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Abstract 

The entry point and timing of ancient human migration into continental Sahul (the combined 

landmass of Australia, New Guinea and Tasmania) are subject to debate. Unique strains of hepatitis 

B virus (HBV) are endemic among modern-day Australian Aboriginals (HBV/C4) and Indigenous 

Melanesians (HBV/C3). We postulated that HBV genomes could be used to infer human population 

movements because the main HBV transmission route in endemic populations is via mother-to-child 

for genotypes B and C infections. Phylogenetic and phylogeographic analyses of HBV genomes 

inferred the origin of HBV/C4 to be >59 thousand years ago (kya) (95% HPD: 34-85 kya), and most 

likely to have occurred on the Sunda Shelf (southeast extension of the continental shelf of Southeast 

Asia). Our analysis further suggested an age of >51 kya (95% HPD: 36-67 kya) for the most recent 

common ancestor of HBV/C4 in Australia, correlating with the arrival time of anatomically modern 

humans into Australia, with the entry point suggested along a southern route via Timor. Whilst we 

also inferred the origin of HBC/C3 to be on the Sunda Shelf, our analyses suggested it was carried 

into Melanesia by Indigenous Melanesians who migrated through New Guinea north of the 

highlands. These findings reveal that HBV genomes can be used to infer ancient human population 

movements.  
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Introduction: 

Continental Sahul (the combined landmass of Australia, New Guinea and Tasmania in the 

Pleistocene era) was settled very early in human history as part of the dispersal of anatomically 

modern humans (AMH) from Africa (Groube et al. 1986; Roberts et al. 1990; Oppenheimer 2012). It 

is accepted that this continent and islands to the east were originally colonised by two groups, the 

ancestors of Australian Aboriginals and Near Oceanians (Papuans and Melanesians). However, 

controversies remain including time of entry, likely access points and whether entry into Sahul was 

by a single founder group (common origin theory), or by multiple groups (independent origin theory) 

(Pellekaan et al. 2006; Hudjashov et al. 2007; McEvoy et al. 2010; Bergstrom et al. 2016).  

A review of data from archaeological sites at the Madjedbebe (formally Malakunanja II) Rock 

Shelters in East Arnhem in northern Australia has recently concluded the Australian continent was 

first inhabited by humans between 50-65 kya (Clarkson et al. 2015; Clarkson et al. 2017). The earliest 

known fossil date for AMH in Melanesia is 40-45kya (Groube et al. 1986). Melanesia has been 

populated by two major periods of expansion: originally by AMH as they migrated out of Africa, 

followed by a second more recent wave during the Neolithic period (10,000 BC to 3,000 BC) of 

people from East Asia who subsequently continued expanding into Polynesia (Austronesian 

Expansion) (Kirch 2000). Descendants of the first wave are represented by the modern Indigenous 

peoples of Melanesia, and they share deep ancestry with Aboriginal Australians (Friedlaender et al. 

2007). 

Chronic hepatitis B is a life-long infection of the liver that affects 240 million people 

worldwide (Ott et al. 2012). It has been proposed that the hepatitis B virus (HBV), a DNA virus which 

replicates via reverse transcription (Summers et al. 1982), has codiverged with AMH during early 

global migration into the current ten geographically distinct modern genotypes (A-J) and numerous 

subgenotypes (Kramvis 2014). Amongst Indigenous communities, HBV infection prevalence is very 

high and the virus is predominantly transmitted via the mother-to-baby route for those with 

genotype B or C infections (Gambarin-Gelwan 2007). Therefore, we postulated that HBV genome 

analysis can be used to study the codivergence relationship between HBV and Indigenous 

populations, and act as an alternative means to infer the routes (and timing) of ancient human 

population movements. 

HBV has a complex genome that is a partially double-stranded circular DNA structure. The 

genome is approximately 3,200 nucleotides in length and is composed of at least four open reading 

frames (ORF) that overlap one another in a frame-shifted manner so that it has a total coding 

capacity of ~1.5 times its length (supplementary fig. S1, Supplementary Material online). This 

structural arrangement makes it difficult to estimate a genome-wide evolutionary rate for the virus 
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as it would vary not only between genes, but also within genes (between overlapping and non-

overlapping segments). In addition, the overlapping nature of the ORFs place high constraints on 

changes to the genome sequence (Mizokami et al. 1997). Since a mutation that is synonymous in a 

gene is likely to be non-synonymous in the overlapping gene or may result in a mutation to an 

overlapping regulatory element, most mutations are detrimental or would reduce the replicative 

fitness of the virus. These all contribute to HBV having an overall evolutionary rate that is slower 

than expected for a virus that replicates via an RNA intermediate using an error prone reverse 

transcriptase (Orito et al. 1989; Zhou et al. 2007; Harrison et al. 2011). 

HBV evolves at a rate that is slower than the published estimates (Orito et al. 1989; Zhou et 

al. 2007; Harrison et al. 2011), which were all based on studying modern inter- and intra-host viral 

isolates. A recent study reported that many of the mutations observed in the HBV genome do not 

generate variability in the viral genome, but are reversions back to the genotype consensus (Tedder 

et al. 2013). This is possibly the result of continual selection for the most fit viral variant at the 

different levels of immune pressure exerted by the host, also known as the ‘colonization-adaption 

trade-off’ (Lin et al. 2015). Thus, HBV may behave as a self-normalising meme in vivo whenever the 

immune pressure in the host is low such as following new infections, known as the ‘adapt-and-

revert’ hypothesis (Vrancken et al. 2017), and most of the mutations observed in a persistent 

infection at different time points would not lead to significant divergence over time. Supporting this 

assumption is both the recently published 400-year-old HBV genome sequence from the liver of a 

mummified Korean child (Kahila Bar-Gal et al. 2012), and the 450-year-old HBV genome sequence 

from various body parts of a mummified Italian child (Patterson Ross et al. 2018), that they were 

found to have minimal genetic divergence when compared to the modern HBV/C2 and HBV/D3 

genome sequences respectively. 

Aboriginal Australians have the oldest continuous living culture outside of Africa, and recent 

studies have shown both Indigenous Melanesians and Aboriginal Australians have ancient 

mitochondrial DNA (mtDNA) haplotypes (Merriwether et al. 2005). HBV infections among these two 

major Indigenous populations of Sahul are associated with unique HBV subgenotypes. We recently 

reported that HBV isolated from Aboriginal Australians of Australia’s Northern Territory (NT), is 

exclusively subgenotype C4 (HBV/C4) (Davies et al. 2013), and this subgenotype has not been found 

in any other population. HBV/C4 is an unusual recombinant subgenotype. It contains a genotype C 

(HBV/C) backbone with a genotype J (HBV/J) surface gene (Tatematsu et al. 2009; Littlejohn et al. 

2014). Although recombinant HBV is not uncommon (Simmonds et al. 2005), it is the presence of the 

HBV/J surface gene that makes HBV/C4 unique. Despite broad sampling of HBV throughout 
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Southeast Asia (SEA), only a single HBV/J isolate has ever been found. It was recovered from a 

Japanese soldier who had spent considerable time isolated in the jungles of Borneo during and after 

World War II before repatriation back to Okinawa, Japan. HBV/J also has a close phylogenetic 

relationship with the HBV isolated from SEA gibbons and orang-utans (Tatematsu et al. 2009), and 

these primates are only found west of the Wallace Line (Wallace 1876) (the fauna boundary line that 

separates the ecozones of Asia and Australasia). Like HBV/C4, HBV/C3 has only ever been isolated 

from Indigenous Melanesians in Near Oceania and south-west Polynesia. Unlike HBV/C4 though, 

HBV/C3 is not a recombinant virus. The locations of these HBV subgenotypes are shown in fig. 1a. 

Here we use this unique association between geographically distinct viral subgenotypes and 

Indigenous populations to infer the origin, evolution and spread of HBV/C3 and HBV/C4. This in turn 

enables us to propose migration routes into Sahul of the ancestors of these two Indigenous 

populations. 

Results 

Phylogenetic Relationships. The phylogenetic relationships between the 397 full-length genomes of 

all HBV genotypes as listed in supplementary table S1 (Supplementary Material online) are shown in 

fig. 2. Since HBV/C4 is a recombinant virus, the evolutionary history of the minor and major 

recombined genome components would be different, thus we segmented the genome alignment 

into the two components based on the recombinant breakpoints of HBV/C4 (supplementary fig. S1, 

Supplementary Material online), and analysed them separately. The maximum likelihood (ML) 

phylogenetic trees generated of the two recombination components showed HBV genotypes A-E, G, 

J and non-human primate HBV did share a common ancestor. Nonetheless, given the main goals of 

this study were to determine the age and ancestral character of the root nodes of HBV/C3, HBV/C4 

and HBV/J, we reduced the dataset to HBV/C, HBV/J and SEA non-human HBV sequences for the 

divergence dating and historical biogeography reconstruction analysis. 

To assess the phylogenetic relationship of HBV/C3 and HBV/C4 with the other subgenotypes 

of HBV/C, we used the 275 HBV/C, HBV/J and SEA primate HBV sequences as listed in supplementary 

table S2, (Supplementary Material online) for analysis. This dataset includes all known HBV/C3 and 

HBV/C4 full length genome sequences, and in addition, the HBV/C2 full-length genome sequence 

extracted from the liver of a 400 year old Korean mummy (Kahila Bar-Gal et al. 2012). Phylogenetic 

analysis using the ML method on the full-length genome sequences confirmed HBV/C4 is genetically 

related to, but distinct from, the other subgenotypes of HBV/C (fig. 3) (bootstrap 100%), but this was 

expected as HBV/C4 is a recombinant virus. Notably, the tree generated using only the genotype C 

component of the HBV/C4 genome was also similar to the full-length genome ML tree in topology 
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because this component represents two thirds of the genome length (fig. 3) and implies an early 

divergence of HBV/C4 from the other HBV/C subgenotypes. The phylogenetic tree also showed the 

remaining subgenotypes of HBV/C could be divided into two geographically distinct clades with 

strong bootstrap support as shown in fig. 3 and supplementary fig. S2 (Supplementary Material 

online): the Asian clade (HBV subgenotypes C1-2, C5, C7-10, C14) and the Pacific clade (HBV 

subgenotypes C3, C6, C11-13, C15-16) as previously described (Thedja et al. 2015). Therefore, we 

propose that following the divergence of HBV/C4 from the ancestral strain of HBV/C, a subsequent 

split resulted in the Pacific- and Asian-HBV/C lineages, which in turn suggests segregation and 

independent divergence of these ancient indigenous populations. Conversely, the genotype J 

component of the HBV/C4 genome did not form a clade with the other HBV/C subgenotypes in a ML 

tree (fig. 3). The surface gene of HBV/C4 formed a sister clade with HBV/J, which in turn clustered 

with the SEA primate HBVs, suggesting that the origin of the HBC/C4 surface gene is associated with 

SEA primate HBV. Since HBV/C4 has only ever been found in Aboriginal Australians, the most 

parsimonious explanation is that following the viral recombination event between the ancestral 

strains of HBV/C and HBV/J, the individuals infected with the ancestral strains of HBV/C4 became 

isolated from those infected with the other subgenotypes of HBV/C (including HBV/C3 that 

predominantly infect Indigenous Melanesians), HBV/J or SEA primate HBVs. 

The HBV/C4 full-length genome sequences could be divided into two geographically distinct 

clades, a northwest NT clade (C4a) and a central/eastern NT clade (C4b) (fig. 1b, 1c). Strikingly, these 

two clades shared a similar geographical distribution to the two main Aboriginal Australian language 

groups spoken in Australia: Pama-Nyungan (HBV/C4b) and non-Pama-Nyungan (HBV/C4a) 

(supplementary fig. S3, Supplementary Material online).  

Divergence dating analysis 

We performed divergence dating analysis to infer the time to the most recent common 

ancestor (tMRCA) of HBV/C4 using the 275 HBV sequences listed in supplementary table S2, 

(Supplementary Material online). Due to lack of agreement between the evolutionary rates for HBV 

published to date, we inferred divergence dates by using externally derived dates to calibrate the 

internal nodes of our phylogenetic trees and a lognormal relaxed molecular clock to allow the 

evolutionary rate of branches to vary. Given the marginal distributions of the rate variation 

coefficients (a measure of clocklike behaviour) determined for the Bayesian analyses did not abut 

zero, it implies the HBV genome does not mutate at a constant rate, such that a relaxed clock was 

more suitable than using a strict clock for this dataset. 
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There have been several theories proposed to explain the origin of HBV in humans and 

primates, but none have become universally accepted (Simmonds 2001; Locarnini et al. 2013; 

Paraskevis et al. 2013). The best fit with the current global spread of HBV genotypes and 

subgenotypes (which are found in distinct geographical regions) is the “Out-of-Africa” theory, which 

proposes that the virus was carried by AMH as they migrated out of Africa (Simmonds 2001) and 

dispersed throughout the world. Thus, working under the assumption that HBV has codiverged with 

AMH, we equated the oldest known fossil date of a certain human population, known to be infected 

with a unique HBV subgenotype, as tMRCA for that particular HBV subgenotype lineage. For this 

study, we chose the root nodes of HBV/C2 (predominantly isolated from people in North Asia) and 

HBV/C3 (predominantly isolated from Indigenous Melanesians) as calibration points. 

We used two genomic regions, representing the backbone and the recombined components, 

to estimate the age of HBV/C4, as shown in supplementary fig. S4, Supplementary Material online. 

The J-genotype region includes the surface gene which completely overlaps the reverse 

transcriptase domain of the viral polymerase ORF in a frame-shifted manner and is the most 

conserved HBV gene. In contrast, the initial 396 nucleotides of the HBV core gene (132 amino acids) 

used to represent the genotype C backbone component do not overlap any regulatory elements or 

protein encoding genes and is genetically more diverse. The non-overlapping region of the core gene 

potentially has a faster evolutionary rate compared to the surface gene. 

The mean evolutionary rates inferred for the surface gene and the non-overlapping region of 

the core gene are shown in table 1. These rates were substantially slower than those reported 

previously for the hepatitis B virus (Harrison et al. 2011), and are closer to the evolutionary rates 

estimated for other DNA viruses. 

Divergence dating of the two regions of the genome inferred similar tMRCA for HBV/C4 

(table 1, fig. 4), suggesting the two recombinant regions began to evolve along similar paths from 

this time point. We also inferred the tMRCA of the surface gene of HBV/C4 and HBV/J to be 

approximately 59 kya (95% HPD: 34–85, posterior = 0.99), suggesting the recombination event 

between the ancestral strains of HBV/J and HBV/C most likely to have occurred prior to this time. 

Historical biogeography reconstruction 

We used the Bayesian tree datasets generated by BEAST for the surface gene to perform 

historical biogeography reconstruction analysis. We used the “Bayes-Lagrange” Statistical Dispersal-

Extinction-Cladogenesis (S-DEC) model implemented in RASP (Ree et al. 2008; Beaulieu et al. 2013; 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article-abstract/doi/10.1093/m
olbev/m

sz021/5307028 by C
harles D

arw
in U

niversity user on 04 M
arch 2019



8 
 

Yu et al. 2015) to infer the historical pathways that may be responsible for the dispersal of HBV/C3 

and HBV/C4 to their current geographical distributions. 

Our results showed a complex biogeographic history for HBV/C4 (table 2, supplementary 

table S3, Supplementary Material online). Twenty-four dispersal events and thirteen vicariance 

events were necessary to explain the current distribution of the HBV/C4 isolates. The origin of 

HBV/C4 (MRCA of the present-day HBV/C4 and HBV/J strains, Node-I) was ambiguous, but the top 

four alternative ancestral areas inferred involved a vicariance event between Island SEA and a region 

within mainland Australia (88% occurrence frequency), with Island SEA the Tiwi Islands and/or East 

Arnhem regions being the most probable ancestral area (55% occurrence frequency). Following 

entry into Australia, the range of alternative ancestral areas inferred for the MRCA of HBV/C4 was 

large (Node-II), but five ancestral areas involved Tiwi Islands and East Arnhem (62% occurrence 

frequency). From the Tiwi Islands and East Arnhem regions, a vicariance event occurred to result in 

the divergence of HBV/C4 into the two subgroups HBV/C4a and HBV/C4b (fig. 1b). The ancestral 

area inferred for the MRCA of HBV/C4a (Node-III) was most likely to be Tiwi Islands (90% occurrence 

frequency) followed by dispersal events into the Daly River region and Maningrida, while it was from 

the East Arnhem region for the MRCA of HBV/C4b (Node-IV) to spread in a southerly direction to 

other regions of the NT (59% occurrence frequency). 

The same RASP analysis strongly supported the origin of HBV/C3 was via dispersal events 

from Island SEA to Melanesia (node V; 78% occurrence frequency) (table 2), and only required 

twelve dispersal and five vicariance events to explain the current distribution of the HBV/C3 isolates. 

Following a dispersal event, results of analysis indicated the MRCA of HBV/C3 was left to evolve in 

isolation within Melanesia (node VI; 87% occurrence frequency). This agrees with our hypothesis 

that HBV/C3 was carried into northern New Guinea/Melanesia by the ancestors of the Indigenous 

Melanesians after the split with the ancestors of the Aboriginal Australians.  

Discussion: 

There were at least three potential opportunities in human history for HBV to enter Sahul to 

become established in the Aboriginal Australian and Indigenous Melanesian populations: (i) 

following early AMH global dispersal ~40-65 kya (Roberts et al. 1990; Rasmussen et al. 2011; 

Clarkson et al. 2015; Clarkson et al. 2017), (ii) during the Austronesian expansion ~4 kya (Pugach et 

al. 2013), or (iii) from European contact 230-300 years ago. Our analysis of HBV strains circulating in 

modern day Aboriginal Australians and Indigenous Melanesians strongly supports the first scenario, 

the remaining two scenarios are also rendered unlikely on the basis of the following evidence. 

Firstly, recent whole-genome (Rasmussen et al. 2011; Malaspinas et al. 2016) and Y-chromosomal 
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studies found no evidence of mid-Holocene gene flow (4-6 kya) between Aboriginal Australians and 

other populations around the Indian Ocean. This points to considerable isolation until European 

colonisation around 300 years ago, and greatly reduces the likelihood that HBV/C4 was introduced 

into Australia during the period of Austronesian expansion. Secondly, it would be difficult to explain 

the dispersal of HBV/C4 in isolated communities located across large distances throughout northern 

Australia in the short time period of <300 years, thereby ruling out introduction via recent European 

contact. Lastly, although there was an opportunity for HBV/C3 to be introduced into Melanesia 

during the Austronesian expansion period, our results suggest this was unlikely. Austronesian 

expansion involved the migration of Asians into the Pacific via Melanesia, and HBV/C infections 

among Asians are usually of subgenotypes C1 or C2 which had different evolutionary pathways to 

HBV/C3 and HBV/C4, as shown by phylogenetic analysis using the C-component of the HBV genome 

(fig. 3). 

Using the root node of HBV/C2 and HBV/C3 for calibration, we inferred the mean tMRCA of 

HBV/C4 and HBV/J to be 59 kya (95% HPD: 34–85 kya), and 44–51 kya (95% HPD: surface gene 27–64 

kya; core gene 36–67 kya) for HBV/C4 (table 1, fig. 4). These data suggest the viral recombination 

event between ancestral strains of HBV/C and HBV/J (HBV/C4 origin) most likely occurred prior to 

the inferred 59 kya (approximate time when HBV/C4 and HBV/J began to diverge). A possible time 

range inferred for this event was between 79 kya to 59 kya, which agrees with the 73 kya reported 

as the earliest first human occupation age determined in Sumatra (Westaway et al. 2017). 

Subsequently, a population of Aboriginal Australians infected with the ancestral strain of HBV/C4 

was likely to have entered Australia no later than 44-51 kya. It should be noted that the inferred 95% 

HPD ranges for the tMRCA of HBV/C4 include the dates estimated for when humans first occupied 

the Madjedbebe archaeological site in northern Australia, with ranges of 50-60 kya and 59-71 kya in 

two recent studies (Roberts et al. 1990; Clarkson et al. 2015; Clarkson et al. 2017).  

The combined results of divergence dating and historical biogeography reconstruction 

analyses have enabled us to propose a model to elucidate the origin and dispersal pathway of these 

unique HBV subgenotypes, C3 and C4 (fig. 5). The origin of HBV/C4, that is the recombination event 

between the ancient strains of HBV/C and HBV/J was most likely to have occurred on the eastern 

edge of the Sunda Shelf (extension of the SEA continental shelf) (table 2 Node-I; supplementary 

table S4, Supplementary Material online) between 79 kya and 59 kya, supported by the fact that 

non-human primates are only found west of the Wallace Line, the demarcation of ecosystems 

between Asia and Australasia (Wallace 1876). Given there is no evidence for HBV/C4 in Indonesia or 

New Guinea (Harrison et al. 2011; Mulyanto et al. 2012) and no evidence for HBV/C3 in the 

Indigenous communities in Australia, our data suggests that the separation of Aboriginal Australian 
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and Indigenous Melanesian ancestors occurred prior to the viral recombination event. This proposed 

long-term isolation and separation of Aboriginal Australians from Indigenous Melanesians agrees 

with the findings of previous studies which showed there were no admixture between the two 

populations using human mtDNA, Y-chromosome, and whole genome analyses. 

After the separation of the two ancestral groups on the Sunda Shelf, a population of 

Aboriginal Australians infected with the ancestral strain of HBV/C4 were likely to have carried it into 

Australia as they migrated southeast from the Sunda Shelf via Timor into the Tiwi Islands and East 

Arnhem regions of Australia at least 51 kya (table 2 Node-1 to Node-II, fig. 5, supplementary table 

S4, Supplementary Material online). Whereas a population of early Indigenous Melanesians infected 

with an ancestral strain of HBV/C3 dispersed eastward towards Melanesia, along the northern coast 

of New Guinea at a later time range of at least 40 kya based on previous studies (Groube et al. 

1986), with the imposing barrier of the New Guinea Highlands preventing any subsequent southerly 

movement into Australia. It should be noted that during the period of 50 kya to 40 kya, the global 

sea level ranged between 58m to 89m below today, and the travellers would have had shorter 

distances to cross over inter-island water barriers.  

We further propose that based on the two clusters of HBV/C4 observed in the phylogenetic 

trees shown in fig. 1b, there were at least two groups of individuals infected with the ancestral strain 

of HBV/C4 who separated after entry into Australia, and the viral strains they carried evolved in 

isolation resulting in the HBV/C4a and HBV/C4b clusters. Although it is possible that the two groups 

separated prior to entry into Australia, this scenario is unlikely because the ages of the MRCA of 

HBV/C4a and HBV/C4b are much younger than the time when humans would have migrated into 

Australia. Phylogeographic analyses inferred the origin of HBV/C4a was in Tiwi Islands, and then 

dispersed towards Daly River and West Arnhem. In contrast, HBV/C4b dispersed from East Arnhem 

in a southerly direction to spread throughout the rest of the NT.  

This geographical clustering accords with the main typological division of Australian 

Aboriginal languages. The Pama-Nyungan languages (here associated with HBV/C4b) are spoken in 

East Arnhem and throughout most of Australia, whilst the non-Pama-Nyungan languages (here 

associated with HBV/C4a) are spoken in the Daly River, Tiwi, Kimberley, and West Arnhem regions 

(O'Grady et al. 1966). A recent study using high-coverage genomes of 83 Pama-Nyungan speaking 

Aboriginal Australians and 25 Papuans from New Guinea Highlands suggested these two populations 

diversified approximately 25-40 kya, and then the single founding population of Aboriginal 

Australians began to differentiate around 10-32 kya (Malaspinas et al. 2016); however, this study did 

not include any non-Pama-Nyungan speaking Aboriginal Australians. Although the non-Pama-
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Nyungan speaking group resides only in a small region of the Australian mainland, it is possible that 

they may represent a distinct lineage of Aboriginal Australians. Our results suggesting Pama-

Nyungan and non-Pama-Nyungan speaking Aboriginal Australians are infected with two different 

HBV/C4 lineages supports this potential scenario (supplementary fig. S3, Supplementary Material 

online) and suggest that estimation of the time of divergence between Aboriginal Australians and 

Indigenous Melanesians requires inclusion of speakers of both Aboriginal language groups. 

HBV/C3 has been isolated from the people of Melanesia and the southwest regions of 

Polynesia (Norder et al. 1994; Harrison et al. 2011). It is now widely accepted that Melanesia was 

populated by two major periods of expansion: first by AMH as they originally migrated out of Africa, 

and a second more recent wave of East Asians during the Neolithic period, who subsequently 

continued eastwards out into Polynesia (Kirch 2000). Descendants of the first wave of AMH are the 

Indigenous Melanesians, who share deep ancestry with Aboriginal Australians (Friedlaender et al. 

2007). In contrast, Polynesians have a dual genetic origin from both East Asians and Indigenous 

Melanesians. The Polynesians being descendants of admixture between ancestors East Asians and 

Indigenous Melanesian is supported by Reich et al (Reich et al. 2011) who described a progressive 

decrease in the level of Denisovan admixture among Polynesians as the islands they occupy become 

further away from Near Oceania. Given the absence of HBV/C3 in any parts of Asia (or indeed, west 

of New Guinea), this subgenotype is unlikely to have been carried by the Polynesian ancestors as 

they migrated out of Asia during the Neolithic period. Thus, we concluded that HBV/C3 was already 

present in indigenous Melanesians prior to the arrival of the Polynesian ancestors, and supporting 

this was the finding that HBV/C3 had originated in Island SEA and Melanesia based on historical 

biogeography reconstruction analysis (table 2). 

Previous studies by Paraskevis and colleagues determined substantially younger ages for the 

origins of HBV/C3 and HBV/C4 by using a calibration prior on the root node of the new world HBV 

genotypes F/H, based on the assumption that HBV/F and HBV/H entered the Americas with humans 

around 13-20 kya (Paraskevis et al. 2013; Paraskevis et al. 2015). These studies inferred all human 

and non-human primate HBV had originated ~34 kya, the tMRCA of HBV/C4 was between 1.4 and 

4.0 kya, and the tMRCA of HBV/C3 was ~9.5 kya. Although these authors suggested the inferred age 

of 9.5 kya for the HBV/C3 MRCA correlates with the time of Polynesian expansion in Remote 

Oceania, for reasons argued above we do not agree Polynesians were the earliest host of HBV/C3. 

Furthermore, we question the suitability of using the root node of F/H as a calibration prior. In 

phylogenetic trees, these HBV genotypes often show a different evolutionary pathway to the other 

human and non-human HBV genotypes (fig. 2) and are often used as an outgroup to root a 

phylogenetic tree. Thus, whether these HBV genotypes codiverged with anatomically modern 
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humans as they migrated out of Africa and were then carried into the Americas by the ancestors of 

Indigenous Americans is questionable. It can be argued that the unique evolutionary history of F/H is 

due to long-term isolation of Indigenous Americans, however the long-term isolation of Indigenous 

Australians did not result in HBV/C4 having a totally different evolutionary path compared to the 

other human and non-human HBV genotypes. If an association between HBV F and H origin and co-

migration of ancestors of Indigenous Americans into the Americas cannot be established, then the 

time range for the root node of F/H should not be associated with the first colonization of the 

Americas. By setting a calibration prior on the root node of HBV/C2 and HBV/C3 based on the oldest 

fossil evidence of AMH in North Asia and Melanesia, we inferred a much lower evolutionary rate for 

HBV than previously estimated (Norder et al. 1994; Harrison et al. 2011; Paraskevis et al. 2013), 

which in turn inferred older ages for all the HBV/C subgenotypes studied. 

Our study has limitations. Firstly, the model we proposed for the origin and the dispersal 

route of HBV/C3 and HBV/C4 into Sahul, which in turn can also describe the movement of individuals 

infected with these HBV subgenotypes, is predominantly based on modern HBV species. It is possible 

that individuals infected with the ancient HBV/C4 could have migrated to Melanesia or remained in 

Island SEA, but their effective population size was too small to sustain long term transmission and 

the viral strains became extinct at these locations. Secondly, inclusion of a single “ancient” HBV/C2 

isolate, from a 400-year-old Korean mummy child (Kahila Bar-Gal et al. 2012), within a dataset of 

contemporary strains may influence the study outcome (Shapiro et al. 2011). Despite the 

precautions taken in the original study, at the time of this study there was the possibility that the 

isolate was a contaminant of a present-day isolate, thus we integrated the uncertainty of its age into 

the divergence analysis by assigning it a uniform prior and allowed the age to range from 400 to 0 

years before present. Nonetheless, the recent recovery of a HBV/D3 genome sequence from a 400-

year-old Italian mummy child (Patterson Ross et al. 2018) which also phylogenetically clustered with 

contemporary HBV strains supports they were not modern contaminants. Thirdly, taxon sampling 

bias is an important issue in phylogenetic analyses, and in particular, can influence the results of the 

historical biogeography reconstruction analysis. Thus to minimise sampling bias, we have included as 

many HBV genome sequences as possible in our dataset. We included all the sequences from HBV C 

subgenotypes present in low numbers in GenBank, and of those subgenotypes with high numbers, 

we selected sequences from as many countries of origin as possible. Importantly, our dataset was 

compiled to include all known HBV/C3 and HBV/C4 full-length HBV genome sequences. However, 

despite careful sample collection, the models used to reconstruct geographic histories do not 

account for directionality, thus results should be interpreted with care. Lastly, our analyses assumed 

that HBV/C4 is a recombinant virus between genotypes J and C, but it may be possible that HBV/J is 
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a recombinant virus between HBV/C4 and an ancient strain of non-human primate HBV. However, 

though there is a possibility that HBV/J is a recombinant virus, it is unlikely that HBV/C4 was the 

minor parent. In the original publication of HBV genotype J (Tatematsu et al. 2009), recombination 

analysis did show the non-overlapping region of the core gene was genetically related to genotype C, 

but with an association value of <75% (~60%) it was not considered a true recombinant. The study 

also showed that while the surface genes of J and C4 are genetically related by phylogenetic analysis, 

they formed a clade with the surface gene of gibbon HBV, much like the rest of the HBV genotype J 

genome. In contrast, the evolutionary history of the HBV/C4 surface gene and the rest of its genome 

are clearly different. It has a surface gene that is genetically related to gibbon HBV and the rest of its 

genome is genetically related to human HBV genotype C. Thus, it is more likely that HBV/C4 is a 

recombinant between HBV/J (or an ancient non-human primate HBV that eventually evolved to 

HBV/J) and HBV genotype C. 

In summary, we inferred the origin of HBV/C4 to be >59 kya and our model of an initial AMH 

separation on the Sunda Shelf generating two populations of HBV infected groups (one with the 

ancestral strain of the recombinant HBV/C4 and the other with non-recombinant HBV/C3) supports 

an independent origin theory which proposes two independent migrations into Sahul. The first wave 

was by ancestors of Aboriginal Australians (carrying HBV/C4) who island hopped into Australia via 

Timor ~44-51 kya. Our data shows entry into Australia was not via Carpentaria. The second wave 

was by ancestors of Indigenous Melanesians (carrying HBV/C3) who also island hopped via Sulawesi, 

and then along the northern coast of New Guinea ~44-45 kya (Groube et al. 1986). This model 

accounts for the modern day subgenotype exclusivity of Indigenous Melanesians being infected only 

with HBV/C3 and Indigenous Australians infected only with HBV/C4, and supports the use of 

sequence analysis of HBV genomes to trace ancient human population movements. 

 

Materials and Methods: 

HBV whole genome sequencing 

The 59 HBV/C4 whole genome sequences (supplementary table S2, Supplementary Material 

online) included in this study were obtained from participants enrolled in the CHARM study (Davies 

et al. 2013). Thirty-five of them had been published (Littlejohn et al. 2014), and HBV DNA extraction 

and sequencing were carried out on the remaining 24 as previously described (Littlejohn et al. 2014). 

Ethical approval for the study was obtained from the Human Research Ethics Committee of Northern 

Territory Department of Health and Menzies School of Health Research (HREC-09/105), and written 

informed consent was obtained from all participants. Six HBV/C3 whole genome sequences were 

obtained from participants of a hepatitis B immunisation efficacy surveillance study that was carried 
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out on Vanuatu. The demographic details of these individuals have been previously reported (Wilson 

et al. 2000). Written approval for all the initial and current survey procedures was obtained from the 

Department of Health in Vanuatu and informed consent was obtained from each adult or the 

mother or guardian of each participant (Wilson et al. 2000).  

Recombinant breakpoint detection 

We previously showed HBV/C4 is a recombinant virus: HBV/C backbone with a HBV/J surface 

gene (Littlejohn et al. 2014). To determine the recombinant breakpoints in the HBV/C4 isolates from 

Aboriginal Australians, we used the program 3Seq v1.10812 (Boni et al. 2007). It is a nonparametric 

statistical test designed to identify potential mosaic structures between three nucleotide sequences 

at a time: two reference (parent) sequences and a test (child) sequence. We used the first 53 of the 

Northern Territory 59 HBV/C4 isolates obtained to identify the components affiliated with genotypes 

HBV/C (C-component) and HBV/J (J-component). Each of the HBV/C4 genome sequences was tested 

against a panel of HBV genome sequences extracted from GenBank, which was composed of 

genome sequences determined from 70 HBV/C (subgenotypes 1-3 and 5-16), 5 HBV/B1 and the 

‘putative’ HBV/J. The recombination breakpoint locations identified are shown in supplementary fig. 

S1, Supplementary Material online. 

HBV sequence datasets 

To assess the phylogenetic relationship of all HBV genotypes and subgenotypes, a collection 

of 397 HBV full-length genome sequences were compiled. These include the 59 HBV/C4 sampled for 

this study: 228 human HBV (A1-A6 (34), B1 and B6 (17; B2-B5 are recombinants with a genotype C 

core gene), C1-C16 (133), D1-D6 (20), E (4), F1-F4 (12), G (3), H (4) and J (1)), 82 SEA non-human 

primate HBV, 28 African non-human primate HBV, and 1 Woolly Monkey HBV for outgrouping 

(supplementary table S1, Supplementary Material online). 

For time divergence analysis, 195 HBV genome sequences were extracted from GenBank 

(Benson et al. 2005) (supplementary table S2, Supplementary Material online), including: 2 HBV/C4 

isolates (Sugauchi et al. 2001), the HBV/J isolate (Tatematsu et al. 2009), 125 HBV genotype C 

isolates comprising a selection of 20 HBV/C1, 21 HBV/C2 (including the HBV determined from a 400 

year old Korean mummy (Kahila Bar-Gal et al. 2012), all available whole genome sequences 

corresponding to HBV/C3 and HBV/C5-16, and 61 HBV isolates from Southeast Asian (SEA) primates 

(9 from orang-utan and 52 from various gibbon species). In addition, 21 whole genome sequences of 

silvery gibbons (Hylobates moloch) HBV were provided by Prof. Richard Tedder at the Division of 
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Infection and Immunity, University College London, United Kingdom. These HBV sequences (n = 216) 

were aligned with the 59 HBV/C4 genome sequences using BioEdit (Hall 1999) to generate a dataset 

of 275 whole genome HBV sequences. It is noteworthy that this dataset includes all known 

sequences of HBV/C3, HBV/C4 and SEA primate HBV full-length genomes. 

Given HBV/C4 is a recombinant virus, the parent and child recombinant components would 

have different evolutionary histories. Hence, a gene from each of the recombinant components was 

selected to perform phylogenetic analyses separately (supplementary fig. S4, Supplementary 

Material online). From the HBV/J component, the small surface gene between amino acids 48 to 226 

was selected. In the HBV/C component, there are two potential genes (X and core). Phylogenetic 

analysis revealed the X gene is unable to cluster HBV into subgenotypes (data not shown). While the 

core gene is not commonly used to determine HBV subgenotypes, its ability to cluster into 

subgenotypes is better than the X gene. The initial two thirds of the core gene do not overlap with 

any regulatory elements or protein encoding genes (referred to as the non-overlapping region), 

whilst the latter third of the gene overlaps the terminal protein domain of the HBV polymerase 

(supplementary fig. S1, Supplementary Material online), thus we expect the rate of evolution within 

the two regions would vary substantially. To reduce analysis complexity, only the non-overlapping 

region of the core gene (codon positions 1-132) was used to perform phylogenetic analysis. 

Phylogenetic assumptions assessment 

To ensure the evolutionary processes of the HBV sequences (full-length genome, surface 

and core gene sequences) can be adequately described by the commonly used family of General 

Time Reversible (GTR) substitution models, they were assessed for evidence of evolution under non-

time-reversible conditions using the matched-pairs tests of symmetry method (Ababneh et al. 2006) 

implemented in Homo 1.3 (Rouse et al. 2013). This method identifies sequences in the alignment 

where the pattern of matching nucleotides (i.e., A-G versus G-A, and so forth) deviates significantly 

from homogeneity. The program converts the alignment into a series of paired sequences and 

perform matched-pairs tests for symmetry on each pair. Test sequences within pairs with p-values 

(the probability of obtaining the χ2 test value by chance) less than the Bonferroni corrected 

threshold (0.05 divided by total number of sequence pairs tested) are heterogeneous and should be 

filtered from the dataset. No sequences within the two gene alignments had p-values less than the 

respective thresholds. 

For time divergence analysis, the surface and core gene alignments were also assessed with 

DRUIDS (Fedrigo et al. 2005) which uses a moving window approach to identify regions that may 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article-abstract/doi/10.1093/m
olbev/m

sz021/5307028 by C
harles D

arw
in U

niversity user on 04 M
arch 2019



16 
 

deviate from stationarity based on physicochemical properties of amino acids. The window size used 

was 12 nucleotides, corresponding to four amino acids which is the approximate length associated 

with one turn of an alpha helix (3.6 residues long). The physicochemical properties assessed were 

hydrophobicity, volume and charge. This test identified some sites within both genes that may result 

in phylogenetic bias (supplementary fig. S5, Supplementary Material online). These sites were 

trimmed from the alignments while ensuring the sequences remain in-frame. These trimmed 

alignments were used for all subsequent analyses. 

Lastly, the trimmed surface and core alignments were assessed for saturation using DAMBE 

7.0.28 (Xia et al. 2003; Xia 2018). Both sets of gene sequences were found to have little saturation in 

base substitution, with the ISS values (index of substitution saturation) always significantly lower (P 

<0.0001) than the observed ISS.C values (critical index of substitution saturation), thus were suitable 

for phylogenetic analysis. Analyses of gene sequences also included: (a) removing invariant codons, 

and (b) 1st, 2nd and 3rd codon sites separately. 

Phylogenetic relationship analysis 

Phylogenetic relationships between the HBV sequences were inferred using the maximum-

likelihood method implemented in the IQ-TREE v1.6.5 software (Nguyen et al. 2015). Best-fit model 

for each sequence dataset was determined using ModelFinder (Kalyaanamoorthy et al. 2017) based 

on Bayesian Information Criterion (BIC). Clade support was assessed using 1000 pseudo-replicates 

generated with the UFBoot nonparametric bootstrap procedure (Hoang et al. 2018) implemented in 

IQ-TREE. Given HBV/C4 is a recombinant virus, phylogenetic relationships between the HBV 

sequences were also determined for the genome regions corresponding to the two genotype 

components of the HBV/C4 genome separately. A diagrammatic representation of the genomic 

regions studied is shown in supplementary fig. S1, Supplementary Material online.  

Divergence dating analysis 

Bayesian Markov chain Monte Carlo (MCMC) as implemented in BEAST v2.4.2 (Heled et al. 

2012; Bouckaert et al. 2014) was used to infer divergence dates. The two sequence datasets were 

analysed with the following parameters: (i) best-fit model determined by ModelFinder but used 

Gamma instead of the FreeRate model for modelling rate heterogeneity among sites since it was not 

implemented in this version of BEAST. Given no major differences were seen in the topologies and 

branch lengths in our ML analyses using the free rates model, which is part of the likelihood model, 

it is unlikely to have a major effect on our estimates from BEAST, (ii) relaxed molecular clock model 

(lognormal distribution) because the complex genome structure of HBV would likely avert evolution 
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with a strict molecular clock, and was supported with the posterior distributions of the coefficient of 

rate variation which did not abut zero (Drummond et al. 2006), (iii) Birth Death Model tree prior 

since it is a simple speciation model that allows flexible speciation and extinction, and it has been 

shown to have a negligible impact in estimates of evolutionary timescales (Ritchie et al. 2017), and 

(iv) 300 million MCMC iterations (sampling every 30,000 iterations) to ensure effective sample size 

(ESS) for all parameters assessed were >100. 

We used the root nodes of the Melanesian-specific (C3) and North Asian-specific (C2) HBV 

subgenotypes on the same analysis to calibrate the phylogenies, and associated the tMRCA of these 

subgenotype lineages to the earliest known AMH fossil date in North Asia (34.5 ± 0.5 kya) (Shang et 

al. 2007) and Melanesia (40 ± 5 kya) (Groube et al. 1986; Summerhayes et al. 2010) respectively. 

These tMRCA were defined as log-normal prior distributions to allow for the uncertainty that the 

fossil date may not be the oldest first occupation date for the Indigenous population. In addition, to 

allow for the uncertainty that the HBV/C2 genome sequence extracted from the Korean mummy 

child could be a contaminant of a contemporary isolate, we assigned this sequence with a uniform 

prior distribution to allow its age to range from 400 years ago to present. The trees and divergence 

dates were summarised by randomly sampling 2,000 of trees from the posterior distribution (after a 

25% burn-in), and summarised with DensiTree implemented in BEAST 2. 

Historical biogeography reconstruction 

We used the Statistical Dispersal Extinction Cladogenesis (S-DEC) model implemented in 

RASP (Yu et al. 2015) to infer the geographic range of ancestral nodes with 1,000 randomly selected 

phylogenetic trees from tree datasets generated by BEAST 2, with a burn-in of 2,500 trees. In its 

native form, the DEC model (Ree et al. 2008) is similar to ancestral character reconstruction (ACR) 

models. The main differences between the two models are DEC allows extant species to exist in a 

range of geographic locations, and the likelihood framework used for historical geographic 

reconstruction considers both the dispersal and local extinction rates of viral samples. S-DEC extends 

the DEC model to also account for uncertainty in phylogenetic inferencing by applying DEC onto a 

set of user-supplied trees instead of a single tree topology and uses a Bayesian approach to 

summarise the results. The country and Aboriginal Australian community region (as listed in 

supplementary table S2, Supplementary Material online) where the 275 HBV genome sequences 

were obtained was assumed to be the location where the HBV was originally isolated. Thirteen 

geographic regions were determined (supplementary table S3, Supplementary Material online). 

Map generation 
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Maps were generated with R packages rworldmap (South 2011), ggmap (Kahle et al. 2013), 

and mapproj (McIlroy 2015), in the R v3.2.0 platform. 
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Table 1:  Inferred divergence times 

tMRCA 1 
tMRCA [HPD] (ky) 2 

Surface Gene Core Gene 

C4 43.5 [27.0, 63.5] 51.1 [36.2, 67.3] 

C4 + J 58.5 [33.7, 85.1] na na 

C + J na na 78.9 [55.6, 104.8] 

 Mean Evolutionary Rates [HPD] (sub/nt/yr) 3 

 5.6 x 10-7 [ 4.1 x 10-7 – 7.2 x 10-7 ] 9.6 x 10-7 [ 7.4 x 10-7 – 1.2 x 10-6 ] 

1 tMRCA = Time to most recent common ancestor 
2 HPD = 95% highest posterior density, ky = thousand years, na = not applicable 
3 sub/nt/yr = substitutions per nucleotide per year 
 
 
 
 
Table 2:  Historical biogeographical ranges inferred 
 

Ancestral ranges inferred Occurrence frequencies (%) 

 (Node-I) MRCA J + HBV/C4  

   SEA Island + Tiwi Islands / East Arnhem 55.0 

 (Node-II) MRCA HBV/C4  

   Tiwi Islands / East Arnhem 62.2 

 (Node-III) MRCA HBV/C4a  

   Tiwi Islands 90.0 

 (Node-IV) MRCA HBV/C4b   

   East Arnhem 58.7 

 (Node-V) MRCA HBV/C3 + other subgenotypes of HBV/C   

   SEA Island +/- Melanesia 77.9 

 (Node-VI) MRCA HBV/C3   

   Melanesia 86.5 

      * Refer to supplementary table S4 (Supplementary Material online) for additional details.   
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Figure 1: (a) Global distribution of HBV/C3 (red dots) and HBV/C4 (blue dot). Number of sequences  

from each country is shown next to the marker. (b) Phylogenetic tree of full-length HBV genomes  

shows the two geographically distinct groups C4a and C4b. HBV/C4a were collected in communities  

marked by a triangle, and HBV/C4b were collected in communities marked by a circle. Magenta: Tiwi  

Islands, Green: West Arnhem, Blue: Daly River, Brown: East Arnhem, Red: Katherine, Purple: Central  

Australia, Queensland: Olive green. Number of sequences collected from each of the communities is  

shown next to the marker. (c) Location of communities in the NT of Australia where HBV/C4 isolates  

were isolated. Shape and colour of markers shown correspond to those shown in (b).  
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Figure 2: Maximum-likelihood trees showing the phylogenetic relationships between all HBV 

genotypes and subgenotypes. The proportion of trees (bootstrapped 1000x) in which the associated 

taxa clustered together at >70% is shown on the branches. (a) equivalent region of genotype J 

component of HBV/C4 genome, (b) equivalent region of genotype C component of HBV/C4 genome 

(supplementary fig. S1, Supplementary Material online). 
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Figure 3: Diagram showing the recombination of HBV/C and HBV/J to form HBV/C4, and the  

phylogenetic relationships of HBV/C4 genomic sequences: core gene (non-overlapping region),  

HBV/C component, full-length genome, and surface gene. Coloured clades: Orange: HBV/C4, Red:  

HBV/J, Green: SEA primate HBV, Magenta: HBV/C3, Blue: other HBV/C sub-genotypes (C1-C3, C5- 

C16). Red asterisk marks the location of the 400-year-old HBV/C2 sequence in the full-length  

genome phylogenetic tree. The yellow zones represent the regions where the paired breakpoints  

were found.  
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Figure 4: Sets of Bayesian phylogenetic trees summarised using DensiTree. The summaries show the  

clustering of HBV sequences by genotype and subgenotypes based on (a) J-component of the HBV 

surface gene, and (b) the non-overlapping region of the HBV core gene. A consensus tree is shown 

by the bold blue line and the estimated tMRCA years before present for tree nodes are shown at the 

bottom of the tree. Uncertainty of node heights and topology is shown by the transparent green 

lines. The red asterisks mark the MRCA nodes used to establish calibration priors.  
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Figure 5: Model of the proposed entry route and spread of HBV/C3 and HBV/C4 from Sunda Shelf 

into Sahul. The initial migration route for HBV/C4 into Tiwi Islands/East Arnhem of Australia is shown 

with the orange arrow, with subsequent dispersal throughout northern Australia (C4a in blue, C4b in 

pink). The migration route for HBV/C3 into Melanesia is shown with the blue arrow. Grey shading 

indicates shoreline 61m below present level (~50kya). Current shoreline is outlined in black. Barriers 

to population movements are indicated (Wallace line, New Guinea Highlands). 
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