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SUMMARY. The pathogenesis of hepatitis B virus (HBV) is

complex and it appears that molecular variants play a role in

this process. HBV undergoes numerous rounds of error prone

production within an infected host. The resulting quasispe-

cies are heterogeneous and in the absence of archaeological

records of past infection, the evolution of HBV can only be

inferred indirectly from its epidemiology and by genetic

analysis. This review gathered the controversies about the

HBV origin and factors influencing its quasispecies. Also, it

provided some evidence on how HBV genotypes correlated

with human history and patterns of migration. It is our

belief that this topic deserves further attention and thus it is

likely that more critical research work will be performed to

elucidate the unknown mechanisms and processes in this

area.
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HEPATITIS B VIRUS (HBV) EVOLUTION

The origin(s) of viruses cannot be known with certainty.

PCR and other sensitive molecular techniques can reveal

some viral genome sequences from the relatively recent past,

but very ancient viral genomes will remain a matter for

speculation. Comparative sequence analysis suggests that

both RNA and DNA viruses have deep, archaic evolutionary

roots both for genome structural organization and with

regard to certain genomic and protein domains. Both DNA

and RNA viruses can emerge and evolve by a variety of

mechanisms including mutation, recombination and reas-

sortment [1]. Nucleotide substitutions in viral genomes can

have several effects, including evasion of vaccine-induced or

natural immunity, drug resistance, and changes in patho-

genicity, alteration in tissue or species tropism, and viral

persistence.

Escape mutation is the process by which amino-acid

substitution at one or more positions alters an epitope to the

extent that the virus can persist in the presence of an ade-

quate immune response to the initial epitope. As recognition

of the first epitope leads to the destruction of infected cells or

neutralization of free virus, viruses that encode for the

expression of a mutated epitope (or cells that present it on

their surface) will survive. Viruses that are replicating more

rapidly are more likely to develop mutations and for them to

be selected [2]. A comparison of the rates of synonymous

and non-synonymous substitution in viral genomes can

elucidate, to some extent, whether there has been selection

at the amino-acid level. One would expect the rate of syn-

onymous to be less than the rate of non-synonymous sub-

stitution if there is selective pressure exerted on this viral

gene [3].

HBV MUTATION RATE

Although the reverse transcriptase activity of HBV may be

responsible for the high rate of nucleotide substitution of the

virus compared to that of other DNA viruses, replication of

the HBV genome may not always depend upon reverse

transcription and thus, the frequency of mutation of the HBV

genome during replication may not be as high as that of a

retroviral genome [4]. This is due to the fact that the

mutation rate of HBV is influenced by some related factors.

Firstly, the genome is very compact with overlapping open

reading frames (ORFs), which limits the number of viable

mutations [5]. In a virus with overlapping ORFs, many

mutations will generate non-viable virions though

some mutations may give the virus a replication advantage

[6]. The second constraint is imposed by the need to

conserve the direct repeats, promoters and other cis-acting

elements, which are involved in replication of the genome.

Thirdly, HBV replication takes place inside the nucleocapsid

and, unlike retroviruses, this process involves only one copy

of the RNA pregenome, limiting the chance of homologous
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recombination [5,7]. Despite these constraints, up to 12% of

nucleotides may vary between isolates of HBV [8]. The net

result is a higher mutation rate in unconstrained parts of the

genome. One such region is the pre-S, and especially pre-S2

[4]. Considering the rate of synonymous substitution is

higher than non-synonymous substitution for all HBV-ORFs

[9], it has been suggested that HBV genome variation is

constrained by amino-acid changes [10]. This led to the

hypothesis that each protein or each domain of an ORF has

its own functional and structural constraints which con-

serve the amino-acid sequence over the evolutionary time.

The assumption is that the selective force on each ORF works

independently of the region of gene overlap and that base

exchanges in the overlapping regions are therefore the result

of dual selection by the two overlapping ORFs [11]. The

appearance of mutations in overlapping but unrelated viral

genes (for example S and P genes) may produce HBV

mutants with altered antigenicity and/or replication and a

natural history that may be distinctly different to wild type

HBV [6].

The rate of replication and mutation is an important

factor in the genetic evolution of a virus. Some DNA

viruses, such as hepadnaviruses, which include a reverse

transcription step in their replication cycle, show rates of

evolution in the range of 10)4–10)5 nucleotide substitu-

tions per site per year, which is approaching the values of

some RNA viruses. HBV exhibits a mutation rate more

than 10-fold higher than other DNA viruses. The estimated

rate of evolution for HBV is <2 · 10)4 base substitutions

per site per year, which reflects a highly dynamic process

with a large production of virus [12]. This value is inter-

mediate between DNA and RNA viruses [5]. Although the

rate of synonymous substitutions for HBV is 104 times

higher than that of a host genome, it is 10)2 less than that

of retroviral genes [10]. Nevertheless, this rate provides

support for the hypothesis that HBV evolved from a retro-

virus or retrovirus-like progenitor through a process of

deletion [13,14].

The HBV genome is extremely stable unless exposed to

host immune responses, as exemplified by the completely

conserved nucleotide sequence over a 20- to 35-year period

in HBeAg-positive asymptomatic carriers with very high

levels of virus replication. In contrast, mutations are seen in

most, if not all, HBeAg-negative carriers and are distributed

over all regions of the viral genome [15]. Some of these

amino-acid substitutions can be found as minor species at

earlier time points suggesting that the selection process is

slow and that multiple strains can co-exist [16]. Some

observations have also shown that if conditions do favour

the emergence of a variant (for example in the case of a poor

match vaccine between immunity and the virus), then the

time-scale of emergence is likely to be in the order of decades.

As HBV persists in individuals infected for long periods

spreading the infection relatively slowly, a variant will only

emerge slowly [17].

SELECTION OF THE FITTEST STRAIN

The term �fixation� refers to random mutations not being lost

but becoming incorporated into sequences that undergo

further rounds of replication and become progeny virions

[18]. There are two ways by which fixation occurs: one is

the occurrence of mutations that do not affect fitness, which

has been shown in cell culture in which viral populations

gradually shift their consensus sequence while exposed to a

constant in vitro environment. Lenhoff et al. [19] generated a

cytopathic mutant of duck hepatitis B virus (DHBV) (G133E)

in the pre-S protein of DHBV. Inclusion of this mutant into

susceptible ducklings resulted in enhanced viral replication,

increased the pool of viral cccDNA, and caused hepatocyte

destruction. The liver damage caused by G133E DHBV

subsided over time resulting in mild chronic hepatitis similar

to that observed in wild type virus-infected birds and coin-

cided with a reduction in viral replication to wild type virus

levels in the liver. Further, they identified at least one non-

cytopathic revertant from the serum of G133E-infected birds

after recovery, suggesting that acute liver injury could result

from infection with a cytopathic hepadnavirus, but such

viruses may be rapidly replaced by non-cytopathic variants

during persistent infection. In other words, these cytopathic

viruses are not as replication fit as the wild type in the

context of persistent infection [20].

The alternative mode of mutant fixation is positive selec-

tion of fitter virus as driven by antibodies, antiviral agents or

differences in cell biology. In the natural course of HBV

infection, cellular and humoral immune pressure against

virus-specific proteins may select the fittest viral strains [21].

The type and number of mutations that accumulate in an

individual genome are either a marker of the duration and/

or severity of the liver disease, or the type and the intensity

of immune responses [22]. Selection by the host is a major

force for evolutionary change within a virus population [23].

Changes in host selection pressure may greatly affect

substitution rates in HBV, with lower rates of changes in

those individuals who continue to produce HBeAg compared

to those who have cleared it [24–27]. In numerous studies,

investigators have shown that during the HBeAg-positive

active replication phase of chronic infection, despite the virus

being capable of mutating because of the poor proof-reading

ability of the reverse transcriptase, sequences able to trans-

late HBeAg remain dominant. Possibly, HBeAg-producing

sequences have an intracellular advantage over HBeAg-

non-producers. Because of the dominant replication effi-

ciency of HBeAg-producing strains and thus tolerance, few

cells appear to be destroyed before the elimination phase,

therefore, there appears to be no selection pressure and thus

HBeAg-minus mutants are lost or remain as minor popula-

tions. However, during the elimination phase of chronic

disease, there is the added factor of positive selection pres-

sure, and hepatocytes with HBeAg-non-producing strains

become dominant. At the molecular level, this is explained
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by the presence of pre-C mutants [28]. Moreover, it has been

shown that once the resistant virus become predominant in

the viral quasispecies obtained after treatment with lami-

vudine, drug removal led to the rapid replacement of the

resistant virus by the wild type [29]. Other studies showed

that the pre-C and core promoter mutations were replaced

by wild type during long term therapy, but with continuing

therapy, mutations reappeared independent of viral break-

through [30,31]. Selection is likely to occur if the immune

response is incomplete (by using vaccines or monoclonal

antibody immunotherapy) [12].

HBV ORIGIN

Attempts have been made to relate these observations to

HBV evolution. Much of our knowledge about human hep-

atitis has relied heavily upon information derived from

infection (natural and experimental) of non-human primates

during the last 50 years. However, there seem to be some

difficulties due to the relationship between the human

genotypes A–E and G (and even more divergent genotype F)

to each other and to other primate-associated genotypes.

The origin of HBV in humans is as confusing as that of the

hepadnaviruses from other primates. Different theories have

been proposed by investigators on HBV origins based on the

hypothesis that the numbers of nucleotide and amino-acid

substitutions over time, the molecular clocks, are indicators

of viral evolution [3]. A primate origin for HBV infection was

proposed by MacDonald et al. This theory based on the

finding of variants in chimpanzees [32], woolly monkeys

[33] and orangutans [34], suggested that these viruses

co-evolved with their primate hosts over periods of 10–35

million years. This hypothesis has been supported by the

observations that areas of high HBV prevalence in humans

are those in which contact with, and cross-species trans-

mission from primates are most likely (South America, Sub

Saharan Africa and Southeast Asia). Indeed, certain HBV

genotypes are specific to these three areas (F, E, B/C,

respectively). Moreover, the mixture of HBV genotypes found

outside these areas, such as Europe and North America, may

have resulted from much more recent epidemic spread [35].

In contrast, a recent emergence hypothesis for HBV infection

indicated that the current wide distribution of HBV in apes

must have arisen through several cross-species or subspecies

transmission in the relatively recent past [36].

Based on observation of Norder et al. that most of the

dendrograms obtained from gibbon and chimpanzee strains

represented early lineages, assumptions were made that

these viruses were indigenous to their respective hosts and

not recent acquisitions from man (genotype F). Therefore,

they suggested that either genotype F represents an early

cross-species transfer from a non-ape primate to man, or that

a hepadnavirus of a common ancestor to man and apes gave

rise to two viral lineages [37]. Thus, they proposed that the

evolutionary history of HBV corresponds to the spread of

anatomically modern humans as they migrated from Africa

100 000 years ago [38,39] and different genotypes infecting

humans evolved since this dispersal. However, this hypoth-

esis does not explain the origin of the various non-human

primate viruses which are interspersed among the human

genotypes in the phylogenetic tree. The phylogenetic tree of

the various primate HBV variants in no way reflects the

phylogeny of the host species, as would be expected for

co-speciation [40]. For example the presence of genotype F in

native American populations is inconsistent with the pres-

ence of genotype B and C in their genetically nearest

relatives, the Mongoloid Northeast Asian. Indeed, there is

little relationship between HBV genotype distribution with

any of the other human population groups (Southeast Asian,

Caucasians, and African population) [40]. Alternatively, the

HBV genotypes may have evolved later than, and indepen-

dent of, human migration [22].

According to the finding that HBV showed a nucleotide

substitution rate of 2.1 · 10)5 substitutions per site per year

over a mean observation period of 22 years, Orito et al.

proposed that the human genotypes of HBV would have

originated from a common ancestor approximately

3000 years ago [10]. In this study, they showed that three

major clusters of HBV (birds, mammals and humans)

diverged from their common origin in the same order as that

of host evolution. They concluded that the evolution of the

hepadnavirus family was independent of host-species diver-

gence and for HBV in humans this has taken place much

more recently than has divergence of humans.

Alternatively, a New World origin for HBV was proposed

by Bollyky et al. who suggested that HBV originated from the

Americas and spread into the Old World over the last

400 years after contact from Europeans during colonization;

a genotype F origin. Further, they considered the possibility

that if the virus originally entered the Americas from Asia,

this may have required a higher rate of nucleotide substi-

tution as it adapted to this naı̈ve human population [41].

However, the main problem for this hypothesis is the

observation of the widespread distribution of HBV in Old

World primate species. A remarkable example is a shared

genotype of HBV infecting West African chimpanzees

[32,42], which showed approximately 11% divergence from

the human genotypes A–E. This finding was based on

analysis of mutations in the C-terminus region of the core

protein (which is well conserved among hepadnaviruses)

between human genotypes E/F and the chimpanzee one.

Interestingly, HBV-E/F and the non-human primate hepad-

naviruses had a common motif within 20 nucleotides

upstream from the stop codon for the core gene, whereas,

HBV-A/B/C/D genotypes contained a different motif at this

site [42]. It has been revealed that sequences in wild-born

Old World primates from Africa and Southeast Asia were

unrelated to five human HBV strains (A–E); the conclusion is

that the virus was not acquired from humans, and all the

Old World non-human primate HBVs were on a common
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ancestral branch [43]. This finding together with the

observation that the closest relative of the woolly monkey

HBV is genotype F [33], led to the speculation that chim-

panzees have their own hepadnavirus, which resembles the

human hepadnavirus (genotype F) [42,43].

At present, the problems associated with each of these

hypotheses for the origin of HBV prevent a definitive con-

clusion. Resolution of these issues requires more extensive

sequence analysis of HBV in poorly sampled areas as well as

combined human and primate studies together with utilizing

models of DNA substitution which better describe the process

of viral evolution [41].

HBV-GENOTYPES EVOLUTION

The genetic variability of HBV is observed both as the evo-

lution of genotypes (and thus subtypes), i.e. a divergence of

the viral genome in the carrier population, and as the

emergence of mutations in each infected subject [44]. Sub-

types of HBV have largely evolved separately with their hosts

over time and random mixing of different subtypes within

individuals has been rare [11]. Okamoto et al. [14] observed

that a 54-year-old patient was chronically infected with

three different clones of HBV. They suggested that the clones

would have evolved from a common ancestor virus during

54 years after the primary infection rather than infection by

three different strains of HBV (triple infection). Further, they

suggested that following a small-dose infection, only one

genotype of virus, predominant in the donor, would most

likely infect the recipient. In another study the predominant

HBV genotype was shown to be quite stable over a period of

some 30 years [45].

HBV has been classified into eight genotypes, from A–H

and there are some hints that the outcome of the disease and

the response to therapy might be correlated to these genomic

groups (although not as serious as HCV).

Hepatitis B virus genotypes show a characteristic geo-

graphic distribution with a proposed association with

human migration. Several scientific fields are employed for

the study of human population history, including archae-

ology, linguistics, anthropology and recently, genetics.

Thanks to the introduction of modern technology into

genetics in the past two decades, humans have been facing

some very interesting findings about their history. Besides

mitochondrial DNA sequence analysis, persistent viruses

have opened a new window into this area, especially HBV.

Figure 1 shows the prevalence of HBV genotypes

throughout the world. It is of interest that genotype is clearly

linked to migration. For example, the ancestors of Eskimos

migrated from Southeast Asia to the North and passed

through the Behring channel to Alaska, which partially

explains why there was as high a prevalence of HBsAg

positivity in this area as in Southeast Asia [46].

Second, in some studies from South America, genotypes E

and A, which are the dominant types in Africans, were

found in an area with genotype F/H dominancy. They

originate from those with African descent who came into

South America during the slave trading period a few

hundred years ago. In our own research [47], (Basuni,

unpublished data) in the Pacific region (which is an endemic

area with genotype C dominancy) we compared HBV surface

and core genes with the ones from Southeast Asian

patients and from international databases. The gradient of

nucleotide and amino acid variations from west to east in

our study were most consistent with the hypothesis of

migration of Polynesian people from Southern China

through Melanesia and Fiji and their radiation across the

Pacific to fill the Polynesian triangle in different times. We

also found an interesting association that supported the

migration history of Southeast Asian ancestors southwards

and their colonization of the Pacific islands.

HBV GENOTYPE D EVOLUTION, AS AN EXAMPLE

Genotype D is the most prevalent and the most distributed

HBV genotype. It is found in Western populations, the Indian

subcontinent, the Middle East and North Africa. Genotype D

contains four subgroups (D1–D4) and two subtypes (ayw2

and ayw3). We have collected all the available data from

India, Bangladesh (Jazayeri, unpublished data), Turkey,

Pakistan, and Iran. We considered the relationship between

the potential genotypes in these countries and their evolu-

tion. We also considered the samples from East to West. Our

unpublished data on 66 Bangladeshi isolates revealed four

genotypes (A, B, C and D) with genotype D predominant. In

India (Fig. 2) genotype D was dominant (67%), but there

were other genotypes: A (22%), C (8%) and recombinants

(3%).

In Pakistanis (Fig. 3) 62% were genotype D, A (14%), C

(6%), other genotypes (4%) and recombinants (10%). How-

ever, in Turkey (Fig. 4), authors found genotype D as the
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Geographic distribution of chronic HBV infection
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Fig. 1 Geographic distribution of chronic HBV infection and

HBV genotypes A to H. Only dominant genotypes shown in

circles.
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dominant genotype (87%), 1.3% both genotypes A and C

and recombinants 12%. In Iran (Fig. 5), interestingly, no

other genotype than D has been found.

According to archaeological and anthropological findings,

the ancestors of Caucasians (Arians) firstly colonized the

North of the Caspian Sea. Because of difficulties in agricul-

ture and climate change, they migrated in three directions:

one group moved west towards Europe, another group

moved south to Iran (and established the ancient Persian

Empire) and the last group migrated to India.

It might be that those people who acquired the genotype D

virus before their migration, then transmitted the virus

generation to generation after their migration. This is why

the dominant genotype in India, Iran and most parts of

Europe is D.

It is likely that selection of HBV genotypes A–H had been

occurring in different parts of the world (perhaps related to

immune pressure based largely on HLA types). After colo-

nization of infected people with certain genotypes, their

importation to this area occurred from intermixing of people.

Further evolution occurred, giving some of these sequences a

distinctive motif, and some genetic recombination between

genotypes also occurred, which led to the heterogenous

pattern in parts of this area (like Bangladesh, India and

Pakistan). In some areas, isolation of people in the absence of

intermixing with other genotypes let to a homologous pat-

tern (like Iran and Turkey).

Due to lack of reliable data from other genotype D-domi-

nant countries in The Middle East and North Africa, the

analysis of whole data regarding genotype D evolution in the

world is not conclusive. In addition, the sample size in some

studies from such countries is quite small.

Future studies are needed to carry out work on the

prevalence of HBV genotypes in the neighbouring countries

of this region and comparing data to the European sequences

which might lead to more precise conclusions.
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