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          Introduction 

 Hepatitis B virus (HBV) is a major health problem and chronically 
infects an estimated 240 million people worldwide [ 1 ]. There are 
approximately 620,000 HBV-related deaths and 4.5 million new 
HBV infections each year throughout the world. In highly  endemic 
areas   such as the central Asian republics, south-eastern Asia, sub-
Saharan Africa and the Amazon basin, the HBV carrier rate is 
>8 %, whereas the prevalence of hepatitis B surface antigen 
(HBsAg) is <2 % in less endemic regions such as the United States, 
northern Europe, Australia and parts of South America. The Middle 
East, some eastern European countries and the Mediterranean basin 
are considered areas of intermediate endemicity, with carrier rates 
of between 2 and 8 % [ 1 ]. 
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 Despite the recent decrease in the rate of new cases, about 
7000–8000 new diagnoses are made every year in Europe. The 
prevalence of HBV infection in Europe varies widely, but is gener-
ally higher in south-eastern than in north-western countries. The 
highest prevalence rates are in Turkey, Romania, Bulgaria, Greece, 
Albania and southern Italy [ 2 ]. 

 The HBV is an enveloped DNA virus with a diameter of 42 nm 
(the so-called “Dane particle”), which belongs to the   Hepadnaviridae  
family  , and infects the hepatocytes of a wide range of animals 
belonging to several classes of birds (genus  Avihepadnavirus ) and 
mammals (genus  Orthohepadnavirus ). In particular, avian hepad-
naviruses have been isolated from various species of ducks, geese, 
herons, storks, cranes and parrots [ 3 ], and orthohepadnaviruses 
have been discovered in rodents (squirrels, woodchucks), non-
human primates (chimpanzees, gorillas, orangutans, gibbons and 
woolly monkeys) and, more recently, in bats from Myanmar [ 4 ]. 

 The double-layered lipoprotein membrane derived from the 
infected cells making up the viral envelope contains the surface 
antigen ( HBsAg  ), a mixture of small (S), medium (PreS2 and S) 
and large (PreS1, PreS2 and S) proteins that can also be observed 
circulating freely in the blood of infected subjects as 22-nm spheri-
cal and tubular particles. 

  The role of the  S protein   in virus attachment has not been con-
clusively demonstrated; however, this protein contains the major 
site for the binding of neutralising antibody, designated the  a  deter-
minant. Two other major determinants of the S protein have also 
been described; one has either “d” or “y” specificity and the other 
has “w” or “r”. All combinations of these determinants have been 
found, resulting in four major subtypes: adw, adr, ayw and ayr and 
nine minor subtypes, determined by mutually exclusive amino 
acids substitution in the S region of HBV DNA. Antibodies to the 
 a  determinant confer protection to all of these serotypes, whereas 
antibodies to the subtype determinants do not [ 5 ].  

 The viral nucleocapsid consists of the core protein ( HBcAg  ) and 
encloses a single molecule of the viral genome. It consists of a 
small and circular partially double-stranded DNA of about 3.2 kb 
whose minus strand, which encompasses four partially overlapping 
genes (PreS/S, PreC/C, P and X) encoding for at least seven pro-
teins, is incomplete. In particular, the three surface glycoproteins 
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(the small S protein, the middle PreS2 and S protein and the largest 
Pre S1/PreS2 and S protein), two core antigens (HBcAg and 
HBeAg), the polymerase and the X protein, a small regulatory pro-
tein that is essential for in vivo viral replication [ 6 ]. It also plays a 
central role in hepatocarcinogenesis [ 7 ]. 

 After attaching to a hepatocyte as a result of the binding of Pre-
S1 with a still unknown specific cell receptor, the viral nucleic acid 
is transferred to the cell nucleus, where it is completed by cell 
polymerases and forms covalently closed circular DNA (cccDNA) 
[ 8 ]. This mainly  non-integrated cccDNA   acts as a template for the 
production of the four viral transcripts that are necessary for protein 
production, including an over-length “pre-genomic RNA” (pg-
RNA) that gives rise to the core proteins and the viral genome. 

 After encapsidation, a molecule of  pg-RNA   is transformed by 
the viral reverse transcriptase into partially double- stranded circular 
genomic DNA, and the pg-RNA is degraded by the RNase-H activ-
ity of the P protein. Some of the newly produced capsids are not 
transferred to the cell surface, but return to the nucleus and contrib-
ute to the cccDNA reserve [ 8 ]. The production of the three surface 
proteins ensures virion secretion. 

 In spite of the constrained nature of its genetic evolution, which is 
due to the partial overlapping of the viral genes [ 9 ], the HBV genome 
is characterised by considerable variability because of the use of an 
RNA intermediate and reverse transcriptase during replication. 

    HBV Mutants 

 Mutations in the HBV genome can occur because of spontaneous 
errors of viral polymerase, and the action of pressure by the host 
immune system or by exogenous factors, including passive and/or 
active immunisation and drug treatment. HBV has a higher fre-
quency of mutations than other DNA viruses because the virus 
replicates via an RNA intermediate, using a reverse transcriptase 
that lacks a proof-reading function such as the reverse transcriptase 
and RNA polymerases of other highly variance viruses. Mutations 
have been identified in all four HBV genes, but have been most 
fully characterised in the preC/C gene, the polymerase gene and the 
preS/S gene [ 10 – 12 ].  
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    Basal Core  Promoter  ,  Pre-C/C Gene Mutants   

 Two major groups of mutations that result in reduced or blocked 
HBeAg expression have been identified. The most common muta-
tion in the ORF pre-C/C region is a guanine to adenine substitution 
at nt position 1896 (G1896A) that results in a translational stop 
codon (TGG to TAG; TAG = stop codon). This codon stops the 
expression of the  e  protein, which is processed to produce HBeAg 
[ 13 ]. However, HBV DNA synthesis persists and may cause liver 
damage, with progression to cirrhosis and cancer. Loss of HBeAg 
expression can also occur with mutations in the  basal core promoter 
(BCP)   region that regulates the expression of both HBeAg and core 
protein [ 14 ]. These mutations have been associated with fulminant 
hepatitis and severe chronic liver disease [ 15 ,  16 ]. However, fulmi-
nant hepatitis can occur in the absence of such mutations [ 17 ,  18 ]. 
Additional studies are needed to determine the pathogenic basis and 
clinical sequelae arising from the selection of these mutants [ 12 ].  

     X Gene Mutations   

 As the X ORF overlaps the BCP completely, promoter mutations 
can affect the amino acids sequence of the X protein. The most 
common BCP double mutations occurring at nt 1762 (A1762T) and 
at nt 1764 (G1764A) can cause changes in the X protein that may 
affect its ability to transactivate the BCP. In addition, insertions or 
deletions in the BCP often shift the X gene frame, resulting in trun-
cated forms of the X protein. These shortened X proteins lack the 
domain in the C terminus that is required for the transactivation 
activity of HBx antigen [ 10 – 12 ].  

     Polymerase Gene Mutants   

 Mutations of the polymerase gene have been associated with resis-
tance to treatment with nucleoside/nucleotides analogues and with 
viral persistence [ 10 – 12 ,  19 ,  20 ]. The most common of these muta-
tions occur at codon 528 (the template binding site of the poly-
merase) and at codon 552 of the tyrosine, methionine ,  aspartate, 
aspartate (YMDD) motif (the catalytic site of the polymerase). 
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Polymerase mutations have been demonstrated to emerge in up 
80 % of patients after treatment with nucleoside/nucleotide ana-
logues. These mutations significantly decrease the efficacy of 
treatment [ 21 ]. As the genome of HBV is organised into overlap-
ping reading frames, the selection of polymerase mutants, favour-
ing resistance, can result in the emergence of changes in the 
overlapping S-gene during long-term antiviral therapy, potentially 
altering its immunoreactivity [ 22 ,  23 ].  

     PreS/S Gene Mutants   

  Isolates with pre-S deletions are often found. There is evidence that 
a set of mutations (deletion in the pre-S region and in pre-core and 
BCP mutations) are significantly associated with progressive liver 
disease and hepatocellular carcinoma (HCC) [ 24 ]. 

 Mutations in the S gene can lead to conformational changes in 
the  a  determinant, which is located between amino acids 124 and 
147 of HBsAg and has a double-loop structure projecting from the 
surface of the virus; the second loop (amino acids 139–147) is the 
major target for neutralising anti-HBs. 

 The prototype of such mutants, the so-called G145R, which 
shows a point mutation from guanosine to adenosine at nucleotide 
position 587, resulting in an amino acid substitution from glycine 
(G) to arginine (R) at position 145 in the  a  determinant of the 
surface antigen, was first observed in Italy some 25 years ago 
[ 25 ]. This mutant has been shown to be infectious in experimen-
tally infected chimpanzees [ 26 ]. Besides the G145R, other S-gene 
mutants across the entire  a  determinant region have been found 
worldwide. Concern has been expressed that these mutated 
viruses may allow replication of HBV in the presence of vaccine-
induced anti-HBs or anti-HBs contained in hepatitis B immune 
globulin (HBIG; immunisation escape mutants). In addition, 
these mutants may not be detected by some commercially avail-
able HBsAg assays based on antibodies to the wild-type virus 
(diagnostic  escape mutants  ) [ 27 ,  28 ]. 

 Hepatitis B infection with S mutant viruses has been reported to 
occur in the presence of protective levels of anti- HBs in infants 
born to HBV-infected mothers who received prophylaxis with 
HBIG and/or hepatitis B vaccine [ 25 ,  29 – 32 ] in children who 
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responded to vaccination [ 33 ], and in liver transplant recipients 
who received HBIG for the prophylaxis of relapse of the HBV 
infection [ 34 ]. However, in population- based studies of infants born 
to HBsAg-positive mothers, S-gene mutant viruses have not been 
found to be associated with a failure to prevent perinatal HBV 
transmission [ 35 ]. In addition, pre-exposure vaccination of chim-
panzees with currently licensed vaccines (not containing pre-S 
epitopes) conferred protection after intravenous challenge with the 
G145R HBV [ 36 ,  37 ]. At present, no evidence exists that S-gene 
mutants have spread in immunised populations or that these 
mutants pose a threat to hepatitis B immunisation programmes [ 38 ]. 
Further studies and enhanced surveillance to detect the emergence 
of these mutants and those caused by the onset of resistance to the 
viral therapy (see above) are a high priority in monitoring the effec-
tiveness of current immunisation strategies. 

 Hepatitis B surface antigen escape mutants, which cannot be 
detected by currently available HBsAg assays, are possible carriers 
of  occult HBV infection (OBI)   [ 39 ].    

    HBV Genotypes 

 On the basis of the  sequence divergence   established by analysing 
the entire viral genome, HBV has been classified into nine geno-
types (A–I) and various subgenotypes (indicated by numbers), with 
a mean nucleotide difference of ≥8 % between genotypes and ≥4 % 
between subgenotypes, partially corresponding to the previously 
described serologically defined subtypes [ 40 ]. 

   Hepatitis B virus genotypes have a characteristic  ethno- 
geographic distribution  . Some are ubiquitous, such as genotype A, 
which is present in north-western Europe, North America and 
Central Africa [ 40 ], and genotype D, which has been found 
throughout the world, although its highest prevalence is in the 
Mediterranean area, the Middle East and southern Asia, particularly 
India. Genotypes B and C are only present in Asia; genotype E is 
found in sub-Saharan Africa [ 40 ] and genotype F in South and 
Central America [ 40 ]. Genotype G has been found in France and 
the USA [ 41 ], whereas genotype H seems to be confined to the 
northern part of Latin America (Table  2.1 ) [ 42 ].
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   Table 2.1    Subgenotypes, subtypes and  geographical   origin of HBV   
 Subgenotype  Subtype  Geographical origin 

 A  A1 (Aa, A′)   adw2 , ayw1  Africa, Asia, South America 

 A2 (Ae, 
A-A′) 

  adw2 , ayw1  Northern Europe, North 
America, South Africa 

 A3 (Ac)  Cameroon, Gabon, Rwanda 

 A4  Mali, Gambia 

 A5  Nigeria, Rwanda, Cameroon, 
Haiti (African population) 

 A6  Congo, Rwanda 

 A7   ayw1 , adw2, ay  Cameroon, Rwanda 

 B  B1 (Bj)   adw2   Japan 

 B2 (Ba)   adw2 , adw3  Asia without Japan 

 B3   adw2 , ayw1  Indonesia, Philippines 

 B4   ayw1 , adw2  Vietnam, Cambodia 

 B5  Philippines 

 B6  Alaska, Northern Canada, 
Greenland 

 B7-B9  Indonesia 

 C  C1 (Cs)   adrq+ , ayr, 
adw2, ayw1 

 South East Asia (Vietnam, 
Myanmar, Thailand, Southern 
China) 

 C2 (Ce)   adrq+ , ayr  Far East (Korea, Japan, 
Northern China) 

 C3   adrq– , adrq+  Pacific Islands (Micronesia, 
Melanesia, Polynesia) 

 C4  Australia 

 C5  Philippines, Vietnam 

 C6  Indonesia, Philippines 

 C7  Philippines 

 C8-C16  Indonesia 

(continued)
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 Subgenotype  Subtype  Geographical origin 

 D  D1   ayw2 , adw1, 
ayw1 

 Europe, Middle East, Asia, 
Tunisia, Egypt 

 D2   ayw3 , ayw1  Europe, Morocco, India 

 D3   ayw3 , ayw2, 
ayw4 

 South Africa, Asia, Europe, 
USA, Northern Canada 

 D4   ayw2 , ayw3  Australia, Japan, Papua New 
Guinea 

 D5  East India, Japan 

 D6  Indonesia 

 D7  Tunisia 

 D8  Niger 

 D9  Eastern India 

 E   ayw4 , ayw2  Sub-Saharan Africa, UK, 
France, Saudi Arabia 

 F  F1a   adw4 , ayw4  South and Central America 

 F1b   adw4   Argentina, Japan, Venezuela, 
USA 

 F2   adw4   South America (Brazil, 
Venezuela, Nicaragua) 

 F3   adw4   Venezuela, Panama, Columbia, 
Bolivia 

 F4   adw4   Bolivia, France, Argentina 

 G   adw2   USA, Germany, Japan, France, 
Mexico 

 H   adw4   USA, Japan, Nicaragua 

 I  I1   adw2   Laos, Vietnam, Northwest 
China 

 I2   ayw2   Laos, Vietnam 

 J   ayw   Japan 

Table 2.1 (continued)
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   A ninth genotype (I) has recently been proposed after being 
found in north-western China [ 43 ], Eastern India [ 44 ], Laos [ 45 ] 
and Vietnam [ 45 ,  46 ]. Even more recently, a tentative new genotype 
“J” has been isolated in a single Japanese patient with HCC [ 47 ]. 

 The two genotypes responsible for the majority of infections in 
Europe are genotype A (mainly subgenotype A2) in the north-west-
ern part of Europe and genotype D (mainly subgenotypes D1, D2 
and D3) in the south-eastern Europe and the Mediterranean area [ 3 ].   

    The Origin of HBV 

  A number of conflicting hypotheses have been made concerning 
the  origin of   HBV. It has been proposed that it originated in the 
New World and spread to the rest of the world as a result of 
European colonisation over the last 400 years [ 48 ]. This conflicts 
with the observation of its widespread distribution among wild Old 
World apes (chimpanzees, orang-utans and gibbons). A second 
hypothesis proposes a co-divergence of HBV and its (human and 
non-human) primate hosts over a period of about 10–35 million 
years [ 49 ], but this implies a very slow evolutionary rate that is 
incompatible with current molecular clock estimates, indicating a 
faster rate of evolution [ 50 – 52 ]. Moreover, the viruses isolated 
from non-human primates show the same divergence as those 
observed among human genotypes, and their phylogenetic patterns 
show that the relationship between non-human viruses and some 
human genotypes is closer than that of other human genotypes, sug-
gesting different viral leaps from primates to humans and vice versa 
and excluding the idea of virus/primate co-divergence [ 53 ]. A third 
hypothesis is that HBV was present in anatomically modern 
humans and spread as a result of their migrations over the last 
100,000 years or so [ 54 ]. 

 The main difficulty in reconstructing the HBV phylodynamics is 
the lack of a consensus in the estimation of the rate of evolution of 
the virus that also affects the tMRCA estimates and the timescales 
of HBV evolution [ 52 ]. 

 Support for the hypothesis of the long co-evolution of HBV 
genotypes in humans comes from the two American genotypes F 
and H, which are inter-related and diverge significantly from the 
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other HBV genotypes. As described above, we know that HBV-F 
subgenotypes are distributed in different areas and aboriginal tribes 
[ 55 ] in which the prevalence of infection is very high (up to 30 %) 
[ 56 ,  57 ]. This suggests that they have been generated by the evolu-
tion of the virus in small and isolated populations. On the basis of 
genetic studies, all aboriginal Americans came from a population 
originating in the region between the Altai and Amur that reached 
Beringia between 30 and 22 ky and North America 16.6 ky [ 58 ]. 
This founding population probably consisted of fewer than 5000 
people [ 59 ] divided into bands of probably less than 100, who 
reached North America in successive waves over a period of 1500 
years or more [ 60 ]. Moreover, the very high prevalence of HBV 
subgenotype C2 found in the small Jarawa tribe of the Andaman 
Islands that remained in complete isolation for thousands of years 
cannot plausibly be attributed to recent contact with the virus, 
despite the quite limited divergence from the sequences of the same 
subgenotype presently circulating in Thailand [ 61 ]. However, this 
apparent discrepancy may find an explanation taking as a reference 
the sequence belonging to the same genotype recently extracted 
from the liver cells of a Korean mummy dated 400–500 years ago 
[ 62 ], suggesting that the evolutionary rate of this genotype may be 
slower than previously expected. 

 In some of these small, numerically stable and isolated groups, 
HBV could easily have become hyper-endemic and prevalently 
transmitted vertically. The resulting immunological tolerance would 
have reduced the selective pressure of host immunity on the virus, 
thus justifying a slow evolutionary rate. Very different evolutionary 
rates have recently been demonstrated in subjects with and without 
serum HBeAg [ 63 ], and HBeAg positivity, associated with slower 
rates, is a prerequisite for efficient vertical transmission [ 64 ]. 

 On the contrary, the penetration of HBV into large, fast- 
changing, highly mobile and susceptible populations depends on 
other, mainly horizontal, transmission routes, which may also be 
responsible for higher evolutionary rates. The rate of vertical trans-
mission is relatively low in populations in which the prevalent 
HBV genotypes are those associated with high rates of HBeAg 
negativity (such as genotype D), and horizontal transmissions such 
as the parenteral (iatrogenic practices and intravenous drug use) 
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and intra-familiar routes play a more important role [ 64 ]. The main 
circulation among immunocompetent HBeAg negative adults justi-
fies a faster evolution of the virus because of stronger selective 
pressure. Moreover, HBV in these populations is generally 
 characterised by high basic reproduction numbers ( R  0 ) of 1–2 esti-
mated in various ways [ 52 ,  65 ,  66 ], which indicates a very rapid 
spread of the virus in susceptible communities and once again 
conflicts with the hypothesis of a slow evolutionary rate.   

    The Origin and Evolution of Genotype D 

  The HBV  genotype D   is one of the two most prevalent genotypes 
in Europe, in particular in the north-eastern countries and in the 
Mediterranean basin, including northern Africa, and the Middle 
East. It is also highly prevalent on the Indian sub-continent and a 
group of islands in the Indian Ocean with high endemic levels of 
HBV [ 67 ], and has additionally been identified in Oceania [ 40 ]. 
Nine HBV-D subgenotypes (D1–D9) have so far been described 
(Fig.  2.1 ), showing a different geographic distribution. Subgenotype 
D1 is widespread in Greece, Turkey and north Africa [ 68 ,  69 ]; 
D2 in north-eastern Europe (Russia, Belarus, Estonia) and Albania 
[ 70 ,  71 ]; and D3 in Italy and Serbia [ 72 ,  73 ]. D4 is the dominant 
subgenotype in Oceania [ 40 ]; D5 in primitive tribes living in India, 
where a number of different D subgenotypes are also found [ 74 ]; 
D6 in Papua and Indonesia [ 75 ]; D7 in Tunisia and Morocco [ 76 , 
 77 ]. Finally, the recently described D8 and D9 subgenotypes have 
been identified in Nigeria and India, and have been recognised as 
recombinant forms of genotype D with E [ 78 ] or C [ 79 ].

   A number of preliminary studies agree about a relatively recent 
origin of genotype D in the early twentieth century [ 52 ,  80 ] in 
Europe, with two phases of expansion: the first in the 1940s and 
1950s and the second occurring from the 1960s until the 1980s, 
when the growth of the genotype reached a plateau. It was hypoth-
esised that the initial event underlying viral penetration in Europe 
were the two World Wars at that time when the use of unsafe medi-
cal injections was common and there was an increase in the use of 
blood and blood derivatives for transfusion purposes [ 81 ] before 
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HBsAg screening became available in the 1970s [ 82 ]. Later, the 
 further expansion was attributable to percutaneous transmission 
among  intravenous drug users (IDUs)   and other people exposed to 
infected blood. In particular, subgenotype HBV- D3 was shown to 
be associated with percutaneous transmission and drug addiction 
[ 72 ,  83 ]. The virus isolated from IVDUs is characterised by a num-
ber of S and P gene mutations [ 72 ], such as the main mutation in 
residue 125 (S125T) of S protein, which has been described by vari-
ous authors all over the developed world [ 40 ,  52 ,  80 ,  84 ]. A plateau 
of the epidemic was reached in the 1980s, in relation to the decrease 
in acute HBV infections in developed countries [ 52 ,  85 ,  86 ]. 

 A recent and comprehensive reconstruction of the epidemiologi-
cal history of HBV genotype D obtained using a phylogeographical 
approach [ 87 ] indicates that it originated in the second half of the 

  Fig. 2.1    Distribution of  hepatitis B virus (HBV)   subgenotypes D in 
Eurasia and the Mediterranean basin. Countries are coloured on the basis 
of their prevalent subgenotypes (see legend)       
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nineteenth century in India and that subgenotype D5 (an indigenous 
Indian subgenotype) was probably the first to diverge. The common 
ancestors left India and reached central Asia in the first decade of the 
twentieth century, when subgenotypes D1–D3 diverged. 
Subsequently (between the 1930s and 1940s), they spread to Europe 
and the Mediterranean area by means of at least two routes: a south-
western route (mainly because of the diffusion of subgenotype D1) 
crossing the Middle East and reaching north Africa and the south-
eastern Mediterranean; and a second north-western route (closely 
associated with D2) that crossed the former Soviet Union and 
reached eastern Europe and the Mediterranean through Albania [ 66 ]. 

 This reconstruction makes it possible to hypothesise that the First 
and Second World Wars played a crucial role in the global spread of 
HBV-D from India to the rest of the world, but the further spread of 
the infection (particularly in south- eastern Europe, the Middle East 
and northern Africa) was probably sustained by the unsafe use of 
injections in medical practice. Events such as outbreaks of jaundice 
following the intravenous injection of arsphenamine (for anti-
syphilis treatment) from the early 1920s to the late 1940s, led to the 
spread of some HBV-D subgenotypes to Europe [ 88 ]. 

 In the populations in which HBV-D predominates (which are 
characterised by a high rate of mutations causing HBeAg negativ-
ity), the majority of infections are acquired horizontally, mainly as 
a result of household contacts or because of the use of unsterilised 
needles and syringes  [ 89 ,  90 ].  

    The Origin and Evolution of Genotype A 

   Genotype A   is an ubiquitous genotype, largely spread over four 
continents: Africa, Europe, Asia and America. It has been classified 
into seven distinct evolutionary groups. Subgenotype A1 is highly 
prevalent in southern and east Africa (South Africa, Uganda, 
Malawi, Tanzania, Congo, Somalia) and south Asia (India, the 
Philippines, Bangladesh, Nepal) [ 40 ,  74 ,  91 – 93 ]. Subgenotype A2 
is the most widespread in Europe and North America [ 40 ,  91 ] and 
has also been isolated in South Africa [ 94 ]. It has been suggested 
that genotype A might have originated in Africa and hypothesised 
the importation of HBV-A2 from Africa to Europe by Portuguese 
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sailors in the sixteenth and seventeenth centuries, and the arrival of 
A1 in Asia as a consequence of trade and travel between eastern 
Africa and southern Asia [ 95 ]. The more recently described sub-
genotypes are A3 in Pygmies and Bantus living in Cameroon and 
Gabon [ 96 ,  97 ]; a “tentative A4” from Mali; and a subgenotype A5 
isolated in patients from Nigeria (Fig.  2.2 ) [ 98 ]. Interestingly, HBV-
A5 has also been found in Haiti, which suggests that it might have 
been the dominant subgenotype in an area near the current Nigeria 
(formerly the Bight of Benin) before the time of the slave trade 
(between the eighteenth and nineteenth centuries). An HBV-A6 has 
only been reported in African–Belgian patients [ 84 ] and a new “ten-
tative subgenotype A7” has been isolated in Cameroon [ 99 ]. It has 
recently been proposed to classify A3, “tentative A4”, A5 and “ten-
tative A7” within a single subgenotype called “quasi subgenotype 
A3”, because they share a common ancestor, but none of them meets 
the criterion necessary for the definition of “subgenotype” (a genetic 
divergence of 4–8 %) [ 84 ] and a new classification, consisting of 
three subgenotypes (A1, A2 and A4-formerly subgenotype A6) and 
one West-African quasi-subgenotype (A3) has been proposed [ 100 ].

   Subgenotype A2 is the most prevalent genotype in the devel-
oped countries, in particular in the USA and north-west Europe, 
and in the last few years its prevalence has also been growing in 
Japan [ 101 ]. Several studies have demonstrated a relatively recent 
penetration of HBV-A in Europe, between the 1960s and 1980s and 
an association of this subgenotype with people acquiring the infec-
tion as a result of sexual transmission, particularly  men-having-
sex-with-men (MSM)   [ 52 ,  102 ]. 

 A single clonal strain has been isolated among high-risk subjects 
all over the world [ 2 ,  103 ], suggesting a relatively recent distinct 
worldwide HBV-A2 epidemic among MSM, now also spreading 
among heterosexuals [ 103 ]. 

 It seems that the epidemiological dichotomy of Europe (which 
makes genotype D the most prevalent genotype in eastern and 
southern Europe, where HBV is highly endemic, and genotype A 
the main strain in central and northern Europe, where HBV is less 
widespread) could be due to the differences in their main routes of 
transmission, as has been observed in Italy [ 52 ]: predominantly 
parenteral transmission in highly endemic areas (unsafe injections, 
intra-family  transmission), and hetero- and homosexual transmis-
sion in less endemic areas [ 2 ,  90 ,  102 ]. 
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 In contrast, HBV-A1 probably originated in Africa and the slave 
trade and colonisation played a major role in its global dispersion: 
in particular, the Arabian East African slave trade from Africa to 
India (until the late nineteenth century), the Belgian colonisation of 
the Congo (in the first half of the twentieth century), and the 
European slave trade (until the nineteenth century) [ 104 ].   

    The Origin and Evolution of Genotype E 

  Genotype E   is the most prevalent strain of HBV in central and 
western Africa (see Fig.  2.2 ) [ 105 ]. It has a very low degree of 
genetic diversity: the isolates obtained so far form a single mono-
phyletic group [ 106 ]. The absence of any significant spread among 

A1

D

E

A1, A2, D

A3, A4, A5, E

A3, A4, A5

  Fig. 2.2    Distribution of  HBV   genotypes in Africa. Countries are coloured on 
the basis of their prevalent geno-/subgenotypes (see legend)       
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Afro-Americans, despite the forced immigration of western African 
slaves [ 106 ], indicates that it was probably rare in west Africa at the 
time of the slave trade and before the nineteenth century. The high 
prevalence and low degree of genetic divergence of HBV-E suggest 
its recent explosive spread in west Africa after the end of the slave 
trade approximately 200 years ago [ 107 ]. Recent estimates suggest 
a penetration of HBV-E in Central West Africa around 60 years ago 
with an exponential growth of the epidemic between 30 and 40 
years ago. These observations support the view that the explosive 
spread of HBV-E in Africa must have been due to a new and highly 
efficient route of transmission, probably the unsafe use of needles 
during numerous mass-vaccination campaigns (against yaws, 
sleeping sickness, smallpox and measles), which were particularly 
frequent in west/central Africa between the 1920s and 1960s [ 107 , 
 108 ]. In this way, HBV-E brought to the substitution of other, 
endemic genotypes such as HBV-A5.  

    The Origin and Evolution of Genotypes F and H 

   Genotypes F and H   are indigenous to America and the most preva-
lent HBV genotypes in central/south America with the exception of 
the Afro-Brazilian community, where the most prevalent subgeno-
type is A1 [ 109 ]. Genotype F is the predominant strain among the 
Amerindians of the Amazon basin [ 110 ]. It is classified into four 
subgenotypes (F1–F4), and further sub-divided into different 
clades. As shown in Fig.  2.3 , F1 is highly prevalent in central 
America (clade F1a), Alaska and south-east America (clade F1b) 
[ 111 ,  112 ]; F2 is highly prevalent in Venezuela (clades F2a and b) 
and is also present in Brazil (clade F2a alone) [ 111 ]; F3 is present 
in central (Panama) and northern Latin America (Colombia and 
Venezuela); and F4 is present in Bolivia and Argentina (where it 
co-circulates with F1b) [ 113 ]. Genotype H is predominant in 
Mexico, where it represents more than 50 % of infections, even in 
some native Mexican populations [ 114 ], thus suggesting an ancient 
origin (pre-Hispanic) of HBV-H in the Aztec population. From a 
phylogenetic point of view, genotypes F and H share a common 
ancestor and are highly divergent from Old World HBV genotypes 
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[ 42 ], being closer to an isolate obtained from a New World monkey 
(the woolly monkey). These data suggest that genotypes F and H 
might have split off a long time ago, and possibly represent the 
result of a cross-species transfer [ 42 ].

F1a

A1

H

F1b

F2a

F2b

F3

F4

  Fig. 2.3    Distribution of HBV F sub genotypes   in Latin America. Countries 
are coloured on the basis of their prevalent geno-/subgenotypes (see leg-
end)       
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   The estimation of the phylogeography of HBV-F on a calendar 
time scale suggested the pre-Columbian origin of HBV-F and their 
subgenotypes, some of which would have disappeared during the 
conquests of the sixteenth and seventeenth century as a result of the 
extreme decline in population numbers. The epidemic would have 
then expanded because of the rapid increase in the Latin American 
population since the eighteenth century [ 113 ]. 

 A study of the molecular epidemiology and evolutionary 
dynamics of HBV-F in Colombia demonstrated that HBV-F3 was 
probably the oldest F subgenotype originating in Venezuela and is 
most related to genotype H [ 111 ]. 

 Recent studies [ 115 ] estimated an origin of the Amerindian 
genotypes (F and H), which probably followed the initial New 
World settlers coming from Asia 13,000 years ago.   

    Origin and Evolution of HBV Genotypes B and C 

 Hepatitis  B virus  genotypes B and C   are the most prevalent geno-
types in Asia. Genotype B was identified in 2002 and immediately 
classified into two subgenotypes: Bj, largely spread in Japan and 
Ba, present in Asia, but not in Japan. Subgenotype Ba was demon-
strated to be a product of recombination between a genotype B and 
a genotype C PreC/C gene. In 2004, it was proposed to rename 
them B1 (corresponding to the former Bj) and B2 (former Ba) [ 40 ]. 
Genotype B is characterised by a large spread in Asian and Arctic 
populations and is highly heterogeneous: nine different subgeno-
types have been identified so far. Some of them are recombinant: 
subgenotype B2, subgenotypes B3 (isolated in Indonesia), B4 
(identified in Vietnam) and B5 (identified in the Philippines). 
Another non-recombinant subgenotype was B6, identified in an 
indigenous Arctic population and in southwestern China in the 
Yunnan region. Subgenotypes B7, B8 and B9 were all identified on 
different islands of Indonesia suggesting a correlation between the 
B subgenotype and the ethnicity of the infected patients [ 116 ]. 

 Genotype C shows the highest level of genetic heterogeneity, 
being classified into at least 16 different subgenotypes, which dis-
play different ethnogeographic distribution. Subgenotypes C1 and 
C2 (initially named Cs and Ce) are the most widely distributed 

G. Zehender et al.



49

subgenotypes in Southeast Asia (Vietnam, Myanmar, Southern 
China, Thailand) and the Far East (Korea, Japan, Northern China) 
respectively. Subgenotype C4 is found in the aboriginal population 
of Australia, while all the other subgenotypes are present in the 
Philippines and Indonesia [ 116 ]. 

 On the basis of a recent study, HBV genotype C could be the 
oldest human genotype, originating about 30.0 ky ago [ 54 ]. 
Accordingly, a recent study detected HBV nucleic acids in a 
Korean mummy of the sixteenth century, which was clustered with 
subgenotype C2 [ 62 ]. The concordance between the HBV subgeno-
type and geographic localisation and the great similarity of this 
strain to the C2 isolates presently circulating [ 62 ] suggest a rela-
tively low rate of evolution of HBV, at least of genotype C.   

    Other Geno-/Subgenotypes of Interest 

  Genotype G   was found in several European countries, in the USA, 
in Japan and in Mexico [ 117 ]. All known isolates have both PreC/C 
and BCP mutations, preventing the ability of this genotype to give 
(alone) chronic infections. For this reason, in chronically infected 
patients, genotype G is always in coinfection with another geno-
type that can supply the HBeAg [ 118 ]. An association between 
HBV genotype G and sexual transmission, in particular among 
MSM, has been observed [ 119 ], thus justifying the frequent coin-
fection with subgenotype A2.   

    Clinical Implications of HBV Variability 

     HBeAg Expression   and  Viral Genotypes   

 The substitution of the G in position 1896 of the PreC/C gene with 
an A genotype abrogates the expression of HBeAg. Site 1896 is 
inserted into a stem-loop fundamental as an encapsidation signal, 
and is paired with the nucleotide in position 1858, which is a C in 
genotype A, but is a T in several other genotypes. The presence of 
a T in position 1858 makes the mutation (G to A) in position 1896 
more stable. For this reason, several genotypes such as D, E, G and 
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some B and C subgenotypes are more frequently subjected to 
preC/C mutation. In contrast, BCP mutations are more prominent 
in HBV genotypes A, F and the other HBV B and C subgenotypes. 
These data suggest that subjects infected by some HBV genotypes 
(D, E, G) are more likely to be affected by HBeAg- negative chronic 
hepatitis [ 120 ]. 

 In general, Asian subjects have a longer persistence of HBeAg 
positivity in their blood. The anti-HBe seroconversion occurs ear-
lier and more frequently in subjects infected with genotype B than 
in those with genotype C [ 121 ]. A possible hypothesis is that geno-
type B HBV might develop the G1896A mutation, which abolishes 
the e antigen expression, while genotype C develops BCP muta-
tions that reduce but do not abolish HBeAg expression [ 120 ]. 

 In Western Europe, where the predominant genotypes are D and 
A2, the rate of sustained remission after HBeAg seroconversion is 
higher in genotype A than in genotype D [ 120 ]. Even in this case, 
the reason may be the higher frequency of PreC/C mutations induc-
ing the reactivation of the viral replication in genotype D than in 
genotype A, as also suggested by the higher prevalence of HBeAg 
positivity in the latter [ 120 ,  122 ].  

    Progression of the  Infection   

 Cirrhosis  and HCC are the most significant complications of 
 chronic hepatitis B (CHB)  . Given that the viral genotype may influ-
ence the natural history of the infection and that viral genotypes are 
differently distributed throughout the world, the pattern of the 
development of complications also varies on a geographical basis. 

 Several studies have suggested that the risk of cirrhosis develop-
ment in Europe (where genotypes A and D are prevalent) might be 
higher than in East Asia, where the most prevalent genotypes are B 
and C, C2 (mean incidence rate of 6.75 vs 2.2 per 100 person-years 
respectively) [ 120 ]. This difference is in part due to the higher inci-
dence of genotype D infection, associated with HBeAg-negative 
CHB, in Europe than in East Asia. 

 Accumulating evidence indicated that higher plasma HBV DNA 
levels, infection with HBV genotype C, in addition to mutations at 
1653T, 1753V and A1762T/G1764A are independently associated 
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with the risk of HCC in Asian men. This explains the correlation 
between HCC development and genotype C rather than genotype B 
(OR = 1.68 > 2.35 < 3.30) [ 123 ]. HBV genotype A1 in Africa is 
associated with a 4.5- fold increase in the relative risk of developing 
HCC compared with other genotypes [ 124 ].   

    HBV Genotype  and CH Therapy   

 Several studies have indicated that the loss of HBeAg and anti-HBe 
seroconversion during interferon treatment are observed more fre-
quently in patients with genotype A than in those with genotype D 
and, to a lesser degree, in patients with genotype B versus genotype 
C. In contrast, response rates to nucleoside/tide analogues are simi-
lar in the different genotypes. However, a different pattern of 
resistance- associated mutation may prevail [ 120 ] given that muta-
tions at the polymerase coding gene may influence the appearance 
of mutations in the overlapping surface antigen. For example, the 
lamivudine and adefovir resistance mutation at position rt181 (from 
A to T) results in a stop codon in the overlapping surface antigen 
gene (in position 172). This variant has been associated with 
enhancing progression to HCC and is more prevalent in Asian 
patients with genotypes B and C than in European and North 
American patients with genotypes A and D [ 125 ].  

     Modes of Transmission   

  As mentioned before, different genotypes are dispersed within 
populations by different main routes of transmission. In particular, 
genotypes B and C, which are predominant in populations with a 
high level of endemicity, vertical/perinatal transmission is the preva-
lent mode of propagation. On the contrary, in the developed coun-
tries, where genotypes A2 and D prevail and the endemicity level is 
lower/intermediate, the main transmission routes are horizontal and 
highly efficient, and are sexual (associated with A2) and percutane-
ous (associated with genotype D). These differences may explain 
different characteristics in the natural history of infection due to 
HBV genotypes. For example, the longer persistence of the period 
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of immunotolerance in HBV genotypes B and C may be useful in 
increasing the probability of transmission from the mother to the 
children. A HBeAg-positive mother has a probability of virtually 
100 % of transmitting the infection to an infant, who has a 90 % risk 
of developing a chronic infection characterised by a long immune 
tolerant phase lasting decades, in which HBeAg positivity persists. 
Similarly, where intrafamilial or percutaneous (through unsafe 
injections or transfusions) transmission prevails (such as in the 
Mediterranean area and Africa), genotypes able to give long- lasting 
HBeAg-negative chronic infections characterised by intermittent 
flares and remissions, such as genotype D in the Mediterranean area 
or E in Western and Central Africa, could be selected [ 64 ]. 

 The selective action of the prevalent mode of transmission at a 
population level on the different behavioural characteristics of the 
genotypes is well described by the differences between two closely 
related subgenotypes: HBV-A1 and -A2. In fact, subgenotype A1 is 
highly prevalent: the main mode of transmission at the population 
level is in the early childhood, whereas HBV-A2 is mainly transmit-
ted through high-risk sexual contact [ 126 ]. In Africa, where the 
prevalence of infection is high, the transmission can easily occur 
through massive environmental contamination; in this condition, a 
self-limiting, HBeAg-positive infection is sufficient to infect 
cohabiting susceptible children. On the contrary, the main sexual 
transmission of genotype A2 in developed countries may explain its 
relative initial benignity and the higher rate of chronic infections 
mainly due to BCP mutations, reducing but not abrogating the 
HBeAg expression. Similar  considerations can be made for geno-
type F, the most prevalent genotype in South America. This geno-
type is transmitted in early childhood on a community basis (rather 
than based on an individual family). Under these conditions, effi-
cient transmission requires a highly dense and close population 
with a high level of HBV endemicity, to have sufficient numbers of 
HBeAg-positive transmitters. These conditions are met in 
Amerindian populations [ 126 ]. 

 This observation may account for the common characteristics of 
genotypes F and A1 natural history as suggested by the high fre-
quency of HCC [ 124 ,  127 ] and the frequent association with 
HBeAg-positive infection in both cases [ 128 ].       
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