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Abstract. A detailed analysis of the evolutionary his- Introduction
tory of hepatitis B virus (HBV) was undertaken using 39
mammalian hepadnaviruses for which complete genomeélepatitis B virus (HBV) is a bloodborne hepatotropic
sequences were available, including representatives of allirus which chronically infects some 300 million people
six human genotypes, as well as a large sample of smalorldwide, although many more have been exposed to
S gene sequences. Phylogenetic trees of these data wehe virus, and is thought to be responsible for a million
ambiguous, supporting no single place of origin for deaths annually (Thomas and Jacyna 1993). The carriag
HBV, and depended heavily on the underlying model ofrate of the virus, characterized by the presence of the
DNA substitution. In some instances genotype F, prewviral surface antigen (HBsAQ), varies from only 0.1-
dominant in the Americas, was the first to diverge, sug-0.2% in northern Europe and the United States to 10—
gesting that the virus arose in the New World. In other15% in Africa and the Far East (Sherlock 1993). Chronic
trees, however, sequences from genotype B, prevalent icarriers are at a greatly increased risk of developing se-
East Asia, were the most divergent. An attempt was alseious diseases such as cirrhosis and hepatocellular carci
made to determine the rate of nucleotide substitution imoma, the latter of which is also a major cause of mor-
the C open reading frame and then to date the origin ofality in some localities.
HBV. However, no relationship between time and num-  Hepatitis B virus itself is classified within the family
ber of substitutions was found in two independent dataHepadnaviridae, the genomes of which are partially
sets, indicating that a reliable molecular clock does notdouble-stranded DNA, but where replication includes an
exist for these data. Both the pattern and the rate oRNA intermediate phase and use of the enzyme reverse
nucleotide substitution are therefore complex phenomiranscriptase. Both avian and mammalian hepadnavi-
ena in HBV and hinder any attempt to reconstruct theruses have been described, with the genus containing th
past spread of this virus. mammalian HBV viruserthohepadnavirusncluding
representatives from only the rodent family Sciuridae

Key words:  Hepatitis B virus — Phylogeny — Geno- and a limited number of primates: woolly monkeys, gib-
types — Gamma distribution — Molecular clock bons, chimpanzees, and humans. Within humans, phylo
genetic analyses of HBV sequences has led to the clas
sification of the virus into six genotypes (denoted A—F),
each with distinct geographic associations (Norder et al.
1992, 1993, 1994).

Despite the clinical importance of HBV, its evolution-

. . ary origins are unclear. Although the first description of
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Boston, MA 02115, USA an epiaemic aia not take place until late last cen-
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human populations over the last 100,000 years (Norder diy the discovery of WMHBYV, then it is expected that the
al. 1994, 1996) and there has been some speculation thairal strains found in the human populations from this
certain diseases (generally jaundice) described in ancierontinent should be the most divergent. A New World
texts such as the Bible may have been caused by HBWrigin for HBV, should it prove to be correct, has a wider
infection (Hollinger et al. 1996). Indeed, the high trans- significance. Although the movement of European popu-
mission rates and long infectious period of HBV meanlations into the Americas has been associated with the
that the virus does not require large host populations tdransfer of a number of infectious diseases including in-
establish an infection (Dobson and Carper 1996) and s8uenza, malaria, yellow fever, measles, and smallpox,
may have been able to sustain itself in small humarthere is little evidence of infectious diseases moving in
populations for many years. the other direction, with the possible (and debated) ex-
An even older origin of the virus is hinted at by the ceptions of venereal syphilis (Merbs 1992) and HTLV-II
presence of HBV in a chimpanzeRdn troglodytegand ~ (Dekaban et al. 1995). It is therefore possible that hepa-
a gibbon Hybolates la}, both of which group within the  itis B virus represents another such case.
known human genotypes on phylogenetic trees (Norder [N this paper we examine the origins of hepatitis B
et al. 1996). The identification of these viruses has raisedirus by reconstructing the phylogenetic relationships
the possibility that its origin may even predate the spe2MoNg a set of complete genome sequences sample
ciation of the great apes (Norder et al. 1996). More re_from various locations, as well as those. related hepad-
cently a related virus has been isolated from a Woollym’“”““_Ises from qther.mammahar'] species, and by at-
monkey (agothrix lagotrichd, a New World primate temptlng to proyldg rigorous gstlmates of the rgte of
(Lanford et al. 1998). Phylogenetic analysis revealed tha‘fIUCIGEOtIde subgtltunon in the virus. We ShO\_N that infer-
woolly monkey hepatitis B virus (WMHBYV) is the clos- ences concerning when and yvhere HBV first emerged
est outgroup to the human viruses, which raises the posc—an currently be made only with caution.
sibility that this, or a related New World monkey virus,
is the progenitor of human HBYV, although it is unclear
whether this represents cospeciation or a more rece
Cross-species transmission. Sequence DataPhylogenetic trees were first reconstructed using 39
To date there have been few attempts to test the Comz'omplete genome sequences (approximately 3200 bp in length) from
peting theories for the origin of HBV. One approach various mammalian hepadnaviruses, all of which were taken from the
would be to date the evolutionary history of HBV di- GenBank/EMBL/DDBJ databases (sequences available from the au-
rectly using gene sequence data. The most cited ana|ystitéors on request). Analysis was limited to the mammalian viruses be-

. . cause of the low sequence similarity between these and the avian hep
of this type pIaCEd the dlvergence of HBV from the adnaviruses. Five rodent sequences were included as outgroups to th

rodent hepadnaviruses at approximately 10,000 yeargimate viruses, a phylogenetic pattern which is well established (Orito
ago and the emergence of the different human genotypes al. 1989; Norder et al. 1996). These rodent hepadnavirus sequence
at approximately 3000 years ago (Orito et al. 1989)_(denoted by their GenBank identifiers) were OHVCG and AGU29144

However, the rates of substitution estimated in this stud)%rom the ground squirrel and OHVCGA, OHVCGB, and OHVCGD
rom the woodchuck. Also included were the (single) complete genome

(from 4.57 to 7.90 x 10 synonymous substitutions per sequences from a chimpanzee (HPBVCG), a gibbon (HBU46935), and
site, per year, across the four viral open reading frames3 woolly monkey (AF046996). Previously identified recombinant HBV
were based on concurrent sequences drawn from only gggquences (Bollyky et al. 1996) were excluded from the analysis be-
single individual and assumed that their divergence hagause they break the implicit assumption of tree-like evolution.

tak | t the fi f infecti h it | ibl In a second phylogenetic analysis, trees were reconstructed on the
aken place at the ume or intection, when ILIS possibieg, (S) envelope gene (690 bp) of the viral surface antigen (HBsAg)

that they separated more recently or even prior to theom 101 isolates of HBV including the chimpanzee, gibbon, and
transmission event. A further complicating factor is thatwoolly monkey sequences described above, as well as representative
changes in host selection pressure may greatly affecf all six human genotypes. As before, all sequences were downloadec

substitution rates in HBV, with lower rates of change in from the GenBank/EMBL/DDBJ databases (;equences avallal?le frgm
the authors on request) and known recombinants as well as identical

those individuals which continue to produce the viral €sequences were removed.
antigen (HBeAg) compared to those who have cleared it we attempted to estimate rates of nucleotide substitution in HBV in

(Carman et al. 1995; Okamura et al. 1996; Bozkaya et altwo separate core (C) open reading frame (ORF) data sets. Our analysi
1996 1997) focused on the C ORF, which encodes the nucleocapsid and the e

- antigen (i.e., including both the precore and the core regions), because
The study of HBV origins can also be approached byof the four ORFs that comprise HBV, it has the least area of overlap in

reconstructing phylogenetic trees. If the virus has cospereading frame, 27.2%, compared to 58.9, 47.0, and 100% for the X, P,
ciated with its primate hosts, then it is expected that theand S ORFs, respectively (Mizokami et al. 1997), and should therefore
topology of the viral phylogeny will match that of the give the best estimate of ‘the intrinsic mutation rate. I?reyi_ous §tudies
hosts from which the viruses were isolated. Converselypave shqwn_ that overlapplng reading frames have a S|g_n|f|cant |mp§ct
if the virus has onlv recently entered human population on subst|tut'|on patterns in that synonymous changes.ln one reading
! L y y Pop %rame are likely to be nonsynonymous in another (Mizokami et al.
from an origin in the New World, as has been suggestedgg7).

previously (Bollyky et al. 1997) and given more weight  The first C ORF data set consisted of 51 sequences that carried

l\(laterials and Methods
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information about dates of sampling. These data (639 bp) were taken In the second analysis a direct comparison was made between se
from Carman et al. (1995) and Lai et al. (1992; unpublished sequencesgjuences taken from 10 HBeAg positive mother—child pairs. In each
taken directly from GenBank) and are available from the authors oncase the genetic distance between the members of each pair (given b
request. These 51 sequences were all isolated in the Mediterranedozkaya et al. 1997) was divided by twice the age of the child (i.e.,
region (Italy and Greece), thereby theoretically minimizing differencesassuming transmission occurred at birth) to provide an estimate of the
in transmission patterns, and were taken from patients prior to serorate of nucleotide substitution.
conversion to anti-HBe, again removing a potentially confounding fac-  The obvious violation of the molecular clock in the analysis using
tor. All sequences were of genotype A or D, so we assume that there ithe Li et al. (1988) method (i.e., the occurrence of negative distances)
little rate variation between these and the other HBV genotypes, anded us to pursue a more in-depth study of whether either data set coulc
were obtained using a variety of sequencing methods with direct seprovide a reliable estimate of the rate of nucleotide substitution in
quencing predominant among them, thereby hopefully reducing theHBV. This was done by utilizing a further prediction of the molecular
adverse affects of Taq polymerase error (Smith et al. 1997). Althougtclock model: that there should be a direct correlation between sampling
22 of the 51 sequences represented 11 pairs drawn from single chroninterval and genetic distance, such that the farther apart in time two
cally infected individuals, no comparisons between these sequences asamples were taken, the greater the genetic distance between them. Tt
included here because of the difficulties, noted earlier, in determiningextent of this correlation was assessed using Spearman’s coefficient o
times of divergence in such circumstances. For those dated sequencemnk correlation (allowing for ties) on each of the two data sets.
in which the month of sampling was unavailable (marked with an “X”
in Fig. 6), the midyear month of June was used.

The second data set consisted of C ORF sequences from 1&esults
HBeAg-positive mother—child (i.e., index—contact) pairs (Bozkaya et
al. 1997), although the sequences (again, 639 bp) themselves were nBthylogenetic Relationships Among
available, and so our analysis was based on the genetic distances givfflammalian Hepadnaviruses
in the original publication. As the mode of transmission in these cases
was almost certainly perinatal (A.S. Lok, personal communication),The maximum-likelihood (ML) and neighbor-joining
contact times and phylogenetic relationships between sequence pai(NJ) bootstrap trees constructed on the 39 complete ge
could be ascertained with a high degree of certainty. These data wergome sequences are presented in Fig. 1. The substitutio
obtained via dlre_c_t sequencing performed in both dlregtlons for eadbarameters used to construct these trees, as well as the
sample, with additional runs performed in cases of conflict (Bozkaya etl. . . .
al. 1997; A.S. Lok, personal communication). ikelihoods, are given in Table 1. In both trees the woolly

monkey sequence is clearly the sister group to the humar

Phylogenetic Analysi®hylogenetic trees were generated for the 39 genotypes and the chimpanzee and gibbon sequences,

complete genome sequences and a number of subsets of these data, b}fanching Supported by 95% of bootstrap replioations_

101 S gene sequences, and the 51 C ORF sequences used in the egthig supports the phylogenetic analysis of Lanford et al.
mation of substitution rates. All sequences were aligned with the Clust- : . .
alW program (Thompson et al. 1994) and checked by eye. Maximum—(1998)' T_he close rEIatlonS_hlp bet_ween the_ chimpanzee
likelihood (ML) phylogenetic trees were reconstructed using test@nd the glbbo_n sequences is likewise found in both trees
version 4.64d of PAUP* kindly provided by David L. Swofford. The although this is supported by only 39% of bootstrap rep-
Hasegawa—Kishino—Yano model of DNA substitution was utilized, lications in the NJ analysis. The monophyly of each ge-

with the maximum-likelihood transition:transversion ratio (Ts/Tv) and notype is, however, supported by very high numbers of
a, the shape parameter of a discrete approximation to a gamma distri- ' Co s
bution of rate heterogeneity among sites (here assumed to contain eigPtOOtStrap replications (which is also true of every subset

rate categories), determined using an iterative procedure in which thesaf these data analyzed; see below), as is the clustering o

parameters were continually adjusted until the tree of highest likelihoodgenotypes D and E. Conversely, the ML and NJ trees,

was found. Because of the presence of multiple reading frames, @lthough utilizing the same model of DNA substitution,

gamma distribution of rate variation across sites was considered ?;ive very different pictures of the phylogenetic relation-
11-

:)uet:;r r(:](f)sd(:;llstlon of the substitution process than codon-based subsships among the HBV genotypes: the ML tree depicts

To assess further the robustness of the phylogenetic groupings of10S€ sequences from genotype B, which is most com-
tained, a bootstrap neighbor-joining (NJ) analysis with 1000 replica-monly found in East Asia, to be the most divergent,

tions was performed using the same model of DNA substitution (i.e.,whereas the NJ tree assigns this position to the genotype
with the ML Ts/Tv anda values) as in the ML analysis. F viruses, prevalent in the Americas, although with only

- . Lo 63% bootstrap support.
Estimating Rates of Nucleotide Substitutidvie first attempted to B f th t dist bet th dent
estimate the rate of nucleotide substitution in HBV on the 51 Greek and ecause o € great distance between the rodent an

ltalian sequences with known dates of sampling using the method of LiN€ primate hepadnaviruses (a mean of 1.476 under the
et al. (1988). Here the distance (estimated under the ML substitutiodMIL substitution model), so that multiple substitution is
model) between an HBV sequence (sequeacand a phylogenetic  |ikely to be a problem in sequence analysis, and the
neighbor sampled at an earlier time point (sequebcevere each  ghgeryation that the woolly monkey virus constitutes a
compared to a mutual outgroup sequence (sequendde difference . .

between these two distancess-bc, is a measure of the amount of valid outgroup to the human HBV isolates, we removed
evolution which has occurred in the time between the samplingpoti  the rodent sequences from the data set and reconstructe
the later sampling o&. Although useful, this method makes no provi- phylogenetic trees on the remaining 34 primate hepad-
sion for comparisons in which the more recently sampled sequence hagaviruses (Fig. 2). This not only shortened the time depth
a smaller genetic distance to the outgroup than the older sequence. Y&% the trees, but also led to a decline in the value of the

of the total of 14 comparisons that were possible in our data (i.e., t that ¢ iati it <
independent comparisons of triplets with known sampling times, ig—a parameter, So that more rate variation among sites wa

noring sequences from the same individual), 5 fell into this “negativeinCOrporated (Table 1).
distance” category. Both the ML and the NJ trees for this 34-taxon data
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Fig. 1. Maximum-likelihood(a) and bootstrap neighbor-joiningp) values for individual HBV genotypes are shown next to the genotype
phylogenetic trees for 39 complete genome sequences representing alame rather than on the branch itself. The bootstrap value of “74”
known mammalian hepadnaviruses. Bootstrap values are shown fazorresponds to theircled nodelinking genotypes B and C. Horizontal
selected nodes only, and because of space limitations some of theranch lengths drawn to scale.

Table 1. Summary of data, substitution parameters, and log-likeli- genotype F (65% bootstrap support), although in the ML
hoods for the phylogenetic trees reconstructed tree the chimpanzee sequence diverges before that fror
the gibbon. The only internal node which receives strong

No. . . L

Region @xa  bp T8 of InLe bootstrap support is, again, that linking ggnotypes D and
E, the former of which is found worldwide, the latter

All genomé 39 3326 1.338 0413  -28011.99193 predominantly in Africa.

é"gsgomé 3:;1 3%3;15 11-‘;1296 %22%% ‘2286%1‘5%3 To get a better picture of the variability in phyloge-

P ORF 34 2403 1369 0289 -15611.26075 NetliC signal, ML and Nq trgc_as were also_ constructed on

S ORF 34 1213 1.311 0.285 -6910.67583 each of the four ORFs |nd|V|dua”y for this 34 sequence

X ORF 34 465 1242 0.288  -2754.18242 data set, an analysis which produced a variety of topolo-

Small S gen? 101 690 1494 0231  -4588.46142 gies (results not shown; available at http://evolve.zoo.
e Transition/transversion ratio ox.ac.uk/; likelihoods given Table 1). In the ML trees of
b Shape parameter of a gamma distribution of rate heterogeneity amon e C, P, and S ORFs, as well as the NJ tree of the P

sites. RF, genotype B sequences are most divergent, al-
¢ Log-likelihood. though with low bootstrap support in the case of the P
? All available mammalian hepdnaviruses. ORF (35%). In contrast, genotype F is most divergent in
“Rodent viruses excluded. the ML tree of the X ORF and in the NJ tree of the S

ORF (47% bootstrap support). The positions of the chim-
set are consistent in placing genotype B as the sistgsanzee and gibbon viruses also vary among genes: some
group to the other human genotypes, with genotype Rimes the chimpanzee sequence diverges first, sometime
one of the last to diverge. However, the divergent naturghe gibbon, and in some trees they are placed as siste
of genotype B is supported in only 43% of the bootstrapsgroups to genotype F, but on other occasions they occupy
and the branch leading to genotype F is conspicuouslynore disparate positions. In all cases, however, they di-
long. Both trees are also consistent in their placement oferge early on with respect to most of the human geno-
the chimpanzee and gibbon viruses as sister groups types.
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Fig. 2. Maximum-likelihood(a) and bootstrap neighbor-joining) phylogenetic trees for 34 complete genome sequences representing all know
primate hepadnaviruses. Bootstrap values are shown for selected nodes. Horizontal branch lengths drawn to scale.

Finally, because the integrity of the chimpanzee andistribution of rate variation among sites, which may
gibbon sequences have been questioned (see Discusrovide a more biologically realistic representation of
sion), and might conceivably bias the trees constructed, aequence evolution than simply assuming that all sites
phylogenetic analysis was also undertaken with thesehange at the same rate (Yang 1996).
two sequences removed, leaving a data set of 32 hepad- To determine whether allowing rate variation among
naviruses (results not shown; available at http://evolvesites affected our phylogenetic analysis, trees were alsc
zoo.ox.ac.uk/). Once again, genotype B is depicted as theonstructed without estimating the parameter for the
most divergent (with genotgpF a clear ingroup), al- 39- and 34-taxon data sets (Figs. 3 and 4). The results o
though this relationship has no support in the neighborthis analysis are striking; in both cases genotype F is
joining analysis. Similar results, with genotype B the depicted as the sister group to the other human geno.
most divergent, were found if only a randomly chosentypes, and always with strong bootstrap support (100 and
pair of sequences from each genotype is analyzed along2% for the 39- and 34-taxon data sets, respectively).
with the other primate sequences (results not shownEurthermore, the genotype B sequences are consistentl
again available at our web site). pictured as an internal clade, and always a sister group tc

The data presented so far generally suggest that gehe genotype C viruses also prevalent in East Asia, anc
notype B is the most divergent of the human viruseswith reasonably good bootstrap support (92 and 83%,
although this branching receives little bootstrap supportrespectively). Incorporation of rate variation across sites
and in some analyses genotype F separates first. Thebdas clearly influenced the tree topologies obtained.
results are somewhat surprising given that previous stud- To investigate this phenomenon further we con-
ies of HBV diversity identified genotype F as the first to structed NJ bootstrap trees with differantvalues and
diverge and with strong bootstrap support (Bollyky et al.numbers of categories for the 34-taxon data set. To sum:
1997; Lanford et al. 1998; Norder et al. 1996). How marize these results, whenvalues lower than that es-
might this discrepancy be explained? One difference betimated from the empirical data are used (i.e., <0.293),
tween ours and previous analyses is that we have ingenotype B is consistently seen as the most divergent, ye
cluded, as part of the model of DNA substitution, the when highera values are included, so that sites are as-
shape parameter of a discrete approximation to a gammsumed to show less rate variation among them, genotype |
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Fig. 3. Maximum-likelihood(a) and bootstrap neighbor-joinir) phylogenetic trees, reconstructed without allowing rate variation among sites,
for 39 complete genome sequences representing all known mammalian hepadnaviruses. Bootstrap values are shown for selected nodes. Ht
branch lengths drawn to scale.

becomes the first to diverge. For example camalue of  origin” and “F origin” under the same model of DNA
0.5 made genotype F the most divergent in 46% of bootsubstitution. Although the “B origin” tree was more
strap replications, while aa value of 1.0 increased the likely than the “F origin” tree in both data sets, in neither
bootstrap support for this node to 70%. Conversely, halvease were their likelihoods significantly different.
ing (to 4) or doubling (to 16) the number of categories, Finally, ML and NJ trees were also constructed on
although changing the tree topology, did not explain thel01 sequences of the small S gene sequences (690 bp),
conflicting positions of the B and F genotypes (resultsregion that has often been used in studies of HBV geno-
not shown). type and that is included here because of the wider
To assess whether trees which depict genotype B asample of sequences available, particularly from geno-
the most divergent are a significantly better explanatiortype F (likelihood and substitution parameters given in
of the data than those that show genotype F as the sist@able 1). In both the trees the woolly monkey sequence
group to the other human viruses, we undertook a statisvas used as the outgroup. Unlike any of the trees con-
tical test of their difference in likelihood (Table 2). This structed to date, sequences from genotype C, prevalent i
analysis, using the Kishino—Hasegawa (1989) test, wakast Asia, were the most divergent (Fig. 5), although
performed on both the 39- and the 34-taxon data setwith tenuous bootstrap support (64%). Indeed, in the ML
comparing the following tree topologies: (1) the ML tree tree not all the genotype C sequences are monophyletic
reconstructed incorporating a gamma distribution of ratgmost notably HHVBC1 and HPBSAA, Fig. 5), although
heterogeneity and so depicting genotype B viruses as thihis was not the case in the NJ analysis. Both genotype E
most divergent (“B origin”) and (2) the ML tree con- and genotype F were depicted as ingroups, although thei
structed without allowing rate variation along the se-position varied between the two trees, and the genotype
quence and thereby providing a topology in which ge-F sequences were again connected to those of the othe
notype F sequences are the most divergent, but witlygenotypes by a long branch. Finally, although the chim-
branch lengths then optimized on this topology to allowpanzee and gibbon viruses grouped together in both
for rate heterogeneity among sites (“F origin”). In this trees, this was not well supported (52%) and their rela-
way we can compare the competing hypotheses of “Bionship to the human viruses was difficult to ascertain.
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Fig. 4. Maximum-likelihood(a) and bootstrap neighbor-joinif) phylogenetic trees, reconstructed without allowing rate variation among sites,
for 34 complete genome sequences representing all known primate hepadnaviruses. Bootstrap values are shown for selected nodes. Hc
branch lengths drawn to scale.

Table 2. Comparison of log-likelihoods of two competing models for tion was found between sampling interval and genetic

the origin of HBV under different data sets distance among the nine comparisons that were possible
Data set Topology i o on .these datar(=' 0.017,p = 0.9621; Table 3), indi-
cating that there is no molecular clock. It should also be
39 taxa B origin -28011.99193 remembered that this non-clock-like result was obtained
F origin -28021.49483 0.528 e ; _
34 taxa B origin 22084124229 even after 5 of the ongmaJ 14 comparisons V}{ere re
F origin ~20850.79313 0.392 Moved be_c_ause they gave “negative d!stanf:es.
An additional attempt was made to identify a rate of
* Log-likelihood. nucleotide substitution in HBV using a second, indepen-

bF’_robability‘of getting_a‘mo‘re extrenlevalue under the null hypoth- dent data set, by directly counting up the number of
esis of no difference in likelihood between the two trees. - . . .

substitutions between mother—child pairs with known

times of divergence. However, as before, no correlation

S ) o was found between time and genetic distance=(

Estimating Rates of Nucleotide Substitution 0.078,p = 0.8148; Table 4). For example, in one case a

distance of 0.063 was observed following 2 years of
We first attempted to estimate the rate of nucleotide subevolution (which would mean a substitution rate of 3.15
stitution in HBV among 51 C ORF sequences isolatedx 1072 per site per year), yet no substitutions were ob-
from Greek and Italian patients. Triplets of related se-served after 15 years in another. Unfortunately, no other
quences (fulfilling the criteria laid under Materials and data sets with large numbers of sequences and knowt
Methods) were first identified on a maximume-likelihood times of divergence could be identified in the literature.
tree (Ts/Tv= 1.20;a = 0.30; Fig. 6). These triplets Given that no molecular clock was found in two separate
represented a range of phylogenetic distances and sardata sets analyzed using different methods, and that nc
pling times. The method of Li et al. (1988) was then usedother suitable data were available, we were unable to
to estimate the amount of evolutionary change which hagstimate a rate of nucleotide substitution for hepatitis B
occurred between sampling times. However, no correlavirus nor to calculate times of divergence.



137

52 chimpanzee HBV
a gibbon HBV
B
D
gibbon HBV
mavecr  chimpanzee HBV

| L—1upsaa
i

—

== 1
=
L L— HPBSAA

woolly monkey HBV HHVBC1 woolly monkey HBV
10% Divergence 10% Divergence

Fig. 5. Maximum-likelihood (a) and bootstrap neighbor-joinin@h) phylogenetic trees for 101 sequences of the small envelope (S) gene
representative of all known primate hepadnaviruses. Bootstrap values are shown for selected nodes. Horizontal branch lengths drawn to s

Discussion for protection from human disease.” In consequence, it is
possible that the parents of this animal (which were
caught in the wild in Africa) were infected with a human
Can we use our phylogenetic analysis to throw morevirus on capture, so that they perhaps acquired humar
light on the evolution of those hepadnaviruses isolatedriruses of African origin.

from nonhuman primates? The first issue to address is The phylogenetic positions of the chimpanzee and
the evolutionary history of the chimpanzee and gibbongibbon viruses are also confusing. First, as chimpanzee:
viruses. Only two viruses from wild-caught gibbons haveand humans are known to be more closely related to one
ever been reported, and contrary to the description bynother than either is to the gibbon, then, if HBV really
Norder et al. (1996), the first (Courouce et al. 1976) ishas cospeciated with its primate hosts, the human anc
from an animal deliberately infected with human serumchimpanzee viruses would be expected to group together
(W.H. Bancroft, personal communication). In contrast,to the exclusion of that found in the gibbon. The fact that
although the second animal, from which the sequencéhis predicted relationship is found in only one of the
used here was derived, was caught in the wild in Thaitrees presented here—the neighbor-joining bootstrap
land, it was subsequently kept for over a year at a CD(phylogeny of the X ORF from the 34 taxa data set—and,
laboratory facility before any HBV tests were performed further, that in most cases some human HBV sequence:
(Mimms et al. 1993), during which time it is conceivable diverge before gibbon and chimp HBYV, suggests that
that it was infected with HBV. Similar reservations apply HBV has not cospeciated with the hepadnaviruses iso-
to chimpanzee HBV. The sole chimpanzee sequenctated from these two animals. More than that, the posi-
available is from an animal bred at London zoo, one oftions of the chimpanzee and gibbon viruses are not
an entire troop infected with the virus (Zuckerman et al.stable, moving positions in different analyses, although
1978). In this report it was also noted that “it is commonthey are generally closely related to each other (which
practice for animal catchers and dealers to inoculat@gain would not be expected under the cospeciation hy-
newly captured chimpanzees with pooled human bloogothesis). Overall we suggest that the hepadnaviruse:

Hepadnaviruses in Nonhuman Primates
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HBVI113 (11/81)
|| I:HBVIGO (2/87) A
— HBVI8 (11/87)
L L——HBVI172 (1/92)
HBVI68 (1/87)

_| I:—HBVG76 (1/88)
HBVG81 (3/92)
—— HBVXPCC2 (X/92)

HBVXPCCB5 (1/86)
{HBVISO (10/88)

HBVI186 (5/91) HBVG29 (8/92)
W— HBVXPCC17 (X/91)
HBVI122 (5/89)

— HBVI180 (6/92)
_L:HBVI11 (3/88)
HBVI175 (5/92)

HBVI38 (5/87)
HBVXPCC36 %X/83§

HBVG30 (6/89)

HBVXPCC58 (X/83
HBVXPCC59 (1/85)
HBVXPCC33 §X/83)
HBVXPCC34 (1/85)
HBVXPCC29 (X/83)
HBVI54 é7/81)
HBVI49 (11/83)
— _| HBVXPCC46 (X/84)
HBVXPCC62 (X/84)
. __IHBVI118(4/82) D

| HBVI109 (5/83) HBVIS6 (3/87)

HBVXPCC18 (X/90)
—— HBVXPCC53 (X/85)
{HBVI69 (1/87)

HBVI187 (1/92)

[BVI%S (8787) HBVG22 (4/91)

[L————HBVI2 (8/87)
HBVGS2 (4/87)

HBVG50 (11/87)
HBVG1 (5/90)
HBVXPCC19 (X/90)
HBVXPCC43 (X/85)
HBVXPCC44 (1/86)
HBVXPCC5 X/92)
XPOCSd (X/85)
HBVXPOCAG (3766 )
HBVXPCC48 (X/84)
HBVXPCC40 (X/82)
HBVXPCC41 (1/85)

Fig. 6. Maximum-likelihood tree of 51 Greek and Italian C ORF sequences used in the estimation of substitution rates. For purposes of cl:
the tree is rooted between the genotype A and the genotype B viruses. Times of sampling are given next to the name of each isolate (montt
with an “X” marking those for which information about the month was unavailable. Horizontal branch lengths drawn to scale.

found in chimpanzee and gibbon are unlikely to repre-woolly monkey sequence is depicted, with strong boot-
sent natural infections of wild populations [a conclusionstrap support, as the sister group to the human genotype:s
also reached by Lanford et al. (1998)] and were mordg-urthermore, there is some evidence to suggest tha
probably secondarily acquired from humans. However, itwoolly monkeys might be natural hosts for HBV. In
is not clear from the sequence data available which huparticular, while infected animals were found in only one
man strains are the precursors and it is noticeable that nof five zoos sampled, woolly monkeys in zoos across the
known human sequence groups closely with these prilnited States suffer from a high rate of liver disease and
mate viruses. Quite clearly, more surveys of HBV infec-perinatal (vertical) transmission was also documented,
tion in wild-caught chimpanzees and gibbons are neededuggesting that the virus can maintain itself in popula-
before their true evolutionary significance can be re-tions of this species (Lanford et al. 1998). While other
vealed. New World and even Old World primate species could
If those viruses present in chimpanzee and gibbon aralso harbor hepadnaviruses, the identification of
not the progenitors of human HBV, what is? A clue wasWMHBY does at least show that HBV-like viruses exist
recently provided by the isolation of a hepadnavirus fromin South American primates, and the study by Lanford
the woolly monkey, a New World primate (Lanford et al. et al. (1998) also suggested that the spider monkey
1998). In the phylogenetic trees presented here, théAteles geoffroyj another New World species, was like-
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Table 3. Association between genetic distance and time of separationA New World Origin for HBV?
for C ORF sequences from 51 Greek and Italian HBV patients

Sequence triplét

Genetic distance

Separation time
of a andb (years)

a.
b.
c.

. HBVG30
. HBVI39
. HBVXPCCA41

. HBVGS81
. HBVI59
. HBVI39

. HBVG22
. HBVG50
. HBVXPCC19

. HBVI172
. HBVI60
. HBVI68

o T

O T o O T o T o O oo O T o O T

O T o

HBVXPCC34
HBVXPCC36
HBVI38

HBVG1

. HBVXPCC54
.HBVI172

. HBVXPCC5
. HBVXPCC43
. HBVXPCC19

. HBVI187
.HBVI118
. HBVI39

. HBVI180
. HBVI54
. HBVXPCC17

0.0050

0.0377

0.0111

0.0113

0.0100

0.0063

0.0104

0.0054

0.0177

1.58

2.25

3.42

3.42

4.92

4.92

7.00

9.75

10.92

2See Fig. 6 for phylogenetic relationships. Sequences designated b

their GenBank identifiers.
b Distance calculated under the relatiac-bc.

Unfortunately, the origin of HBV in humans is as con-
fusing as that of the hepadnaviruses from other primates
Our most important observation in this context is that,
depending on the analytical method used, two viral geno-
types, B from East Asia and F from the Americas, both
occupy the position of the most divergent genotype and
are not, in terms of likelihood, significantly different
explanations of the data. The most important factor in
determining which genotype was favored was the incor-
poration (or not) of the shape parameterpof a discrete
approximation to a gamma distribution of rate variation
among sites, a heterogeneity which has been noted pre
viously in HBV (Lauder et al. 1993; Yang et al. 1995)
and confirmed in our study. We show here that the in-
clusion of rate variation among sites in the substitution
model has a large effect, not only on the genetic dis-
tances estimated between sequences, but also on the ph
logenetic relationships inferred. Interestingly, the
value declined, signifying an increase in among site
variation, when the rodent hepadnavirus sequences wer
removed from the analysis. Although this may seem sur-
prising given that the rodent sequences were very diver-
gent from those in primates, it probably signifies that
their inclusion greatly increased the extent of multiple
substitution, which might in turn mask the true pattern of
among site genetic variation.

The difficulty in resolving the precise branching order
of the HBV genotypes therefore rests with the quality of
the phylogenetic signal in the data and our ability to
recover it accurately: the “F origin” hypothesis seems

<

most favored in those data sets where multiple substitu-
tion may still be a problem, that is, in trees incorporating
the divergent rodent sequences and in those in which

Table 4. Association between genetic distance and time of separatioreach site is assumed to evolve at a constant rate. An F
for C ORF sequences from 10 mother—child HBV transmission caserigin also seems to be rather more favored in the neigh-

Sequenceé Separation time
of mother and
Index Contact Genetic distance child (years)
11-1 11-2 0.0315 28
11-1 11-4 0.0630 27
-1 11-3 0.0630 2
-1 11-4 0.0472 4
V-1 V-3 0.0158 10
V-1 V-4 0.0 9
VI-1 VI-2 0.0 5
Vil-1 VII-2 0.0 14
Vil-1 VII-3 0.0 15
VII-1 Vil-4 0.0 10

aSequences numbered as by Bozkaya et al. (19&8netic distances

taken from Bozkaya et al. (1997).

bor-joining than the maximum-likelihood trees, perhaps
because the former are more susceptible to differences it
rate variation. In contrast, the “B origin” hypothesis is
best supported in trees allowing rate variation among
sites, in which case the F genotype appears on a long
branch. The question that needs to be resolved, therefore
is whether genotype F evolved first or has evolved fast-
est. Both have plausible biological explanations. A New
World origin for HBV would mean that genotype F di-
verged first, whereas if the virus secondarily entered the
Americas from an origin in Asia, it may have experi-
enced a higher rate of nucleotide substitution as it
adapted to this nee human population.

Despite the ambiguity in the phylogenetic trees, a
New World origin for HBV is supported by other pieces
of (albeit circumstantial) evidence, most notably the iso-

wise susceptible to HBV infection. Wider-ranging stud- lation of the woolly monkey virus. In the same way, it is

ies of the prevalence of HBV-like viruses in both New also noteworthy that all of the rodent hosts of hepadna-
and Old World primates are clearly a priority for the viruses identified thus far are American species—no Old
future.

World rodents are known which naturally harbor the vi-
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rus (P. Karayiannis, personal communication). This sugfecently than 500 years ago or more distant than 15,00C
gests that these viruses are indigenous to American rofears ago, due to the lack of substantial human contac
dents and, at some stage, may have been transmittebletween the two hemispheres during the intervening pe-
perhaps via other mammalian species, to primates.  riod [which in turn would make the 3000-year split sug-
A New World origin for HBV is also suggested by the gested by Orito et al. (1989) highly unlikely]. Again

high prevalence of the virus in Amazonian Indians, using the genetic distances inferred here, this translate:
where levels of infection reach nearly 70% in some caseito substitution rates of no greater thaf.0 x 10°
(Black 1975), and which have been identified as beingsubstitutions per site per year if the divergence predates
caused by genotype F viruses (Gaspar et al. 1987; Blitfhe invasion of the Americas by early humans and no less
et al. 1998). Furthermore, surveys of genotype F in Centhan[2.1 x 10 substitutions per site per year if the split
tral America have revealed far more genetic diversity inoccurred following European contact less than 500 years
this genotype than previously thought (Aruaz-Ruiz et al.&do- Yet if the virus in fact has an origin in East Asia, as
1997), which is to be expected if the virus has beersuggested by the divergent position of genotype B se-
associated with these populations for some time. It is als§UENCes in most trees, then this could mean an emer
noteworthy that genotype F is also found in persons ofJ€Nce as long ago as humans have been in this part of th

Polynesian origin, which may have been caused by re?erld, which equates to some 65,000 years under the
‘Out of Africa” model of human origins (Cavalli-Sforza

cent migration events or even ancient contact (up to . e
[1L000 years ago) between these people and those of tfd al. 1994). This could make the substitution rate as low

6 . . oy .
Americas. However, it is also very clear that further in- as[1L.0 x 107 Unfortunately, given the variability in

formation regarding the prevalence and genetic diversit)fuhl?srt:tu;f“t);]1 ratehs wethobservt;a ' ';[ IS nlot_ po?rs]z 'bl(;a io judge
of genotype F in native American populations is re- Wich OT these Nypotheses best expiains the data.
quired. To conclude, our analysis of the evolutionary history

Being able to place the evolution of HBV within the ofHBV has uncovere_d conslderable un_certal_nt_y, n terms
. . . of both where the virus might have first originated in
time scale of human history would greatly assist our

understanding of its origin and spread. Unfortunately, Wehumans and when this event took place. The phyloge-

. . . netic position of the New World genotype F viruses is
were unable to provide evidence for a molecular clock in_~ . larl bi learlv. th h .
HBV and so could not estimate times of divergence Thepartlcu arty amoiguous. C carly, there s an Important
. o ' need for further investigation into the origins of HBV by
reasons underlying such rate variability are unclear bu

. Lo . Eonducting a wider survey of hepadnaviruses in primate
may involve variability in the strength of immune re-

. opulations, by obtaining more complete genome se-
Sponses, frequen.t ar\d Iarge- pqpu!atlon bojttlenecks (e%uences, particularly from genotypes B and F, and by
pecially at transmission), an intrinsically variable rate of utilizing models of DNA substitution which better de-
mutation, or simply sampling over too short a time pe-

: A i : e scribe the process of viral evolution.
riod with too high a stochastic error. In the future it might
be proﬂtable FO base _S’UCh analyses on sequences Samplﬁ&nowledgments. We thank the Royal Society, the Wellcome Trust,
over longer time periods. and the Marshall Scholarship Foundation for financial support and Dr.
Although we cannot date the origins of HBV with the W.F. Carman for valuable discussion.
available molecular data, it is possible to calculate what
substitution rates are necessary to produce the phyloge-
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