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Abstract
Hepatitis B virus (HBV) infection is major global issue, 
because chronic HBV infection is strongly associated 
with liver cancer. HBV spread worldwide with various 

mutations and variations. This variability, called qua-
sispecies, is derived from no proof-reading capacity of 
viral reverse transcriptase. So far, thousands of studies 
reported that the variety of genome is closely related to 
the geographic distribution and clinical characteristics. 
Recent technological advances including capillary 
sequencer and next generation sequencer have made in 
easier to analyze mutations. The variety of HBV genome 
is related to not only antigenicity of HBs-antigen but also 
resistance to antiviral therapies. Understanding of these 
variations is important for the development of diagnostic 
tools and the appropriate therapy for chronic hepatitis 
B. In this review, recent publications in relation to HBV 
mutations and variations are updated and summarized.
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Core tip: Hepatitis B virus infection is major global 
issue. HBV spread worldwide with various mutations 
and variations. So far, thousands of studies reported 
that the variety of genome is closely related to the 
geographic distribution and clinical characteristics. 
Recent technological advances have made in easier to 
analyze mutations. Understanding of these variations is 
important for the development of diagnostic tools and 
the appropriate therapy for chronic hepatitis B.
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INTRODUCTION
Hepatitis B virus (HBV) was first discovered by 
Blumberg et al[1] in 1965, and the relationship between 
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Variations and mutations in the hepatitis B virus genome 
and their associations with clinical characteristics



HBV and acute hepatitis after blood transfusion was 
reported by Okochi in 1968[2]. At that time, most 
studies were based on immunological and serological 
methods. Molecular-based analyses progressed rapidly 
after the HBV particle was discovered[3] and the HBV 
genome cloned[4].

HBV infection is major global issue, and is a parti-
cular concern in Asia and Africa. Although HBV itself 
is not directly cytotoxic, the immune response to HBV 
infection causes liver damage and eventually leads to 
liver cirrhosis and hepatocellular carcinoma (HCC)[5]. 
More than 350 million people worldwide are thought 
to be chronically infected with HBV and 1-2 million 
people die every year from HBV-related cirrhosis and 
HCC[6]. The long-term outcomes of chronic hepatitis 
B (CHB) vary among different countries. The annual 
incidence of cirrhosis is estimated to range from 2% to 
6% in hepatitis B e antigen (HBeAg)-positive patients 
and from 8% to 10% in HBeAg-negative patients. 
The annual incidence of HCC ranges from 2% to 3% 
in cirrhotic patients[7]. The goal of treating CHB is 
to suppress HBV replication before significant and 
irreversible liver damage occurs, such as end-stage 
decompensated cirrhosis and HCC. There are currently 
two main treatment options for chronic HBV infection, 
interferon (IFN) and nucleos(t)ide analogues.

HBV GENOME AND REPLICATION
HBV is approximately 42 nm in size. It is an incom-
plete double-stranded DNA virus from the genus 
Orthohepadnavirus and family Hepadnaviridae. Its 
genome consists of full-length coding minus strand 
DNA and incomplete noncoding plus strand DNA. 
The viral particle, a Dane particle, comprises an 
envelope and a core particle (Figure 1). The envelope 
is composed of a double lipid layer and three envelope 
proteins: L (large), M (medium), and S (small). The 
core particle (27 nm in size) consists of the core 
protein (HBc antigen) and the incomplete double-
stranded DNA genome.

The HBV genome is contained within the capsid. It 
is approximately 3200 bp long, with four overlapping 

open reading frames (ORFs), which encode the 
polymerase (P), core (C), surface antigen (S), and X 
protein (Figure 1B)[8]. Seven viral proteins (HBeAg, 
HBcAg, LHBs, MHBs, SHBs, polymerase, and HBx) are 
produced from transcripts (Table 1).

The entry of HBV into human hepatocytes is the 
initial step of viral infection. It has been reported that 
the pre-S1 sequence at amino acids 2-48 mediates 
the attachment of the virus to its target cell[9]. After 
invading the target cells, HBV is transported to the 
nucleus where covalently closed circular DNA is 
constructed as the replication template of HBV.

Following infection, the HBV DNA is integrated 
into the host’s cellular DNA. HBV integration induces 
various kinds of secondary genetic alterations within 
the host’s genome, including deletions, translocations, 
and genomic instability[10]. It has been reported that 
the loss of chromosomal integrity in HCC is attributable 
to deletions in some chromosomes. In particular, 
losses in chromosomes 1p, 4q, 5q, 6q, 8p, 9p, 13q, 
16p, 16q and 17p have been detected in 25%-45% of 
patients, whereas gains occur in chromosomes 1p, 6p, 
8q, and 17q in 30%-55% of patients[11].

Unlike other DNA viruses, reverse transcriptase 
is necessary for HBV replication. Because reverse 
transcriptase has no proof-reading capacity, DNA 
mutations frequently occur during replication. In 
general, the mutation rate of the hepadonaviruses is 
estimated to be 2 × 104 base substitutions/site/year. 
This mutation rate is approximately 100 times higher 
than that of other DNA viruses, but 100-1000 times 
lower than that of RNA viruses[12]. The mutation rate 
of HBV is reported to be in the range of 1.4-3.2 × 10-5 
base substitutions/site/year[13].

Mutations and variations that occur naturally or 
during antiviral therapy play important roles in viral 
latency, the pathogenesis of liver disease, immune 
escape, and resistance to antiviral therapies.

HBV GENOTYPES/SUBTYPES AND 
MUTATIONS
The major hepatitis B s antigen (HBsAg) protein 
carries a pair of mutually exclusive determinants, d 
or y and w or r, which are associated with variations 
in single amino acids at positions 122 and 160, 
respectively. Differences in the epitope result in four 
major serotypes (adr, adw, ayr and ayw) and ten 
subtypes (Figure 2)[14]. The serotypes and subtypes 
show differing geographic distributions and affect the 
antigenic characteristics of HBV[15,16].

HBV has been classified into at least 10 genotypes 
(A-J) according to the divergence of their viral DNA 
sequences, with distinct geographic distributions (Table 
2)[17-19]. In addition, many studies have revealed that 
the HBV genotype is strongly associated with disease 
progression and responses to antiviral therapies[20,21]. 

HBV/A is mainly distributed in Africa (HBV/A1), 
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Table 1  Position of hepatitis B virus regions and transcripts

  ORF Protein Position Amino acids Protein

  Pre-S/S Pre-S1 2854-3211 119 LHBs
Pre-S2 3211-155 55 MHBs/LHBs

S 155-835 226 SHBs/MHBs/LHBs
  P P 2357-1623 843 Polymerase
  X X 1374-1838 154 HBxAg
  Pre-C/C Pre-C 1814-1901 29 HBeAg, HBcAg

C 1901-2458 183

ORF: Open reading frame; S: Surface protein; LHBs: Hepatitis B large 
surface protein; MHBs: Hepatitis B medium surface protein; SHBs: 
Hepatitis B small surface protein; P: Polymerase; HBxAg: Hepatitis B X 
antigen; C: Core; HBeAg: Hepatitis B e antigen; HBcAg: Hepatitis B c 
antigen.



the United States of America, and Europe (HBV/A2). 
Several reports from Africa, India, and Brazil have 
shown that HBV/A1 is associated with a high incidence 
of HCC in younger patients without cirrhosis[22]. By 
contrast, HBV/A2 is reported to be associated with 
a lower incidence of HCC than HBV/D and HBV/
F[23,24]. HBV/A2 readily progresses to chronic infection 
after an acute infection, and is a major genotype in 
cases of vertical transmission[25]. HBV/B is mainly 
distributed in Asia, and is subclassified into HBV/B1/
Bj and HBV/B2-5/Ba. HBV/B1 is found in Japan and 
is the most asymptomatic genotype. HBV/B2-5 is 

mainly detected in South-East Asia and has similar 
clinical characteristics to HBV/C. HBV/B and HBV/C 
are prevalent in the Far East and in South-East Asia. 
Several studies from Taiwan, Thailand, China, and 
Japan have shown that HBV/C is more aggressive and 
is associated with a greater risk of HCC than HBV/
B[26-29]. HBV/D is detected worldwide, with HBV/D1 
in Central Asia, HBV/D2 in Russia, HBV/D3 in Inner 
Mongolia, and HBV/D4 in Africa. HBV/D is reportedly 
associated with worse clinical outcomes than HBV/
A[23,30].

The therapeutic efficacy of antiviral drugs is also 
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method, but it cannot detect variations in < 20% 
of viral quasispecies. By contrast, line probe assays 
can detect specific variants occurring in > 5% of viral 
quasispecies[38,39]. Other highly sensitive methods 
include restriction fragment length polymorphism 
analysis[40], clone-based sequencing[41], and real-time 
PCR. More recently, several next-generation sequencing 
methods have been developed, including ultra-deep 
pyrosequencing, which can detect thousands of clonally 
amplified regions[42-45]. However, this method also has 
some limitations and it is unclear whether the variants 
found in different positions are actually located in the 
same clones because the next-generation sequencing 
read is shorter than the Sanger sequence read. 
Furthermore, it is still difficult to analyze insertion and 
deletion variants.

CHARACTERISTICS OF THE PRE-S/S 
GENE
The S ORF (nt 2854-835) encodes three different 
translated genes: pre-S1, pre-S2, and S domain. 
The pre-S domain is essential for viral binding to 
hepatocyte receptors and contains several epitopes 
that are targeted by T and B cells. The S domain is 
also important in the production of HBsAg[9]. There 
are three forms of HBV surface proteins (S, M, and 
L), of different sizes[46]. The 24-kDa S protein, which 
contains 226 amino acids, is the major component 
of the envelope protein and is involved in particle 
budding. The 33-kDa M protein contains the S protein 
and an additional 55 amino acids encoded by the 
pre-S2 gene. Finally, the 39-kDa L protein contains the 
M protein and an additional 108 or 119 amino acids, 
the sequence of which depends on the genotype[47]. 
The three HBsAg types share a common region, 
consisting of the main antigenic loop (amino acids 
124-147), which is called the “a” determinant region. 
The “a” determinant region is the main epitope to 
induce a protective immune response. It is located in 
the major hydrophilic region (MHR) of the S protein, 
which is between amino acids 103 and 173. The MHR 
forms a two-loop structure. Mutations and variations in 
the S gene have been reported in many countries[48]. 
Although these mutations occur naturally, they are also 
generated during immunoglobulin therapy or vaccine-
induced immunity. Variations in the “a” determinant 
region cause changes in HBsAg antigenicity and may 
prevent the detection of HBsAg in HBsAg screening 
assays (Figure 3)[49,50]. These mutations also occur 
naturally in developing countries where nucleos(t)ide 
analogues are less frequently used than in developed 
countries[51,52].

HBsAg is an important diagnostic marker and 
its expression level is related to the efficacy of an 
antiviral treatment. Recent studies have revealed that 
the HBsAg titer correlates with the level of HBV DNA 

related to the HBV genotype. HBV/A and HBV/B had 
better persistent response to IFN than HBV/C and 
HBV/D. A meta-analysis revealed that the response to 
IFN, including HBeAg seroconversion, loss of HBeAg 
and loss of HBV DNA, is better in HBV/A compared 
with HBV/D, and the response of HBV/B is better than 
that of HBV/C[31]. Whereas the HBeAg seroconversion 
rate by one-year treatment were respectively HBV/A 
47%, HBV/B 44%, HBV/C 28%, and HBV/D 25%, 
HBsAg seroclearance rates were respectively HBV/A 
14%, HBV/B 9%, HBV/C 3%, and HBV/D 2%[32]. 
It has also been reported that the HBs and HBe 
seroconversion rates are higher for HBV/A than for 
other genotypes[33]. A recent study reported that the 
response to IFN in HBV/E was worse than that in other 
genotypes[34]. However, the therapeutic responses 
to nucleotide analogue have been shown as mostly 
similar. Several meta-analyses revealed that HBV/B 
had no different response to lamivudine as HBV/C[35,36]. 
Though few studies were available, the therapeutic 
efficacy to other nucleos(t)ide analogues except 
lamivudine was same among genotypes[37]. It would 
be because the genomic variety in relation to antiviral 
resistance within polymerase region were mostly same 
among genotypes (Table 3). 

METHODS AVAILABLE FOR DETECTING 
MUTATIONS
Recent technological advances have made it easier to 
detect mutations in HBV DNA. Several approaches can 
be used to detect HBV genomic mutations. Polymerase 
chain reaction (PCR) amplification with direct Sanger 
sequencing is perhaps the most commonly used 

Table 2  Hepatitis B virus subtypes and genotypes and their 
geographic distributions

  Genotype/
  subgenotype

Geographic location

  A
     A1 Saharan Africa, India
     A2 Northern Europe
     A3 Western Africa
  B
     B1 (Bj) Japan
     B2-5 East and Southeast Asia
     B6 Alaska, Northern Canada
  C
     C1-3 Taiwan, China, South Korea, Southeast Asia
     C4 Australia
     C5 Philippines, Vietnam
  D
     D1-5 Africa, Europe, Mediterranean countries and India
  E West Africa
  F Central and South America
  G France, Germany, United States
  H Central America
  I Vietnam and Laos
  J Ryukyu, Japan (Kalimantan)

Yano Y et al . Variations in HBV genome 
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adefovir, entecavir, telbivudine, and tenofovir. Nuc-
leos(t)ide analogues have a similar structure to natural 
nucleotides and compete with natural nucleotides for 
binding sites on the polymerase during DNA synthesis. 
Incorporation of nucleos(t)ide analogues instead of 
natural nucleotides disrupts DNA synthesis and sup-
presses viral replication.

M204M/I is a well-known mutation that confers 
resistance to l-nucleosides, including lamivudine and 
telbivudine. The M204V/I mutation is also associated 
with compensatory mutations, such as L80V/I, I169T, 
V173L, L180M, T184S/G, S202I, and Q215S[62]. 
Mutations A181T and N236T, which are located outside 
the YMDD motif, are major mutations that confer 
resistance to alkyl-phosphonates, such as adefovir and 
tenofovir[63]. The mutations T184G/S, S202I/G, and 
M250V in combination with L180M and M204V confer 
resistance to d-cyclopentanes, including entecavir 
(Tables 4 and 5)[64].

The overlapping region of the P and S genes is 
important for drug resistance and HBs antigenicity 
(Table 3). A triple mutation in the P protein (V173L 
+ L180M + M204V) is accompanied by a double 
mutation in the S protein (E164D + I195M). This 
mutant may confer antiviral resistance and promotes 
vaccine escape[65,66]. Furthermore, the introduction of 
an rtA181T (A181T in reverse transcriptase) surface 
nonsense mutation (rtA181T/sW172*) reduced viral 
replication and increased drug resistance compared 
with the introduction of an rtA181T surface missense 

mutation (rtA181T/sW172S)[67].

CHARACTERISTICS OF THE X GENE
The X ORF (nt 1374-1838) encodes HBx, a 154-amino-
acid 16.5 kDa protein. HBx is a multifunctional protein 
that modulates transcription, signal transduction, cell-
cycle progression, protein degradation pathways, 
apoptosis, and genetic stability by interacting with a 
variety of host factors[68,69]. 

HBx protein is strongly associated with the 
development of HCC. HBx activates cAMP and several 
transcription factors, including nuclear factor κB and 
activating transcription factor 2. It also stimulates RAS, 
SRC, and c-JUN, resulting in activation of the RAS–RAF 
oncogenic pathways[70].

Deletion of the basal core promoter (BCP) causes 
a frame shift in the X gene, leading to the production 
of a truncated X protein. The truncated X protein is 
frequently detected in HCC, and is thought to con-
tribute to hepatocarcinogenesis by upregulating RAS 
and MYC. Despite the deletions of nt 1637-1667, 
which regulate p53-dependent transcription, and nt 
1733-1754, corresponding to the SP1-binding region 
in the CP domain, truncated X protein is still capable of 
regulating various transcription factors and competes 
with protein p53. Moreover, because amino-acid 
mutations at positions 130 and 131 of the X protein 
overlap the core promoter region, these mutations 
are associated with the progression of CHB and 
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Loop 1 Loop 2

G145R

Translate to 
PreS/S protein

NH2 COOH
Pre-S1 Pre-S2 HBsAg

Translate to 
polymerase NH2 COOH

HBV DNA
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protein

Spacer Reverse transcriptase RNase H

Lamivudine/
entecavir resistance

L180M
M204V/I rt344
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Figure 3  Structures of the overlapping P and S genes. HBsAg: Hepatitis B s antigen; P: Polymerase; S: Surface. 
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hepatocarcinogenesis.
Several mutations in the X gene are reported to 

be are associated with hepatocarcinogenesis. Liao et 
al[71] reviewed 85 case–control studies and reported 
that G1896A (OR = 1.46), G1899A (OR = 3.02), the 
pre-S1 deletion (OR = 2.94), and pre-S2 deletion 
(OR = 3.02) were significantly associated with the 
development of HCC. The A1762T/G1764A double 
mutant, T1753V and C1653T in the BCP were also 
associated with HCC. Similar results have reported in 
another meta-analysis of case–control studies[72], and 
several other mutations in the X gene are associated 
with hepatocarcinogenesis[73,74]. 

CHARACTERISTICS OF THE PRE-CORE/
CORE GENOME 
The pre-C/core region contains two regions; pre-C (nt 
1814-1901) and core (nt 1901-2452). The core ORF 
encodes an 183-amino-acid core protein (HBcAg) and 
the pre-C ORF encodes the 29-amino-acid protein that 
connects to the N-terminal tail of the core protein. 
Although the pre-C/C gene produces HBcAg and 
HBeAg, only the cleaved form of HBeAg is released 
from infected cells into the blood, together with the 
HBV particle. Although the function of HBeAg is not 
completely understood, it may act as an immune 
“tolerogen”, contributing to the establishment of 
chronic infection[75].

The BCP and the adjacent pre-C region are crucial 
for the replication of HBV. The BCP binds to various 
liver factors and pre-C forms a pregenomic RNA 
structure that acts as the encapsidation signal[8]. 
Changes in viral replication may influence the pro-
gression of liver diseases[76]. In particular, nucleotide 
mutation G1896A, which replaces tryptophan with 
a stop codon at codon 28, is the most common and 
important factor responsible for the inhibition of HBeAg 
production[77,78].

A relatively common double mutation (A1762T and 
G1764A) in the BCP is responsible for reduced pre-C 
mRNA synthesis[79].

CONCLUSION
The treatment of CHB has changed dramatically in 
recent years. However, there is increasing evidence 
that viral variations and mutations that allow the virus 
to escape antiviral therapies are clinically important. 
HBV mutations are also closely related to the sero-
logical status of the patients. Understanding the viral 
mutations and their associations with the clinical 
characteristics of HBV infection should contribute to 
improvements in diagnostic procedures and thera-
peutic guidelines. Recent technological advances have 
made it easier to assess the HBV genome and detect 
possible variations or mutations in it. We believe it 
is important to discuss and implement generalized 
methods that are suitable for use worldwide.
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