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Abstract

Hepatitis B virus (HBV) is the leading cause of liver
disease and infects an estimated 240 million people
worldwide. It is characterised by a high degree of ge-
netic heterogeneity because of the use of a reverse
transcriptase during viral replication. The ten genotypes
(A-J) that have been described so far further segregate
into a number of subgenotypes which have distinct
ethno-geographic distribution. Genotypes A and D are
ubiquitous and the most prevalent genotypes in Europe
(mainly represented by subgenotypes D1-3 and A2);
genotypes B and C are restricted to eastern Asia and
Oceania; genotype E to central and western Africa; and
genotypes H and F (classified into 4 subgenotypes) to
Latin America and Alaska. This review summarises the
data obtained by studying the global phylodynamics
and phylogeography of HBV genotypes, particularly
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those concerning the origin and dispersion histories of
genotypes A, D, E and F and their subgenotypes. The
lack of any consensus concerning the HBV substitution
rate and the conflicting data obtained using different
calibration approaches make the time of origin and di-
vergence of the various genotypes and subgenotypes
largely uncertain. It is hypothesised that HBV evolution-
ary rates are time dependent, and that the changes de-
pend on the main transmission routes of the genotypes
and the dynamics of the infected populations.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: This review describes the main evidence con-
cerning the global phylodynamics and phylogeography
of hepatitis B virus (HBV) genotypes and subgenotypes,
concentrating particularly on the ubiquitous A and D,
and the more restricted E and F genotypes. The lack
of consensus on the HBV evolutionary rate make it dif-
ficult to reconstruct the timescale of the virus origin.
In order to reconcile the possibility of a long evolution
and the high evolutionary rate in recent populations,
we propose the hypothesis that HBV evolutionary rates
are time dependent, and are influenced by the different
population dynamics of the viral genotypes.
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INTRODUCTION

Hepatitis B virus (HBV) is a major health problem and
chronically infects an estimated 240 million people wotld-
wide. In highly endemic areas such as east Asia, sub-
Saharan Africa and the Amazon basin, the HBV carrier
rate is > 8%. In Europe, the highest prevalence rates are
in Turkey, Romania, Bulgaria, Greece, Albania and south-
ern Ttaly™?,

HBV is an enveloped DNA virus that belongs to
the Hepadnaviridae family, and infects the hepatocytes of
a wide range of animals: the genus avihepadnavirus in-
fects birds (such as ducks, geese, herons, storks, cranes
and parrots), and the genus orthohepadnavirus infects
mammals (such as squirrels, woodchucks, primates and
bats)”.

The viral genome, a circularised, partially double-
stranded DNA of about 3.2 kilobases (the minus strand
is incomplete within the virion), encompasses fout pat-
tially ovetlapping genes (PteS/S, PreC/C, P and X) that
encode at least seven proteins: the three surface proteins
(the small, large and middle S proteins), two core antigens
(HBcAg and HBeAg), the polymerase (encoded by the P
gene), and the small regulatory X protein'”.

Despite the constrained nature of its genetic evolu-
tion”, the HBV genome is characterised by considerable
variability because of the use of an RNA intermediate
and reverse transcriptase during replication. On the ba-
sis of the sequence divergence established by analysing
the entire viral genome, HBV has been classified into
ten genotypes (A-]) and various subgenotypes (indicated
by numbers), with a mean nucleotide difference of =
8% between genotypes and 4%-7% between subgeno-
types” . These viral strains partially correspond to the
previously described serotypes based on the presence of
two pairs of mutually exclusive antigenic determinants
(d/y and w/1) in the HBV surface antigen'”’.,

HBYV genotypes have a characteristic ethno-geograph-
ic distribution. Some are ubiquitous, such as genotype
A, which is present in north-western Europe, North
America and central Africa™”, 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*'""!. Genotypes B and C are only pres-
ent in Asia”; genotype E is found in sub-Saharan Af-
rica" and genotype I in South and Central America"”
Genotype G has been found in France and the United
States' ", whereas genotype H seems to be confined to
the northern part of Latin America™ (Table 1).

A ninth genotype (I) has recently been proposed after
being found in north-western China"” el

, eastern India' ",
Laos'"", and Vietnam"™'", Even more recently, a genotype
] has been isolated in a Japanese patient with hepatocel-
lular carcinoma'”.

The two genotypes responsible for the majority of in-
fections in Europe are genotype A (mainly subgenotype
A2) in the north-west, and genotype D (mainly subgeno-
types D1, D24 and D3) in the north-east and the Meditet-

ranean basin'".
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Table 1 Subgenotypes, sub-types and geographical origin of

hepatitis B virus

Subgenotype Sub-type Geographical origin
A Al (Aa, A) adw2, aywl Africa, Asia, South America
A2 (Ae, A-A) adw2, aywl Northern Europe, North
America, South Africa
A3 (Ac) Cameroon, Gabon, Rwanda
A4 Mali, Gambia
A5 Nigeria, Rwanda, Cameroon,
Haiti (African pop.)
A6 Congo, Rwanda
A7 aywl, adw?2, ay Cameroon, Rwanda
B B1 (Bj) adw2 Japan
B2 (Ba) adw2, adw3 Asia without Japan
B3 adw2, aywl Indonesia, Philippines
B4 aywl, adw2 Vietnam, Cambodia
B5 Philippines
B6 Alaska, Northern Canada,
Greenland
B7-B9 Indonesia
C C1 (Cs) adrq+, ayr, adw2, South-east Asia (Vietnam,
aywl Myanmar, Thailand, Southern
China)
C2 (Ce) adrq+, ayr Far East (South Korea, Japan,
Northern China)
C3 adrqg-, adrq+ Pacific Islands (Micronesia,
Melanesia, Polynesia)
C4 Australia
C5 Philippines, Vietnam
C6 Indonesia, Philippines
c7 Philippines
C8-C16 Indonesia
D D1 ayw2, adwl, Europe, Middle East, Asia,
aywl Tunisia, Egypt
D2 ayw3, aywl Europe, Morocco, India
D3 ayw3, ayw2, South Africa, Asia, Europe,
ayw4 United States, 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, United
Kingdom, France, Saudi Arabia
F Fla adw4, ayw4 South and Central America
F1b adw4 Argentina, Japan, Venezuela,
United States
F2 adw4 South America (Brazil,
Venezuela, Nicaragua)
F3 adw4 Venezuela, Panama, Columbia,
Bolivia
F4 adw4 Bolivia, France, Argentina
G adw?2 United States, Germany, Japan,
France, Mexico
H adw4 United States, Japan, Nicaragua
I 1 adw2 Laos, Vietnam, North-west China
12 ayw2 Laos, Vietnam
J ayw Japan

PHYLODYNAMICS AND
PHYLOGEOGRAPHY OF VIRUSES

The concept of “phylodynamics” was first introduced
by Grenfell in 2004, and describes how microbial genetic
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Figure 1 Distribution of hepatitis B virus-D subgenotypes D in Eurasia and the Mediterranean basin. The countries are coloured on the basis of their prevalent

subgenotypes.

variation is modulated by host immunity, transmission
bottlenecks and epidemic dynamics that determine the
wide variety of pathogen phylogenies observed at scales
ranging from an individual host to a population'™.

The use of improved molecular clock models (strict
or relaxed) for estimating the evolutionary rates and di-
vergence times of heterochronous sequences (sequences
sampled over relatively long periods of time) have re-
cently made it possible to develop coalescence-based
methods for studying the dynamics of viral populations
at intra- and inter-host level on a calendar time scale. The
coalescent desctibes the relationship between the demo-
graphic history of a large population and the genealogical
tree of individuals randomly sampled from i,

Human demography, such as population subdivisions
and movements, play an important role in determining
the shape of the genetic structure (phylogeny) of viral
populations, which is why phylogeography (the study of
the spatial subdivision of viral strains) is a crucial part
of the phylodynamic characterisation of an infection”.
Statistical methods for reconstructing the geographical
and spatial spread of a virus on the basis of the sam-
pling locations of viral isolates were originally based on
maximum parsimony, which finds the minimum number
of migrations justifying the entire phylogeny™!. More
recently, methods that accommodate phylogenetic uncet-
tainties have also been developed. In particular, a Bayes-
ian statistical inference framework incorporating coales-
cent models allows the simultaneous reconstruction of
the temporal and spatial history of an epidemic on the
basis of isolates randomly sampled at known times and
in different places®”.

These “phylodynamic” and phylogeographical ap-
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proaches have been used to study the past/recent epide-
miology of infections due to highly variable viruses such
as human immunodeficiency virus (HIV)**" or hepatitis
C virus (HCV)*"™,

This review will concentrate on the phylodynamics and
phylogeography of the HBV genotypes for which such
studies are available, particularly the two ubiquitous geno-
types A and D, and the more restricted genotypes E and E

PHYLODYNAMICS OF GENOTYPE D

HBYV genotype D is the most prevalent genotype in
north-eastern Europe, the eastern and central Mediterra-
nean, northern Africa, and the Middle East; furthermore,
it is highly prevalent in the Indian sub-continent and a
group of islands in the Indian Ocean with high endemic
levels of HBV (Nicobare and Andaman)®, and has also
been identified in Oceania”.

Nine HBV-D subgenotypes (D1-D9) have so far
been described (Figure 1): D1 is the most prevalent sub-
genotype in Greece, Turkey and north Africa®™; D2 in
north-eastern Europe (Russia, Belarus, Estonia) and Al-
bania”**; and D3 in Ttaly and Serbia™**”. D4 is the domi-
nant subgenotype in Oceania”; D5 in primitive tribes
living in India, where a number of different D subgeno-
types are also found™; D6 in Papua and Indonesia”,
and D7 in Tunisia and Morocco™”. Finally, the recently
described D8 and D9 subgenotypes found in Nigeria and
India have respectively been recognised as recombinant
forms of HBV-D with HBV-E"" and HBV-C'"".

Two preliminary studies carried out in different places
(Italy and Japan), but using similar approaches, suggested
a relatively recent origin of genotype D in the early
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XX century® and showed the exponential growth
of the epidemic due to this genotype in the 1940s and
1950s. Interestingly, both studies recorded a plateau in
the number of infections starting in the 1980s, which
is in line with the decrease in the incidence of acute
HBYV infections in developed countries that has been
reported since then™ ™. In Ttaly, HBV-D3 is associated
with parenteral exposure and drug addiction™* and the
virus isolated from intravenous drug users IVDUs) is
characterised by a number of S and P gene mutations™
and has been described also in IVDUs living in other
10247 Analysis of the dated tree
suggested that the ancestor of this strain originated in
the 1950s or 1960s, and rapidly spread among IVDUs
generating a typical founder effect™. Zehender ef o/
also investigated the phylodynamics of the second most
important European subgenotype (HBV-A2), which has
been shown to be highly prevalent in Italy among people

industrialised countries

acquiring the infection as a result of sexual transmission,
particularly men-having-sex-with-men (MSM). The au-
thors found that the HBV-A epidemic in Italy began later
and grew until more recently than that due to HBV-D3.
These observations suggested that the spread of HBV in
Italy coincided with two distinct epidemic waves: the first
occurred at the time of World War II, when the HBV ep-
idemic grew rapidly and was mainly due to subgenotype
D3; the second occurred in the 1960s and 1970s, involved
subjects at high behavioural risk, and was characterised
by the import of new viral strains or the expansion of
pre-existing variants (such as the IVDU-associated strain)
via different transmission routes.

A further study aimed at investigating the phylody-
namics of HBV genotype D in Albania (one of the Eu-
ropean countries with the highest level of HBV endemic-
ity) showed that the most prevalent HBV subgenotype
was D2 (highly prevalent in north-eastern Europe), and
that the epidemic sharply increased between the mid-
1980s and the mid-1990s, a period that was characterised
by a number of dramatic outflows of Albanians as a
result of major socio-economic crises. A recent temporal
reconstruction of the epidemiological history of geno-
types D and A in Bulgariam estimated a similar period of
time for the penetration of subgenotype D1 and showed
that, as in Italy, subgenotype A2 entered Bulgaria later
than genotype D.

However, a recent and comprehensive reconstruction
of the phylogeography of HBV genotype D in Europe
and the Mediterranean basin™ indicates that it originated
in the second half of the XIX century in India, and that
subgenotype D5 (an indigenous Indian subgenotype)
was probably the first to diverge. Then subgenotypes
D1-D3 diverged in central Asia and (between the 1930s
and 1940s) spread to Europe and the Mediterranean area
by means of at least two pathways: a south-western route
(mainly due to the diffusion of subgenotype D1) that
crossed the Middle East and reached north Africa and
the south-eastern Mediterranean; and a second north-
western route (closely associated with D2) that crossed

Baishidenge ~ WJG | www.wjgnet.com

the former Soviet Union and reached eastern Europe and
the Mediterranean through Albania™,

This reconstruction makes it possible to hypothesise
that the Second World War played a crucial role in the
spread of HBV-D from India to the rest of the world.
However, the further dispersion of the genotype was
probably sustained by the unsafe medical use of injec-
tions in medical practice[m’ﬁ].

It seems that the epidemiological dichotomy of
Europe (which makes genotype D the most prevalent
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 differences in their main transmission routes':
predominantly parenteral transmission in highly endemic
areas (unsafe injections, and intra-family transmission),
and hetero- and homosexual transmission in less endemic

[2,54,55]
areas .

PHYLODYNAMICS OF GENOTYPE A

Genotype A is the second most ubiquitous HBV geno-
type, being present in Africa, Asia, Europe, and United
States. The isolates have so far been classified into
seven distinct evolutionary groups. Subgenotype Al is
widespread in southern and eastern Africa (South Af-
rica, Uganda, Malawi, Tanzania, Congo, Somalia) and
southern Asia (India, the Philippines, Bangladesh, Ne-
pal)[m’%’s(ﬁs] and South America (Brazil - see above), and
subgenotype A2 is the most widespread in Europe and
North America!™™
Africa®™. Hannoun has suggested that genotype A origi-
nated in Africa and hypothesised the import of HBV-A2
from Africa to Europe by Portuguese sailors in the XVI
and XVII centuries, and the arrival of Al in Asia as a
consequence of trade and travel between castern Africa
and southern Asia™’. The more recently described sub-
genotypes are A3 in Pygmies and Bantus living in Cam-
eroon and Gabon[(’l’(’z]; a “tentative A4” from Mali; and
subgenotype A5 isolated in patients from Nigeriam. In-
terestingly, HBV-A5 has also been found in Haiti, which
suggests that it was the dominant subgenotype in an area
near current Nigeria (former Bight of Benin) before the
time of the slave trade (between the XVIII and XIX
centuries), when it was probably exported to Haiti. It was

and has also been isolated in South

only recently that HBV-A5 was replaced by genotype E
and subgenotype A3, which are now the most prevalent

strains in the same area®. An HBV-AG has only been

47
¥l and a new “tenta-

[63]

reported in African-Belgian patients
tive subgenotype A7” has been isolated in Cameroon
It has recently been proposed that A3, “tentative A4”,
A5 and “tentative A7” should be classified within a single
subgenotype called “quasi subgenotype AZ7e0

The first study addressing the origin and population
dynamics of HBV genotype A (particulatly subgenotype
A2)H reported the existence of a single phylogenetically
homogenous strain that was prevalent among Italian
HIV-positive MSM and had a mean time of the most
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Figure 2 Distribution of hepatitis B virus genotypes in Africa. The countries are coloured on the basis of their prevalent genotypes/subgenotypes.

recent common ancestor (tMRCA) going back to 1966,
thus suggesting that subgenotype A2 spread largely as
a result of sexual transmission between the end of the
1960s and the beginning of the 1980s.

Interestingly, a single HBV genotype A2 variant has
also been isolated from MSM living in The Nether-
lands'”, a country with a low level of HBV endemicity
(0.3%-0.5%) in which sexual transmission is the main
route of infection®, Using a Bayesian skyline approach,
the authors observed that, after a considerable dectrease
in the incidence of HBV in the early 1980s, there was
no subsequent change up to 2003. This trend, which is
similar to that of HIV during the same period, prob-
ably reflects changes in sexual behaviours due to the
HIV/AIDS epidemic™. A further study performed in
The Netherlands is particularly important because it
represents the first attempt to apply the phylodynamic
approach to monitoring the efficacy of a targeted vacci-
nation programme for MSM living in Amsterdam'®. The
authors claimed that the use of coalescent analysis pro-
vided important information for assessing the impact of
vaccinations but, while recognising that the study opened
up new ways of assessing the effectiveness of interven-
tion programmes, Halloran ez a/”” pointed out that the
study was limited by its small sample size and a possible
sampling bias. A more recent study designed to assess the
efficacy of the selective vaccination programme in The
Netherlands extended the analysis to nationwide pop-
ulation-based surveillance between 2004 and 2010, and
observed a significant decrease in the effective number
of infections due to subgenotype A2 among the MSM,
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which was corroborated by a parallel decrease in the inci-
dence of acute HBV infections'””.

It has also been found that HBV-A2 is highly preva-
lent and shows relatively low genetic diversity among
MSM in ]apanm], thus suggesting a distinct and recent
wortldwide HBV-A2 epidemic among MSM.

There is still a lack of phylogeographical studies of
the spatial distribution of genotype A. The only excep-
tion is a recent study by Kramvis and Paraskevis'”, who
used a maximum parsimony method to reconstruct the
worldwide dispersion of subgenotype Al. They conclud-
ed that HBV-A1 most probably originated in Africa, and
that 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
XIX century), the Belgian colonisation of the Congo (in
the first half of the XX century), and the European slave
trade (until the XIX century).

PHYLODYNAMICS OF GENOTYPE E

Genotype A is widespread in southern and eastern Af-
rica, but genotype E is the most prevalent strain in cen-
tral and western Africa (Figure 2), and is essentially an
African genotype insofar as it has only been isolated from
people born in Africa™. However, although it is found
over a large area, it is interesting to note that it has a very
low degree of genetic diversity: the isolates studied by
means of phylogenetic analysis do not segregate into dis-
tinct subgenotypes, but are included into a single mono-
phyletic groupm. This observation suggests that it has
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Figure 3 Distribution of hepatitis B virus-F subgenotypes in Latin Amer-
ica. The countries are coloured on the basis of their prevalent genotypes/sub-
genotypes.

a relatively recent evolutionary history among humans
and, despite the forced immigration of western African
slaves'™ the absence of any significant spread among Af-
ro-Americans indicates that it was probably rare in west
Africa at the time of the slave trade and before the XIX
century. The only one documented finding of its pres-
ence in America is that of Alvarado Mora, who in 2010
identified nine HBV-infected subjects carrying genotype
E in the relatively isolated Afro-American community of
Quibdo, Colombia™, all of these strains were identified
by means of their two-nucleotide synapomorphy in the
S region, thus forming a highly significant monophyletic
group. The time-scaled phylogeny reconstructed by di-
rectly estimating the evolutionary rate (a mean of 3.2 X
10 s/s per year) using 51 dated sequences retrieved from
public databases indicated a tMRCA of about 29 years,
thus suggesting the very recent introduction of HBV-E
within this community”™. The use of a slower evolution-
ary rate (1.5 X 107 s/s per year) previously calculated by
others in HBeAg-positive carriers’” gave a tMRCA for
the Colombian clade within a period consistent with the
transatlantic slave trade (between 257 and 738 years ago),
but this evolutionary rate was the lowest limit estimate
based on a retrospective comparison of mother to child
isolates in cases of presumed vertical transmission” """,
On the contrary, HBV genotype A is widely repre-
sented among Afro-American communities”"" and is
more genetically diverse than genotype E, which suggests
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it has been present in western Aftrica for longerml. Forbi
et a/*" found a high prevalence of HBV infection (mainly
due to HBV-E) in two remote Nigetian communities.
They found a high degree of intra-host heterogeneity
and a high frequency of inter-host variant sharing. This
suggests the relatively recent introduction of HBV-E and
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 and central Africa be-
tween the 1920s and 1960s"™*".

PHYLODYNAMICS OF GENOTYPE F

Genotype F is indigenous to America, and the most prev-
alent HBV genotype in Central and South America, and
among the Amerindians of the Amazon basin®**, Gen-
otype F is classified into four subgenotypes (F1-F4) that
are further sub-divided into different clades. As shown in
Figure 3, I'1 is highly prevalent in Central America (clade
Fla), Alaska and south-east America (clade F1b)™**; F2
is highly prevalent in Venezuela (clades F2a and b), and is
also present in Brazil (only clade F2a) B F3 s present in
central (Panama) and northern Latin America (Colombia
and Venezuela); and F'4 is present in Bolivia and Argen-
tina (where it co-circulates with F1b)"*".,

The main problem in reconstructing the phylody-
namics of the HBV-F genotype is the lack of agreement
concerning its substitution rate. Torres ¢ a/*" estimated
it using a Bayesian molecular clock and obtained a mean
value of 1.67 X 10 (Table 2), with a root tMRCA of 284
years, and tMRCAs for the different subgenotypes and
clades ranging from 23 (F1b) to 70 years (F2). Neverthe-
less, coalescent analysis based on this timescale showed
a very recent increase in the number of infections start-
ing about 15 years ago. Given the presence of HBV-F
among the Amerindian population, which suggests the
long evolution of this strain, the authors considered the
estimated evolutionary time scale epidemiologically highly
unrealistic and decided to use different mean substitution
rates covering the range of those previously estimated
(from 0.6 X 10° to 7.7 x 10 s/s per year). In particular,
the authors chose an arbitrary “intermediate” value of
1 X 10° s/s per year, and obtained a tMRCA of 4400
years for the entire tree and 700-800 years for the differ-
ent F subgenotypes/clades. Under these conditions, the
exponential increase in the number of infections would
have started about 300 years ago which suggests the pre-
Columbian origin of HBV-F and its subgenotypes, some
of which would have disappeared during the conquests
of the XVI and XVII century as a result of the extreme
decline in population numbers. The epidemic would then
have expanded because of the rapid increase in the Latin
American population since the XVIII century™.

In their study of the molecular epidemiology and
evolutionary dynamics of HBV-F in Colombia, Alvarado
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Table 2 Hepatitis B virus genotype substitution rates estimated using different methods

Genotype Evolutionary rate 95%HPD TMRCA 95%HPD Ref.
A 0.90 x 10* 0.12 x 10*1.7 x 10 237 29-455 [43]
8.6 x 10 43 x10%14.3 x 10* [106]

A2 0.91 x 10* 0.11 x 10*-1.7 x 10°* 62 12-112 [43]
A2 3.23 x10° 5.6 x 10%9.0 x 10° [71]
2.72x 10" 1.73 x 10*-5.8 x 10" [48]

C 2x10* 5.4 x10*3.61 x 10™ [106]
3.73 x10* 9 23-271 [107]

D 6.3 x 10" 48x10*7.8 x 10 84 55-110 [49]
44 x10* 2.6 x10%-6.2 x 10* 128 66-210 [49]

1.21 x10* 1.83 x10*-2.27 x 10* [106]

430 x 10™ 1.16 x 10*-7.26 x 10* 66 26-140 [107]

3.67 x10™ 2.8 x10*4.5 x 10* 85 67-103 [43]

D3 3.29 x10™* 29 x10*3.7 x 10* 70 61-79 [43]
5.4 x10° 4.0 x10°-7.21 x 10° 104 139-79 [42]

D1 42 x10* 3x10*6.6 x 10* 46 20-67 [48]
E 9.29 x 10™* 0.18 x 10*-20.2 x 10* [106]
24 x10* 0.55 x 10*-5.54 x 10* 58 40-83 [81]

32x10* 2.2 x10*4.5 x 10* 29.6 16-52 [75]

F 1.67 x10™* 0.94 x 10*-2.37 x 10* 284 120-501 [86]
1.67 x 10™* 0.94 x 10*-2.37 x 10* 255 224-282 [89]

2.60 x 10*1.5 x 10° 150.9-2418 4 [87]

Root 7.7 x10™ 0.84 x 10*-8.61 x 10™ 229 64-580 [107]
22x10° 1.5x10°3 x 10° 33600 22000-47000 [94]

Evolutionary rates are expressed as mean substitutions/site per year (s/s per year), with confidence intervals as 95%HPD. The times of the most recent

common ancestor (tMRCA) are also indicated with confidence limits.

Mora ez a/*" found that HBV-F3 was the most prevalent
subgenotype in Colombia, and suggested it originated in
Venezuela and was probably the oldest IF subgenotype as
it is closely related to genotype H™,

Mello ef ai™ studied the phylodynamics of HBV-F in
Brazil, and found that subgenotype F2a was highly preva-
lent. They concluded that, like F3'" F2a most probably
originated in Venezuela, and reached Brazil following a
north-to-south viral flow.

Godoy ¢ a/* have recently studied the selection pres-
sure acting on the viral proteins of the complete genome
of 126 HBV-F and HBV-H isolates retrieved from pub-
lic databases, and observed an excess of synonymous
mutations in the younger branches of the tree that may
explain the high evolutionary rates measured in recent
samples.

HBV ORIGIN AND EVOLUTION

A number of conflicting hypotheses have been put
forward concerning the origin of HBV. It has been
proposed that it originated in the New World and then
spread globally as a result of European colonisation over
the last 400 years™, but this conflicts with the obser-
vation 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 primate hosts over a period of 10-35 million years”,
but this implies a very slow evolutionary rate (about
3-4 X 10”7 /s per year) that is incompatible with cur-
rent molecular clock estimates indicating a faster rate of
evolution!™>™>", Interestingly, the viruses isolated from
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non-human primates have the same divergence as that
observed among human genotypes, and their phylogenet-
ic patterns show that some human genotypes are more
closely related to non-human viruses than to other hu-
man genotypes, thus suggesting different viral leaps from
primates to humans and zice versa and excluding the idea
of virus/primate co—divergencem]. A third hypothesis is
that HBV was present in anatomically modern humans
and spread as a result of their migrations over the last
100000 years or so™",

These conflicting theories raise a fundamental doubt:
how fast is the evolution of HBV and its genotypes? Is
HBYV a lazy but dangerous ancient travelling companion
of primate evolution (co-divergence), or a recent and
unexpected encounter between a rapidly evolving parasite
and an evolutionarily stable primate host? As said above,
the main obstacle to inferring the time course of the
evolution of HBV is the lack of agreement concerning
its substitution rate. Studies based on external calibration
approachesm’%‘ suggest that HBV is a slowly evolving
virus, whereas those based on internal calibration indi-
cate that it is a highly variable virus that evolves at a rate
comparable with that of other retroviruses. The use of
inappropriate calibration procedures may cause errors
in time-scale reconstructions™. Table 2 shows the mean
values and confidence intervals of the substitution rates
obtained by various authors using different approaches,
and the root tMRCA estimates for the different HBV
genotypes. Most of these methods (using heterochronous
sequences or pedigree estimates) agree on a relatively
high evolutionary rate and mean genotype tMRCAs not
exceeding 300 years.
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Figure 4 Maximum clade credibility tree of hepatitis B virus-D P gene sequences. The numbers on the internal nodes represent posterior probabilities, and the
scale at the bottom of the bottom of the tree the number of years before the present. The clades corresponding to the main hepatitis B virus-D subgenotypes (D1-D5
and D7) are highlighted. The intravenous drug users-associated D3 sub-clade is coloured pale blue.

One recent study” using an external calibration ap-
proach, correlated the pattern of HBV dispersion with
human migrations, and estimated its time-scale on the
basis of this hypothesis. The authors calibrated the root of
genotypes F and H (the Amerindian-specific HBV strains)
to the coalescence times of the Amerindian population (es-
timated to be 13-20 kiloyears ago, KYA)™ and suggested
that the virus originated about 33600 years ago (95%HPD
22-47.1 KYA) and estimated a mean evolutionaty rate of
2.2 X 107 s/s per year (95%HPD: 1.5 x 10°-3.0 X 10°),
one of the slowest ever proposed for HBV (Table 2).

The phylogeographical reconstruction of the history
of genotype D suggested an ancient origin (7-16 KYA)
of this genotype and dated the spread of the currently
circulating subgenotypes (D1-D7) to about 5-6 KYA ,
which conflicts with our previously described spatio-tem-
poral reconstruction of the past epidemiological history
of the same genotype®. The considerable difference
between these two reconstructions is probably due to the
fact that the rate of evolution calculated on the basis of
heterochronous sequences (4.4 X 10*-95%HPD: 2.6-6.2
X 10 s/s per year) is at least two logs faster than that cal-
culated by means of external calibration. For this reason,
we decided to investigate the possibility of using a differ-
ent evolutionary time-scale based on external calibration
and running a new analysis of our original data set with
the addition of a group of HBV-D3 isolates from Ital-
ian TVDUs that form a highly significant sub-clade’.
To this end, we used the previously estimated tMRCA
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of subgenotype D4 in remote Oceania (median estimate
6.2 KYA; 95%HPD 2.4-11.0 KYA) and the tMRCA of
the root of the entire HBV-D tree (median 10.7 KYA;
95%HPD: 6.6-16.4 KYA)™. As shown in Figure 4, we
obtained tMRCA estimates for the origin of genotype D
and its subgenotypes ranging from about 9000 to about
5000 years ago (95%HPD: 14269-3804 for the tree root),
whereas the mean tMRCA of the IVDU-associated sub-
clade dated back to 2841 years ago (95%HPD: 4918-885).
As mentioned above, our original analysis indicated that
the ancestor of the IVDU-associated strain probably
emerged in the 1950s and 1960s, and subsequently spread
rapidly within the IVDU population®, thus reflecting the
known history of the IVDU epidemic. On the contrary,
it is very difficult to explain the nature of this sub-clade
(which mainly involves IVDUs) assuming its origin more
than 2000 years ago.

In an attempt to account for the apparent discrepan-
cies in the evolutionary rate estimates, it is possible to
hypothesise that the rapid evolutionary dynamics char-
acterising modern HBV do not reflect its evolution on
a deeper time scale. All of the methods used to date the
tree presume that the evolutionary rate does not change
over time; however, this is not true and what we call the
evolutionary rate is an average of the values existing at
different times.

It is well known that substitution rate estimates
change frequently depending on the calibration approach:
they are faster when recent calibration points are used
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over a period of a few years (as in the case of heterochro-
nous sampling), and slower when based on more remote

events (such as fossil or paleoanthropological data)®™”,

[9¢6]

This time dependency of evolutionary rates™ may be

due to calibration errors, model mis-specifications or
mutational saturation””, and particularly to the fact that
not all of the currently existing mutants will remain fixed
in the population. The current substitution rate is higher
than that measured over a longer time span, because it
also includes mutants that are destined to become extinct
as a result of purifying selection or genetic drift. For the
same reason, the substitution rates measured over very
long times are underestimated when applied to the analy-
sis of more recent evolutionary events. These disparities
can obviously affect our estimates of tMRCAs, leading to
a possible underestimate of deeper nodes in the case of

89
1 and a consequent

heterochronous sampling calibration
overestimate of short-term nodes when fossil calibration
is used for organisms with a high rate of evolution. It is
therefore inappropriate to use a short-term evolutionary
rate to study events that are distant in time (such as the
origin of viral genotypes in humans or other animals),
and similatly inappropriate to use long-term substitution
rates to calculate the time-scale of recent events such as
intra-genotype evolution. As pointed out by Ho ez al™,
molecular ecological and epidemiological studies deal
with intra-specific (intra-genotype) data that have evolved
on the genealogical rather than the longer phylogenetic
time-scale, and using deep fossil calibration and inter-spe-
cific data could therefore lead to erroneous conclusions.

Another reason for the differences in the rate of virus
evolution at different times depends on the demographic
history of the viral population, which frequently reflects
the dynamics of the host populations and the ecological/
epidemiological characteristics of the infection.

The main support for the hypothesis of the long co-
evolution of human HBV genotypes comes from HBV-F
and its subgenotypes. These are distributed in different
areas and aboriginal tribes” in which the prevalence of
infection is very high (up to 30%)"*'"! thus suggesting
that they have been generated by viral evolution in small
and isolated populations. On the basis of genetic stud-
ies, all aboriginal Americans came from a population that
originated in the region between the Altai mountains and
the Amur river, and reached Beringia 30-22 KYA and
North America 16.6 KYA"™. This founding population
probably consisted of fewer than 5000 people! ™, divided
into bands of probably less than 100, who reached North
America in successive waves over a period of 1500 years
or more™. In some of these small, numerically stable
and isolated groups, HBV might have easily become
hyper-endemic and prevalently transmitted vertically. The
resulting immunotolerance at population level due to
prevalent immature children infections and to the high
prevalence of HBeAg positivity, which is a prerequisite
for efficient vertical transmission
with slower viral evolutionary rates

and is associated
, may support the
ethno-anthropological hypothesis of the pre-Columbian

[106]
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introduction of HBV into the Americas.

On the contrary, the penetration of HBV into large,
fast-changing, highly mobile and susceptible populations
depends on other (mainly horizontal) routes of transmis-
sion, which may also be responsible for higher evolution-
ary rates. Its main circulation in large populations of
immunocompetent adults would explain the more rapid
evolution of the virus due to stronger selective pressure
and the reduced effects of genetic drift.

CONCLUSION

In order to reconcile a long evolution of HBV in humans

with the evidence indicating a high evolutionaty rate in
recent populations, it is possible to advance a two-(or
multiple-) speed hypothesis according to which the evo-
lutionary rate of HBV changed over time depending on
particular contingencies. In particulat, it would be slowed
in small, numerically stable, isolated and hyper-endemic
populations in which vertical transmission prevails, and
accelerated in large and rapidly growing populations in
which the virus is mainly transmitted horizontally.

On the basis of all of these observations, it can be
hypothesised that some HBV genotypes are widespread
in and between continents and have an “epidemic” dis-
tribution: this may be due to rapid and mainly parenteral
transmission leading to a high prevalence of infection in
the general population and among risk groups (genotypes
D and E), or the result of sexual transmission in hypo-
endemic countties in which a sufficient number of adults
are still susceptible to infection (subgenotype A2).

Other strains, such as genotype F, have an “endemic”
pattern. They are found in geographically more restricted
areas, have circulated for longer in their respective popu-
lations, and mainly spread as a result of vertical or intra-
familiar transmission.
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