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Abstract

Hepatitis B is a potentially life-threatening liver infection caused by the hepatitis B virus (HBV). HBV-D1 is the dominant subgenotype
in the Mediterranean basin, Eastern Europe, and Asia. However, little is currently known about its evolutionary history and spatio-
temporal dynamics. We use Bayesian phylodynamic inference to investigate the temporal history of HBV-D1, for which we calibrate
the molecular clock using ancient sequences, and reconstruct the viral global spatial dynamics based, for the first time, on full-length
publicly available HBV-D1 genomes from a wide range of sampling dates. We pinpoint the origin of HBV subgenotype D1 before the
current era (BCE) in Turkey/Anatolia. The spatial reconstructions reveal global viral transmission with a high degree of mixing. By
combining modern-day and ancient sequences, we ensure sufficient temporal signal in HBV-D1 data to enable Bayesian phylodynamic
inference using a molecular clock for time calibration. Our results shed light on the worldwide HBV-D1 epidemics and suggest that this
originally Middle Eastern virus significantly affects more distant countries, such as those in mainland Europe.
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1. Introduction and East Asia, whereas the subgenotypes D4-D12 show a more
restricted spread in particular among ethnic groups belonging
to different continents (Hundie et al. 2016; Banerjee et al. 2014;
Thijssen et al. 2020).

The natural history of HBV infection is associated with a
diverse and broad spectrum of outcomes from acute, inactive
to active chronic infection, which may progress to liver cirrhosis
or hepatocellular carcinoma (Trepo, Chan, and Lok 2014; Mina
et al. 2015). Roughly 43 per cent of HBV-infected people live in
regions of intermediate prevalence (2-7 per cent), including south-
central and southwest Asia, eastern and southern Europe, Russia,
and central and south America. In these regions, mixed patterns
of transmission are observed, including infant, childhood, and
adult transmission (Trepo, Chan, and Lok 2014; Pourkarim et al.
2014a). Most of the infected patients in these regions are asymp-

In an effort to reach the goals of the WHO viral hepatitis elimina-
tion programme, countries continue to rely on efficient treatment
of hepatitis C virus and vaccine availability for hepatitis B virus
(HBV) infection (Pourkarim et al. 2018). In spite of large-scale
vaccination programmes implemented in many countries, an esti-
mated 260 million people are still chronically infected with HBV
(Pourkarim and Van Ranst 2011), and about 880,000 people die
of its consequences every year (Lozano et al. 2012; Pourkarim
et al. 2014a). Genotype D is globally the most prevalent among
the HBV genotypes (Pourkarim et al. 2010b; Paraskevis et al. 2013;
Pourkarim et al. 2014b), and its 12 subgenotypes (D1-D12) have
varying ethno-geographic dispersal patterns (Pineda-Pena et al.
2015: Hundie et al. 2016; Thijssen et al. 2020). HBV subgeno-

type D1 is most prevalent in Asia and in the Mediterranean basin
and is also found in Europe, especially in Eastern European coun-
tries. The D2 and D3 subgenotypes are most often found in Europe

tomatic chronic carriers. Itis estimated that between 40 and 80 per
cent of these chronic carriers are not aware of their own infec-
tion status (Hahné et al. 2013), with different HBV genotypes
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and subgenotypes presenting a variety of virological character-
istics, such as different mutational patterns in different open
reading frames (Grethe et al. 1998; Zaaijer, Bouter, and Boot 2008;
Zehender et al. 2008).

Several studies have proposed differing explanations for the
origin of HBV, including cospeciation in primates, coevolution fol-
lowing the major migration of the anatomically modern human,
cross-species transmission between humans and non-humans, or
a bat origin of the virus (Littlejohn, Locarnini, and Yuen 2016). Pre-
vious studies have also sought to estimate the origins of HBV geno-
type D using maximume-likelihood methods, pointing its putative
origin to be in North Africa or the Middle East (Kostaki et al. 2018).

The burgeoning field of pathogen phylodynamics research
has mainly focused on fast(er) evolving pathogens, particularly
RNA viruses affecting a plethora of hosts (Trovao et al. 2015a,b;
Vrancken et al. 2014), with comparatively fewer analyses target-
ing double-stranded DNA viruses such as HBV. However, HBV
uses an RNA intermediate called pre-genomic RNA and reverse
transcriptase for its genome replication and is therefore expected
to evolve faster than other DNA viruses. It is unclear to what
extent phylodynamic concepts apply to HBV-D1 because their
ancestral history may be masked by their slower evolutionary rate
and consequently weaker temporal signal (Trovao et al. 2015a).
This hypothesis was recently corroborated by a study reporting
paradoxical evolutionary patterns for HBV and suggesting that
molecular clock-based methods may have limited utility, partic-
ularly for very long timeframes, with the risk of underestimating
the time to the most recent common ancestor (MRCA) (Ross et al.
2018). On the other hand, a recent study has shown the usefulness
of ancient HBV sequences in securing sufficient temporal signals
to calibrate the molecular clock (Hahné et al. 2013). The goal of
this study is to investigate the spatial processes that gave rise
to the current HBV-D1 epidemic using a Bayesian phylodynamics
framework that appropriately characterizes the uncertainty asso-
ciated with the estimation process. Phylodynamic methods enable
estimating the tempo and time scale of HBV-D1 evolution and
inferring the spatial population structure, shedding light on the
spatio-temporal patterns that determined the current geographic
distribution of this subgenotype while unveiling the migration
links that connect the global HBV-D1 epidemics. Here, we use
a comprehensive collection of complete genome sequences to
fill this gap and help inform and implement surveillance in the
framework of public health policies.

2. Results

We generated comprehensive genetic datasets and investigated
their temporal signal followed by comprehensive Bayesian phylo-
genetic and phylogeographic analyses to estimate HBV-D1 timed
evolutionary histories and reconstruct the viral spatial diffusion
(see detailed description in Supplementary File 1).

2.1 Sequence evolution and temporal analysis

We estimated the evolutionary rate for the reference dataset
B to be 2.17x10™> (95 per cent highest posterior density (HPD):
1.25x107°-3.26 x 107°) substitutions per site per year, and the cor-
responding time to the most recent common ancestor (tMRCA)
for HBV genotype D at 1617 BCE (95 per cent HPD: 3320 BCE—421
BCE) (Supplementary Figure S1), which is in line with estimates
from a recent study that includes additional ancient samples
collected from Eurasians and Native Americans (Kocher et al.
2021). We used this evolutionary rate estimate as an informa-
tive normal prior distribution on the mean evolutionary rate
(mean=2.17x107°; standard deviation=5.14x107®) for subse-
quent reconstruction of dataset A (full HBV-D1 dataset obtained

Table 1. Association index to study phylogeographic structure.

Number of
Dataset  sequences Sampling criteria Association index
A 643 All sequences 0.23
(95% HPD: 0.21-0.25)
c 583 Maximum phyloge- 0.23

netic diversity (95% HPD: 0.21-0.25)

from GenBank after exclusion of recombinant sequences) and
dataset C (homogeneously distributed dataset that mitigates sam-
pling bias for the location trait while maximizing the capture of
the phylogenetic diversity). The mean evolutionary rate estimated
for dataset A was estimated at 2.71x 107 (95per cent highest
posterior density (HPD): 1.80 x 107°-3.78 x 10™) substitutions per
site per year and the corresponding tMRCA for HBV-D1 at 1308
BCE (95 per cent HPD: 2848 BCE—166 BCE). The viral population
dynamics appear constant over time. A similar demographic pat-
tern was also observed for dataset C, for which we estimated
an evolutionary rate of 2.72x 107 (95per cent HPD: 1.79x 10—
3.82x107°) substitutions/site/year and a tMRCA of 1237 BCE
(95 per cent HPD: 2816 BCE—130 BCE).

As expected from using an informative rate prior based on
dataset B when analysing datasets A and C, we estimated simi-
lar posterior evolutionary rate distributions across datasets. The
somewhat older tMRCA estimated for dataset B compared to
those of datasets A and C might be due to dataset B being
comprised of sequences of different subgenotypes within geno-
type D, whereas datasets A and C only have sequences from
genotype D1.

2.2 Discrete phylogeography

To assess the phylogeographic structure in the datasets, we quan-
tified the degree of phylogenetic clustering by trait summarized
using the association index (Al) over all nodes in the MCC tree.
Table 1 lists Al metrics for datasets A and C, pointing to a high
degree of phylogeny-trait association by location and the capabil-
ity to inform the discrete diffusion analyses.

We reconstructed the spatial diffusion dynamics underlying
the HBV-D1 global spread for both datasets. Datasets A and C pro-
vided strong support (posterior probabilities of 0.89 and 0.97 for
dataset A and C, respectively) for an origin of the current HBV-
D1 diversity in Turkey or the ancient region of Anatolia (Figs 1
and 2, Tables 2 and 3). The spatial estimates, therefore, trace
the HBV-D1 origin and maintenance to Turkey, after which it first
spread to Iran, and later on to Europe, Asia, Syria, Africa, and
India. HBV-D1 reached New Zealand via an introduction from
India. The period between the late 1400s and 1800s was also
marked by a high degree of viral interchange between the Mid-
dle East, Asia, and Europe, consistent with the events that took
place during the Early Modern Period, including the Ages of Dis-
covery and Enlightenment (Movies 1 and 2 for datasets A and C,
respectively).

Apart from summarizing the spatio-temporal history of HBV-
D1, we also quantified the support for different diffusion pathways
as Bayes factor (BF) support for non-zero rates of discrete loca-
tion transitions between all pairs of 27 countries and 9 regions
for datasets A and C, respectively, in order to identify those
well-supported viral transmissions that best explain the observed
current spread. We found that the movements from Turkey to
Iran, Syria, India, and Europe, as well as Iran to Turkey for dataset
A (Fig. 1 and Table 2), and the movements from Turkey to Europe
and Iran to Turkey for dataset C (Fig. 2 and Table 3) are supported
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Figure 1. Bayes factor test support for discrete diffusion rates inferred for dataset A. Locations are represented by the centroid coordinate of the
country/region. Rates supported by a BF >80,000 are indicated.
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Figure 2. Bayes factor test support for discrete diffusion rates inferred for dataset C. Locations are represented by the centroid coordinate of the
country/region. Rates supported by a BF >80,000 are indicated.
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Table 2. Asymmetrical heat maps of HBV-D1 flow between locations for dataset A®.

To
Belarus Belgium China Egypt India Iran Lebanon Mongolia NZ Pakistan Syria  Turkey Uzbekistan
From India 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.38 0.01 0.00 0.00 0.00
Iran 0.00 0.09 0.00 0.00 0.24 0.00 | 0.22 0.00 0.00 0.00 118 581 0.04
Mongolia 0.75 0.00 2.56 0.00 0.01 0.01 0.00 0.00 0.00 0.04 0.00 0.01 0.02
Syria 0.01 0.41 0.00 0.16 0.00 0.00 9.70 0.00 0.00 0.00 0.00 0.07 0.00
Turkey 0.48 16.76 1.89 1.25 6.09 1791 213 3.42 0.03 153 1221 0.00 2.65

NZ: New Zealand

#Markov jump counts measure the expected number of viral movements that occur along the branches of the phylogeny, providing a measure of gene flow. The
intensity of the color (red = high; green = low) reflects the percentage of Markov jump counts from location of origin (y-axis) to a destination (x-axis). Transitions

shown are supported by BF >100.

Table 3. Asymmetrical heat maps of HBV-D1 flow between locations for dataset D?.

To
Africa Asia Europe India Iran NZ Syria Turkey
From India 0.01 0.01 0.03 0.00 0.03 0.52 0.02 0.01
Iran 0.00 0.11 0.07 0.22 0.00 0.00 0.97 5.62
Turkey 3.69 15.22 25.54 6.74 17.17 0.02 10.27 0.00

NZ: New Zealand

#Markov jump counts measure the expected number of viral movements that occur along the branches of the phylogeny, providing a measure of gene flow. The
intensity of the color (dark blue = high; white = low) reflects the percentage of Markov jump counts from location of origin (y-axis) to a destination (x-axis).

Transitions shown are supported by BF >100.

by very high BF values (>80,000). We complemented the sup-
port for these rates by estimating the number of transitions that
occurred between the states involved using Markov jump counts
for transitions supported by BF values>100 (Kass and Raftery
1995) (Tables 2 and 3). These estimates indicate that the loca-
tion that seeds most HBV-D1 to other regions is Turkey/Anatolia,
with viral jumps to Europe encompassing more than 25 per cent
of all mean Markov jump counts (Table 3). The second most fre-
quent viral transition in both datasets occurs from Turkey to
Iran, encompassing approximately 17 per cent of all Markov jump
counts (Tables 2 and 3).

3. Discussion

HBV Genotype D is the dominant genotype worldwide. Its
subgenotype D1 is the most prevalent strain in south-east Europe,
the Mediterranean Basin, and the south, south-west, and cen-
tral regions of Asia (Zehender et al. 2012a), (Pourkarim et al.
2009), (Schweitzer et al. 2015). In 2009, the WHO estimated that
around 4.3 million persons are infected with HBV in the Mediter-
ranean region (Melhem et al. 2015). Viral transmission of HBV
occurs horizontally or perinatally in childhood and by infected
body fluids during adulthood. The routes of viral transmission are
influenced by socio-economic status, lifestyle, occupation, and
cultural practices (Alavian et al. 2008; Zidan et al. 2012). Although
mass vaccination programmes against HBV infection were crucial
in the dramatic decrease of the chronicity rate worldwide (Zahedi
et al. 2012), there are still thousands of new cases of HBV each
year (Trepo, Chan, and Lok 2014; Graber-Stiehl 2018; Thijssen et al.
2019; Wiktor, Borawski, and Stepien 2019).

In this study, we used a comprehensive dataset of 648 full-
length genome sequences to estimate the global evolutionary
dynamics of HBV-D1, which included five ancient sequences. To
our knowledge, we present the largest dataset of full-length HBV-
D1 sequences analysed so far. It has been demonstrated that only
full-length genomes of HBV allow for sufficient phylogenetic reso-
lution (Pourkarim et al. 2009; Schaefer, Magnius, and Norder 2009;

Pourkarim et al. 2010a,b; 2011; Amini-Bavil-Olyaee et al. 2012;
Pineda-Pena et al. 2015) and using partial genomes can mislead
evolutionary studies (Olinger et al. 2006; Hubschen et al. 2011;
Vrancken et al. 2018).

Over the past half century, HBV-D1 has constituted a burden
to low endemicity countries receiving immigrants from interme-
diate to high endemicity countries (Coppola et al. 2015; Thijssen
et al. 2019). Control strategies and prophylaxis would benefit from
a better understanding of the HBV-D1 epidemic dynamics. Specif-
ically, public health programmes could redirect efforts by target-
ing immigrant populations from intermediate to high endemicity
countries to prevent viral transmission (Thijssen et al. 2019).

The genomic structure of HBV represents a challenge for
reconstructions of the spatio-temporal history. Despite replicating
through an error-prone reverse transcriptase, HBV has a par-
tially double-stranded DNA genome encompassing four partially
overlapping genes. This provides a conserved genetic population
and evolutionary constraint requiring the use of three indepen-
dent codon partitions. Additionally, it hinders the accumulation
of temporal signal, despite the large temporal spread in avail-
able sampling dates (see Supplementary Figure S2). Because of
the lack of temporal signal, we used five ancient sequences in
order to calibrate the molecular clock model and estimate time-
measured phylogenetic reconstructions. We also used the evolu-
tionary rate derived from temporal analysis of dataset B as an
informative normal prior distribution on the mean evolutionary
rate (mean=2.17 x 10~°; standard deviation =5.14 x 107%).

We estimated that HBV-D1 is evolving at an average rate of
2.71x 107> substitutions per site per year with very limited vari-
ation throughout its history. This result is almost 16 (95 per cent
HPD: 0.17-17.46) times slower than the only previous estimate
of HBV-D1 evolutionary rate derived from 15 HBsAg/reverse tran-
scriptase fragment sequences from more recent isolates (Ciccozzi
et al. 2013). Nonetheless, the resulting evolutionary rate and
tMRCA estimate, 1308 BCE (95 per cent HPD: 2848 BCE-166 BCE),
are in line with recent estimates that use the ancient samples to
calibrate the molecular clock (Zehender et al. 2012a,b; Ciccozzi



et al. 2013; Mihlemann et al. 2018). This illustrates the need
for comprehensive datasets and appropriate model specifications
that enable a more accurate reconstruction of the viral evolution-
ary history.

Because of the high level of sampling heterogeneity across
countries in our datasets, with most sequences originating from
Belgium (n="52), Iran (n=175), India (n=284), Syria (n=64), and
Turkey (n=93) (Supplementary Figure S3), we created a more bal-
anced dataset C to alleviate the potential biasing impact of uneven
sampling (Supplementary Figure S4) for evaluating the HBV-
D1 spatio-temporal dynamics using a discrete phylogeographic
approach (Lemey, Suchard, and Rambaut 2009). This fact that we
identify Turkey, corresponding to the ancient region of Anatolia,
as the geographical origin from where HBV-D1 spread worldwide
in both datasets, in line with previous studies (Paraskevis et al.
2013; Kostaki et al. 2018), provides reassurance that this finding is
not significantly impacted by sampling bias.

Multiple introductions of HBV-D1 were estimated to have
occurred in the countries and regions included in this study, con-
sistent with results from previous studies (Banerjee et al. 2006;
Pourkarim et al. 2010b; Amini-Bavil-Olyaee et al. 2011; Zehender
et al. 2012a; Zehender et al. 2014) and the global distribution of
this subgenotype (Pourkarim et al. 2008, 2014a). We also estimated
the highest number of viral transitions from Turkey to several
other locations, which were highly supported by BF values.

Future spatial analyses of HBV may also benefit from struc-
tured coalescent approaches that appear to be less sensi-
tive to sampling bias. Their current computationally demands
limit application to large datasets (Vaughan et al. 2014), but
promising approximate algorithms have recently been developed
(De Maio et al. 2015). By subsampling the dataset using two
different approaches (randomized and according to maximum
phylogenetic divergence), we were able to produce consistent
results for the temporal and phylogeographic reconstructions.
The lack of dense sampling of the HBV-D1 epidemics, socio-
demographic information and routes of transmission limits our
endeavors to investigate the social transmission trends of HBV-D1.
This represents a particular limitation for regions with high HBV-
D1 prevalence but disproportionately low number of samples such
as the region of the Americas (2-7 per cent of the population is
infected, but less than 20 sequences from this region are available)
(MacLachlan and Cowie 2015). Nonetheless, our spatio-temporal
inferences uncovered that the majority of transmission events
that gave rise to HBV-D1 spread worldwide occurred in the peri-
ods encompassing the Early Modern Period, including the Ages of
Discovery and Enlightenment. Population sizes and densities, and
human movement networks are additional factors that could help
unveil the underlying processes that shaped the dynamics of viral
spread if investigated using the generalized linear model exten-
sion of the discrete phylogeographic model (Lemey et al. 2014).
The complexity of reconstructing HBV evolutionary history might
be driven by various factors, including transmission bottlenecks
(Lin et al. 2016; Du et al. 2017), differences between inter-/intra-
host diversity (Ramachandran et al. 2011), different evolutionary
rates in different body compartments (Datta et al. 2009; Sinha
et al. 2019), and long duration of infection with a stable archived
reservoir of cccDNA (Vrancken, Suchard, and Lemey 2017;
Li, Sohn, and Seeger 2018; Brezgin et al. 2019). We also hypothe-
sized that the challenge in reaching convergence for the temporal
parameters, particularly the date of divergence and coalescent
and evolutionary rate, was due to the very constrained genomic
structure with overlapping reading frames, varying mutation
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and replication rates, as well as selective pressures (Trovao
et al. 2015a). However, Patterson Ross et al. (2018) observed a
lack of temporal signal for HBV-D3 even when comparing old
(16th century) and modern sequences. This implies that tem-
poral reconstruction of HBV should be interpreted cautiously,
and whereas the viral diffusion pathways were highly supported,
its temporal history is highly dependent on appropriate rate
calibration.

4, Conclusion

In conclusion, we have used a comprehensive phylogeographic
approach to determine the worldwide evolutionary and spatio-
temporal dynamics of HBV-D1. This work exalts the impor-
tance of careful methodological calibration to unveil the origin
of epidemics and the migration pathways that the virus explored
for its expansion while accommodating its deep evolutionary his-
tory. We hope that our findings may ultimately help inform public
health measures towards control and strategies for increased
preparedness.

Data availability

The statistical code and datasets are available at https://github.
com/nidiatrovao/HBVD1-Trovao-et-al.

Supplementary data

Supplementary data is available at Virus Evolution online.
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