopment and 

transmission. While transcapsidation has never been documented for HBV it has 

been reported for other viruses including Adenovirus, Rotavirus and Barley 

Yellow Dwarf Virus (21, 101, 137). If HBV/G is unable to be efficiently secreted 

using its own expressed core, it stands to reason that it could use the co-infecting 

genotype’s capsid to do so through transcapsidation. This theory needs to be 

further investigated. 

 Currently the co-infecting genotype is thought to provide a source of 

HBeAg, but perhaps also a core protein that assembles into capsids that are 

efficiently secreted. The relationship between the co-infecting genotypes may be 

patient and/or strain-specific, however, this study captured the relationship 

between strains within a single patient. The co-infecting genotype also provides a 

genome in which HBV/G could recombine with.  

 

Recombination between HBV/G and its co-infecting genotype affects its 

replication and protein expression 

 It has been observed that two co-infecting genotypes will recombine within 

a patient to form part of the quasispecies, although it may not become the 

dominant form (P1), in some patients the recombinant will become the dominant 

form (P2).  

 The HBV/A/G recombinant strains investigated in this study were found to 

be capable of replication, protein expression and particle formation. This is not 
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surprising as several HBV recombinant strains are known to stably transmit and 

cause widespread infection, however, this is the first demonstration of in vitro 

replication, protein expression and particle formation competence of any HBV 

recombinant. The recombinant strains showed replication and expression levels 

less than that observed with a (or the) parental genotype G strain, but similar or 

higher than a (or the) parental genotype A strain. This observation may be due to 

recombinant strain specific effects, although it is tempting to suggest that 

modulation of levels is due to the mosaic contribution of each parental strain. As 

previously discussed, HBV/A appears to have a lower replication yield of viral 

DNA, HBeAg and HBcAg but a disproportionately higher amount of extracellular 

HBsAg (122). It is possible then that the recombination was a result of immune 

pressure as recombining with HBV/A could possibly result in lower replication 

yields and increased HBsAg, helping the virus evade the immune system through 

increased HBsAg. This could allow the recombinant virus to persist within the 

patient, but it would be highly dependent on where the breakpoints occurred. 

While both strains in this study come from patients with similar risk factors, one 

was found to be the dominant strain while the other was detected by chance as a 

quasispecies within the population. This observation suggests that recombination 

may be random and only viable combinations are able to replicate and persist. In 

the case of P2-HBV/A/G, the recombinant virus was found to be the dominant 

strain. From this, it could be concluded that the recombinant strain has been able 

to persist for some time and its particular set of breakpoints has provided 

replicative advantages. Alternatively, P1-HBV/A/G was detected by chance 
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among its parental genotypes. This strain is likely a new recombination that 

hasn’t had time to overtake the parental genotypes or, more likely, the 

recombination provided no replication advantage.  

Group scan analysis of both patients shows very different patterns of 

recombination. However, the specific breakpoints and amount of each genotype 

present within the strain did not appear to significantly affect the replication levels 

observed, relative to each other. These differing combinations may in turn 

provide some selective advantage to the strain to allow it to become dominant. In 

the present study, P2-HBV/A/G was predominantly HBV/G and is the dominant 

strain in the quasispecies population. P1-HBV/A/G on the other hand was 

predominantly HBV/A and is a minority species in the populations. P1-HBV/A/G 

may not be seen as a dominant at the point in time of the patient’s infection; 

however, if the patient were to have a certain immune response, then maybe the 

recombinant could become dominant. It is of interest to note that both HBV/A/G 

recombinants share a similar breakpoint at nt position 286, suggesting a potential 

“hotspot” for recombination. Previous studies have not only sought out to identify 

HBV recombinants but to also identify potential “hotspots” of recombination within 

the HBV genome. Several positions within the HBV genome were found to be 

frequently associated with breakpoints in recombinant strains; end of the S gene, 

start of Pre-S2 and both ends of the C gene (80, 115, 146).  

The breakpoint at nt 286 for both recombinant strains occurs at the 

beginning of the S gene, which is a region where recombination has not been 

reported. Within patient 1, the breakpoint at 361 is also within the S gene but not 
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towards the aforementioned “hot spot” at the end. The breakpoint at nt 1134 

occurs close to the beginning of the X gene, a similar breakpoint has previously 

been reported (80). The final breakpoint at nt 1921 occurs at the beginning of the 

C gene, which falls just past the DR1 region, another common site of 

recombination (80, 146). A study by Yang et al that also sought out 

recombination hotspots found that HBV/A and HBV/C had a higher tendency for 

recombination over all other genotypes (146). They also noted that HBV/A 

tended to integrate itself into X/preC region of the other genotype, generally 

encompassing the entire X gene. Interestingly, for P1-HBV/A/G it is genotype G 

that has integrated into the X/preC region of genotype A. Perhaps this “anomaly” 

is a direct correlation as to why P1-HBV/A/G had a reduced replication capacity 

compared to P1-HBV/G and was not found as a major species within the HBV 

population of Patient 1. 

The recombination breakpoints for P2-HBV/A/G all fall within the S gene 

coding region (nt positions 286, 646, and 781) with the last 2 sites occurring at 

the commonly reported 3’-end of the S gene.  P2-HBV/A/G had a similar 

replication capacity to P1-HBV/A/G, but P2-HBV/A/G was found as a dominant 

strain in the patient. The major difference between these two strains is that P2-

HBV/A/G, while a recombinant, has little integration of HBV/A and by Group Scan 

analysis, the putative recombination sites within the S gene do not show high 

association values (approximately 75% and lower). Only a very small fragment in 

the S gene is HBV/A and also within the preS region, a previously reported site 

for HBV/A integration into another genotype (146).   
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 While most previously reported sites of recombination occur at the 3’-

ends of the S and C genes, these two patients demonstrate that recombination 

isn’t necessarily confined to specific regions of the HBV genome (breakpoint at nt 

286). However, certain previously described “hot-spot” sites of recombination 

were found in both strains, thus lending further credence to the importance of 

these breakpoint sites in the recombination of HBV. While many recombinations 

may occur outside of these “hotspots”, they are likely to produce strains that are 

not viable and incapable of replication.  

 Recently, the topic of recombinations has become quite controversial with 

the proposal of a new genotype, HBV/I (50). HBV/I was first thought to be the 

result of complex recombinations between at HBV/C, HBV/A and HBV/G based 

on SimPlot analysis but these claims were later refuted based on GroupScanning 

analyis (59). Much controversy exists over the proposal of this new genotype as 

there have been many phylogenetically independent recombinant variants 

reported (115, 146). If each recombinant were to be assigned to a new genotype, 

we would run out of letters in the alphabet.  

 On the other hand, there are cases of recombinant genotypes that are 

prevalent in some regions. For example, a study looking at the prevalence of 

HBV in Guinea, West Africa found HBV/A/E recombinants circulating in multiple 

individual blood-donors with the exact same recombination sites. The high 

percentage of recombinants suggests they are infectious and represent a 

significant part of the epidemiology in Guinea (36). Another study looking at HBV 

prevalence in Tibet also found that the prevalent genotype there was 
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recombinant HBV/C/D strain (26). There are also subgenotypes of HBV/B 

(subgenotypes B2 – B5) that are found widespread throughout China and 

Southeast Asia, which are a recombination of HBV/B (backbone) and HBV/C 

(core region) (121). This brings up the question, if there is epidemiological 

precedent, can a recombinant strain be classified into a new genotype? This is 

something that needs to be addressed by the international community so that 

HBV classification and genotyping is consistent, relevant and significant (59). 

 

Future Directions 

 The native genomic replicon system used in the present study allowed for 

comparison of replication and protein expression among the different strains, 

however, the level of replication was found to be too low to detect secreted 

virions by electron microscopy.  To detect these particles and determine the ratio 

of naked to enveloped particles secreted by HBV/G, a mammalian promoter 

driven vector system will need to be employed. This will further explore the 

correlation of particle envelopment and secretion with genotype-associated 

replication. 

 The relationship between HBV/G and its co-infecting genotype is also of 

continuing interest. We have found that HBV/G is able to replicate in the absence 

of a co-infecting genotype in vitro, however, in vivo, HBV/G is always found in the 

presence of a co-infecting genotype where HBV/G replication is able to take over 

and become the dominant genotype. It is generally thought that the co-infecting 

genotype provides HBeAg for the establishment of persistence and chronicity of 
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HBV/G. It is also thought that HBV/G is inefficiently enveloped and this inhibits its 

replicative abilities. A new theory is that the pgRNA of HBV/G “hijacks” the core 

protein of the co-infecting genotype through a process called transcapsidation. 

This would allow HBV/G to be efficiently secreted and capable of a persistent 

infection. To test this theory an expression vector carrying a 1.1x genome length 

of HBV/G having a mutation that prevents capsid formation will be co-transfected 

with either a vector that expresses HBV/A core or HBV/G core. Naked core 

particles and enveloped particles will be immunoprecipitated and DNA will be 

extracted from both fractions. Either a real time PCR using genotype A/genotype 

G specific probes will be used to differentiate between HBV/A and HBV/G or a 

restriction digest developed by Li et al will be used for differentiation (65).  
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Conclusions 

 HBV/G is a unique genotype that is capable of replication and protein 

expression, independent of a co-infecting genotype in vitro, and therefore I 

accept my first hypothesis. Through the development of a phenotypic assay, not 

only did we find HBV/G capable of replicating its DNA and expressing viral 

proteins (save for HBeAg), HBV/G also demonstrated a higher replication 

capacity than its co-infecting HBV/A strain as well as two different HBV/A/G 

recombinant strains.  

 The presence of the co-infecting genotype appears to facilitate and 

establish the initial infection of hepatocytes as well as development of a 

persistent and chronic infection, possibly through immune evasion mechanisms. 

The co-infecting genotype also provides a source of HBeAg, which is known to 

be a requirement for establishment of chronicity through immunomodulatory 

mechanisms. The co-infecting genotype may also provide a source of core 

protein for the pgRNA of HBV/G to form the nucleocapsid with through 

transcapsidation. Further investigation is needed to demonstrate this. 

 Finally, the present study provided the first in vitro phenotypic investigation 

of a recombinant HBV strain. While both HBV/A/G strains used for this study had 

significantly different recombination profiles and dominance within the 

quasispecies population of the patient, both were capable of replication and 

protein expression (albeit at reduced levels in comparison to HBV/G). This leads 

me to accept my second hypothesis as well, that recombination between HBV/G 

and its co-infecting genotype will affect the replication capacity. 
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 While these results may be isolate dependent, the present study 

demonstrates the replicative ability of HBV/G and the possible dynamic with its 

co-infecting HBV genotype.  
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