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1 Abstract 

Worldwide, an estimated 257 million people are chronically infected with hepatitis B virus 

(HBV). HBV can be divided into nine genotypes, termed A – I. So far, an in dept 

investigation of the global distribution of these genotypes has not been conducted. To 

address this lacking information, a literature review of publications describing genotyping 

data throughout the world was performed. A total of 900 publications were manually 

evaluated from which 213 records of genotyping data were extracted covering 125 

countries. Based on previously published HBV prevalence and population data, the 

global genotype distribution of chronic HBV infections was approximated. The genotypes 

that caused the most chronic hepatitis B cases were A – 17%, B – 14%, C – 26%, D – 

22% and E – 18%. In total these genotypes were found to be responsible for 96% of the 

chronic HBV infections worldwide, while the four genotypes F – I contributed together to 

less than 2%. The remaining infections were accounted to inter-genotype recombinants 

or mixed infections with more than one genotype or could not be defined. The study 

describes the up-to-date overview over global genotyping data and is the first of its kind 

to estimate the global genotype distribution of HBV. The results suggest that at least 

genotypes A – E should be taken into account when establishing novel therapies, 

vaccines and treatment models for HBV due to their broad distribution [1]. 

The second project of this thesis covers the clinically relevant HBV variants. Distinct 

mutations on the viral genome can affect the course of disease and the treatment options 

available. Additionally, the different genotypes contribute to different outcomes of HBV 

infection. Therefore, we performed a comprehensive in-situ analysis of the HBV variants 

by genotype and region. Publicly available full genome sequences were used to evaluate 

the occurrence of mutations of the HBV surface antigen (HBsAg), reverse transcriptase 

(RT) and the basal core promotor/pre-core region. The data resulted in an association 

of genotypes to distinct, clinically relevant mutations, and additionally showed that 

populations of certain world regions were at least partially susceptible to specific HBV 

variants. Three HBV mutations, which were initially proposed to convey clinically relevant 

phenotypes, were not found in any sequence, R122P in the S; P177G and F249A in the 

polymerase gene – questioning their real-world significance. Regional accumulation of 

mutations which convey resistance to nucleos(t)ides analogs, or promote disease 

progression, can be retrieved from the data which can serve as a primary orientation for 

selecting suitable antiviral drugs and help improve diagnostic tests. 

The third project of this thesis focused on developing a database for hepatitis D virus 

(HDV) sequences, termed HDVdb. Studies regarding HDV are of great demand, as HDV 

is the causing agent of the most severe and rapidly progression form of viral hepatitis, 
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leading in 70% of the cases to cirrhosis and accounting for 15 – 20 million worldwide 

chronic carriers. As an all-in-one webservice, the HDVdb webpage, was developed 

covering all publicly available viral genome sequences. In addition, a genotyping tool for 

HDV was developed, accompanied by additional services like sequence alignment, 

primer design, phylogenetic analysis and visualization. HDVdb is aiming to become the 

most important platform for bioinformatic approaches regarding HDV, and was therefore 

built to provide future updates and upgrades to its users. 
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2 Zusammenfassung 

Weltweit sind schätzungsweise 257 Millionen Menschen chronisch mit dem Hepatitis-B-

Virus (HBV) infiziert. HBV lässt sich in neun Genotypen unterteilen, die mit A – I 

bezeichnet werden. Eine genaue Charakterisierung der globalen Verteilung dieser 

Genotypen stand bisher noch aus. Deshalb wurde zunächst eine Literaturrecherche 

bezüglich der Genotypisierungsdaten und deren regionaler Verteilung durchgeführt. 

Anschließend wurden insgesamt 900 Publikationen manuell ausgewertet, aus denen 

213 Datensätze mit Genotypisierungsdaten extrahiert wurden, welche 125 Länder 

abdecken. Basierend auf zuvor veröffentlichten HBV-Prävalenz- und Bevölkerungsdaten 

wurde die globale Genotypen-Verteilung chronischer HBV-Infektionen ermittelt. Die 

häufigsten Genotypen waren A – 17 %, B – 14 %, C – 26 %, D – 22 % und E – 18 %. 

Insgesamt sind diese Genotypen für 96 % der chronischen HBV-Infektionen weltweit 

verantwortlich, während die restlichen vier Genotypen F – I zusammen zu weniger als 2 

% der Infektionen beitragen. Die übrigen Infektionen wurden auf rekombinante 

Genotypen oder Mischinfektionen mit mehr als einem Genotyp zurückgeführt oder 

konnten nicht definiert werden. Die Studie beschreibt die aktuell geschätzte globale 

Genotypen-Verteilung und ist die erste ihrer Art für HBV. Die Ergebnisse legen nahe, 

dass zumindest die Genotypen A – E aufgrund ihrer weiten Verbreitung bei der 

Etablierung neuer Therapien, Impfstoffe und Behandlungsmodelle für HBV 

berücksichtigt werden sollten [1]. 

Das zweite Projekt dieser Arbeit befasst sich mit den klinisch relevanten HBV-Varianten. 

Unterschiedliche Mutationen im viralen Genom haben Einfluss auf den Krankheitsverlauf 

und die verfügbaren Behandlungsmöglichkeiten. Zusätzlich tragen die verschiedenen 

Genotypen zu unterschiedlichen Verläufen der HBV-Infektion bei. Daher wurde eine 

umfassende in-situ-Analyse der HBV-Varianten nach Genotyp und Region durchgeführt. 

Öffentlich verfügbare Vollgenomsequenzen wurden verwendet, um das Auftreten von 

Mutationen des HBV-Oberflächenantigens (HBsAg), der Reversen Transkriptase (RT) 

und der basalen Core-Promotor/Pre-Core-Region zu beschreiben. Die Daten ergaben 

eine Assoziation von Genotypen zu verschiedenen klinisch relevanten Mutationen und 

zeigten zusätzlich, dass die Populationen in den jeweiligen Regionen der Welt teilweise 

für konkrete HBV-Varianten anfällig waren. Drei dieser als klinisch relevant 

charakterisierten Mutationen wurden in keiner Sequenz gefunden, R122P im S-Gen 

sowie P177G und F249A im RT-Gen – was ihre Bedeutung in Frage stellt. Regionale 

Häufungen von Resistenzen gegen Nukleos(t)idsanaloga lassen sich aus den Daten 

ablesen und können als erste Orientierung für die Auswahl geeigneter Therapien dienen 

und das Design zukünftiger diagnostischer Tests verbessern. 
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Das letzte Thema in dieser Thesis basiert auf der bioinformatischen Analyse viraler 

genomischer Sequenzen, um eine Hepatitis-D-Virus (HDV)-Sequenzdatenbank, 

genannt HDVdb, zu erstellen. Studien zu HDV sind von großer Bedeutung, da HDV der 

Erreger der schwersten und am schnellsten fortschreitenden Form der viralen Hepatitis 

ist, die in 70% der Fälle zu einer Zirrhose führt und für 15 - 20 Millionen chronische 

Träger weltweit verantwortlich ist. Als ein Komplettpaket wurde die HDVdb-Webseite 

entwickelt, die alle öffentlich verfügbaren viralen Genomsequenzen umfasst. Darüber 

hinaus wurde ein Genotypisierungs-Tool für HDV entwickelt und bereitgestellt, gefolgt 

von zusätzlichen Diensten wie Sequenz-Alignment, Primer-Design, phylogenetische 

Analysen und Visualisierung. HDVdb hat das Ziel, die wichtigste Plattform für 

bioinformatische Ansätze in Bezug auf HDV zu werden und ist daher darauf ausgelegt, 

seinen Nutzern zukünftige Updates und Upgrades zur Verfügung zu stellen. 
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3 Introduction 

3.1 Hepatitis B Virus 
An estimated 257 million humans are chronically infected with Hepatitis B virus (HBV) 

[2], reflecting 3.5 % of the world’s population. HBV is therefore a leading cause of death 

attributed to infectious diseases.  Chronic HBV is accounting for 887.000 deaths per year 

by causing liver cirrhosis and hepatocellular carcinoma (HCC) [2]. Though prophylactic 

vaccines have been around for approximately 40 years, providing a high effective 

protection against the virus [3], HBV still remains a major public health problem. 

Especially in certain regions like East and Southeast Asia, the Pacific Islands and sub-

Saharan Africa the prevalence is between 5 % – 25 % of the total population [4]. 

 

3.1.1 Classification 
HBV is a relatively small (42 nm of diameter) enveloped, partially double-stranded, 

relaxed circular DNA (rcDNA) virus and replicates via an RNA intermediate. It is a 

hepatotropic prototype member of the family of Hepadnaviridae, precisely the genus 

Orthohepadnavirida that is infectious to mammals [5]. Known hosts for human HBV, 

besides Homo sapiens, are Pan troglodytes (chimpanzee) [6] and Tupaia belangeri 

(northern tree shrew) [7]. 

 

3.1.2 Genomic organization and Proteins 
The HBV rcDNA genome is around 3.2 kilobases (kb) long and its minus strand consists 

of four overlapping open reading frames (ORFs) – preS1/preS2/S, preC/C, P, X (Figure 

1) [8], which encode for seven proteins. The preS1 ORF encodes for the longest HBV 

envelope protein (HBs) – L, followed by preS2 – M, and S. The three surface proteins 

have the same C-terminal domain that is being extended by the N-terminal resulting in 

the longer versions M and L. The longer product of the preC ORF encodes for the 

hepatitis B e protein (HBe), the shorter N-terminal C for the core protein (HBc). The other 

two ORFs P and X are encoding for the viral polymerase protein (P) and respectively for 

the X protein (X; HBx). HBs and HBc are the only structural proteins of the virus. Based 

on the dense overlapping structure and size of the HBV genome, every nucleotide has 

a coding function. Therefore, a point mutation might have an effect on more than one 

HBV protein. 

The HBs proteins are located on the virions’ lipid bilayer envelope surrounding the capsid 

which encapsulates the rcDNA (Figure 2). HBc forms into a T3 or T4 structure which 

consists of 180 or 240 HBc subunits. The HBV capsid is a dimer of that T3 or T4 structure 
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[9]. The polymerase, which functions as reverse transcriptase, RNaseH and primer 

during rcDNA synthesis [10], is covalently bound to the 5’ end of the rcDNA’s minus 

strand [11]. HBe is supposedly responsible for immune regulation [12], while HBx is 

initiating and maintaining the viral transcription [13]. 

 

 

 

 

 

 

 

 

 

 

Figure 1: HBV genomic structure. The 

HBV genome is a partially double 

stranded rcDNA with four ORFs on its 

minus strand: preS1/preS2/S, preC/C, P 

and X. (adapted from Bell & Kramvis [14]) 

 
 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 2: HBV virion. Inside the capsid the polymerase can be found that is attached to the 

rcDNA. The lipid bilayer envelope is covered with L, M, S proteins. (adapted from Bell & Kramvis 

[14])
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3.1.3 Life Cycle 
Figure 3 shows the viral entry of HBV into susceptible cells and its corresponding life 

cycle. Infectious HBV virions, termed “Dane particles” [15], first interact with heparan 

sulfate proteoglycan (HPSG) on the cell surface by attaching to their glycosaminoglycan 

side chains [16]. Next, they bind to the recently identified HBV entry receptor sodium-

dependent taurocholate co-transporting polypeptide (NTCP) by an interaction with the 

preS1 domain of the L protein [17]. NTCP is expressed exclusively on hepatocytes and 

serves as an integral membrane glycoprotein for the uptake of bile acids [18]. In primary 

human hepatocytes, HBV uptake is mediated via endocytosis of the clathrin pathway 

[19]. In other cell types like HepaRG, this is not the case, as caveolin-1 plays the 

important role there [20]. After the uncoating of the HBV particle, the capsid is being 

transported to the nucleus. By attaching to the nuclear basket its dimer T structure is 

loosen, causing the rcDNA to be injected into the nucleus [21]. There, the rcDNA genome 

is repaired causing the establishment of stable, double stranded, covalently closed 

circular DNA (cccDNA) [22]. This persistent form of HBV resides in infected cells and is 

further used as the viral transcription template.  

The pgRNA transcript is used as the template for the HBV polymerase and core 

production. Additionally, in the cytoplasm, it is reversely transcribed into rcDNA by the 

polymerase for the integration in de novo capsids [23]. Those newly formed capsids can 

follow two different routes, either translocation into the endoplasmatic reticulum or 

reshutteling into the nucleus and thereby increasing the cell’s cccDNA pool.  

At the endoplasmatic reticulum  capsids are enveloped with a lipid bilayer harboring the 

three HBs proteins before being secreted in the extracellular space [24]. The secretion 

is assisted by components of the multivesicular body machinery [25]. 

The precore RNA is translated into HBe, which is then secreted following the same 

pathway of the infectious particles [24]. 
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Figure 3: HBV replication cycle. After attaching to heparan sulphate proteoglycan, HBV binds 

to NTCP. It is then taken up via endocytosis and uncoated. The capsid is then attached to the 

nuclear basket of the nucleus and rcDNA is being released into it. After cellular repair mechanism 

are applied, cccDNA is being established that is then further used for the template for all viral 

transcripts. pgRNA is reverse transcribed and is encapsulated with P into new capsids that are 

later reshuttled into the nucleus or enveloped with HBs proteins in the endoplasmatic reticulum 

and released via multivesicular bodies. (Ko et al. [26]). 

 
 
3.1.4 Epidemiology 
HBV is either transmitted horizontally via body fluids during sexual intercourse, by blood 

or blood products, or vertically from mother to child during birth [27]. HBV infection in 

healthy adults often progresses asymptomatic. One third of the cases result in an acute 

hepatitis and 0.5 – 1% of these have an increased risk to develop a fulminant hepatitis 

that can result in liver failure. Only 5 – 10% of healthy adults develop a chronic HBV 

infection, that is defined by HBsAg being detectable for more than six months. These 
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rates are drastically increased in immune compromised patients (30-90%) and children 

up to the age of six months (90%) [28]. Thus, vertical transmission during birth is the 

major cause of chronic HBV in most countries [29].  

Thereby, disease progression following HBV infection can differ, depending on. 

environmental factors such as alcohol consumption [30] and aflatoxin [31], key factors 

such as immune status, age of time of infection, human leukocyte antigen type (HLA) 

[32] but also ethnicity [33]. 

Viral factors which can influence the natural course of infection are the HBV titer / viral 

load during infection [34] and also the associated sero- and genotype [35]. Especially the 

genotypes are known to influence the primary transmission route, progression, treatment 

and mortality of HBV infection [36,37].  

The clinical difference and importance of the genotypes have still to be shown in detail 

by future clinical trials, but data suggest that it might play a major role in transmission, 

decease progression, treatment and fatality. A more common vertical transmission can 

be observed with genotype B, C and I, while a horizontal transmission is more common 

with genotypes A, D and G [37-40]. A higher chronification rate can be seen with 

genotypes A and C [40]. Liver cirrhosis and hepatocellular carcinoma (HCC) are favored 

with genotypes C, D and F, while treatment of genotype A and B with interferon-a (IFNα) 

shows better results than with the other genotypes [40,41]. 

 

3.1.5 Serotypes 
The HBV serotype describes the reactivity of antibodies towards HBsAg. The 

identification and categorization of HBV was initially done by serotyping, before 

genotypes were introduced [42]. The interaction with reference antibodies was used to 

determine the serotype. Four serotypes based on the antigenic determinants were 

initially used for classification: adr, adw, ayr, ayw [43]. Lately, those were expanded to 

nine: ayw1, ayw2, ayw3, ayw4, ayr, adw2, adw4, adrq+, adrq- [44]. 

The role of serotypes is relatively low in contemporary patient care. Though they should 

be still taken into account concerning vaccines efficacy, antibodies-based therapies and 

discovery by diagnostic tests. 

 

3.1.6 Genotypes 
HBV is classified into at least nine genotypes, from A – I, and there is additionally a 

supposed genotype ‘J’ [45] which was only found once in a patient [37]. The patient of 

Japanese descent was residing on Borneo Island and the phylogenetic analysis revealed 

that the origin of this variant was closer to gibbon HBV than the human one [46]. Since 
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further sequences are still missing, ‘J’ was not accepted as a new human HBV genotype. 

Genotype I was the last one added to the HBV genotypes. It was first discovered 2008 

in a Vietnamese patient [47]. Nowadays it is even categorized into two sub-genotypes – 

I1 and I2 [37]. 

The nine genotypes are defined by a variation of at least 7.5% of the nucleotide 

sequence. Those are further categorized into sub-genotypes, which are defined by 4% 

difference of the nucleotides of their sequence [37,48]. The sub-genotypes are accounted 

for over 50. An exact number of sub-genotypes is not available, as per varying definitions 

of recombinants, low quality single sequences representing sub-genotypes and an ever-

growing full genome sequence pool, literature tends to vary [37,49]. 

To allow discrimination of HBV genotypes different methods like non-sequencing-based 

(e.g., enzyme immune assays), partial genome sequencing (covering one or several 

proteins) and full genome sequencing were applied. Depending on the method type and 

the time of the categorization, the results vary not only in the accuracy of the sequence 

but also newer genotypes are falsely accounted for recombinants, a false genotype or 

worse – being undetected. This could be observed in the past like for genotype I, being 

the latest genotype added, which evolved as a recombinant variant from genotype A, C 

and G [47]. 

 

3.1.7 Treatments 
Current treatment options for chronic HBV consist of pegylated IFNα and various 

nucleos(t)ide analogues. While interferon is known for its antiviral and 

immunomodulatory properties, it also has major side-effects like the induction of 

autoimmune diseases such as psoriasis, thyroiditis, systemic lupus erythematosus [50], 

but also depression and tiredness [51]. Lamivudine, telbivudine, adefovir, entecavir and 

tenofovir are nucleos(t)ides reducing the viral load by targeting the HBV reverse 

transcription from pgRNA to rcDNA [52]. Since nucleos(t)ide analogs are exclusively 

targeting viral transcripts, cccDNA remains unaffected hindering a complete cure [53]. 

In addition, such treatments can lead to the accumulation of mutations in the HBV 

genome. Lamivudine resistances are caused by M204V, M204I, L180M + M204V and 

combinations of those mutations. Telbivudine is not inhibited by the M204V mutation, but 

apart from that is akin affected as lamivudine. Entecavir has a reduced effectiveness to 

the mentioned single mutations, but copes with HBV resistance when the mutations 

occur in combination and with certain other point mutations. Adefovir resistance is 

caused especially by A181A/T and N236T, while tenofovir is so far the only one of the 

nucleos(t)ides not being completely undermined but those mutations [54]. 
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3.1.8 Scope of Genotypes Study 
Since vaccines and treatment options have been developed in the western countries, 

they are biased towards genotypes prevalent in those regions. A missing overview of the 

global distribution of genotypes and a low availability of data from poorer countries, who 

suffer the most from HBV, makes some important genotypes not considered for more 

effective treatments or vaccines. As there is no comprehensive data available regarding 

the frequency of infections worldwide for each genotype, this makes it difficult to process, 

predict and handle the disease burden. Knowing the genotype distribution and clinically 

relevant mutations associated with them, would improve preparation, planning and 

initialization of effective treatments. Therefore, a comprehensive literature review 

addressing incidence, genotypes and the respective country they have been associated 

to, was performed being now able to estimate the global genotypes distribution by 

merging all publicly available data into an overview. 

 

3.1.9 Scope of Mutations Study 
Mutations and their clinical relevance are well known and reviewed in several 

publications. However, there is no comprehensive overview on a global scale addressing 

them on the full genome of HBV. These studies are mostly limited to certain regions and 

based on clinical data from specific populations. Further the results mostly do not cover 

all available genotypes [55-68]. Understanding their impact on a global scale could 

contribute to a better understanding of the HBV phenotypes and burden and might help 

to establish improved diagnostics and antiviral therapies. Therefore, a computational 

analysis was performed on all HBV sequences that could be retrieved from publicly 

available databases. 
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3.2 Hepatitis D virus 
An estimated 15 – 20 million humans are chronically infected with Hepatitis D virus (HDV) 

which causes the most severe form of viral hepatitis, often leading to liver cirrhosis and 

HCC [69]. Despite being relatively rare compared to HBV, in 70% of the cases a liver 

cirrhosis arises, which is three times more likely than for HBV [70]. HDV is a satellite virus 

of HBV and relays on the expression of HBs proteins to form new viral particles. 

Following this rational it solely occurs as a co-infection or superinfection with HBV [71]. 

Interestingly, both viruses do not share any similarity in terms of sequence. 

Recently a functional block of the extracellular route was found, using Myrcludex B as 

an entry inhibitor [72]. 

 

3.2.1 Classification 
HDV is a small (35-37 nm of diameter), enveloped, hepatotropic, circular negative sense 

single-stranded RNA virus [73]. It is the only member of the Deltaviridae genus. 

Its lipid envelope incorporates the HBs proteins. 

 

3.2.2 Genomic Organization and Proteins 
The HDV genome is approximately 1.67 kb [74]. Its complementary strand contains only 

one ORF encoding for two isoforms of the hepatitis delta antigen (HDAg), S-HDAg and 

L-HDAg. L-HDAg is the larger protein which is 19 amino acids longer at its C-terminal 

side, compared to S-HDAg [75]. The switch from S-HDAg to L-HDAg is a result of the 

activity of the cellular enzyme adenosine deaminase (ADAR-1) that causes a change of 

the UAG stop codon of S-HDAg to UGG, resulting in a longer translation, becoming L-

HDAg [76]. 

Both proteins contain domains for dimerization, nuclear-localization and RNA-binding. L-

HDAg has an additional domain responsible for packaging [77], which makes it essential 

for that part, while S-HDAg is the crucial protein for HDV replication [78]. 

 

3.2.3 Genotypes 
There are 8 known genotypes of HDV, termed 1 – 8. They genomic sequences differ at 

the lowest between HDV-5 and HDV-2 by 10%, and the highest 28.44% when comparing 

HDV-3 against all other genotypes [79]. Further analysis revealed sub-genotypes for 

HDV-1, HDV-2 and HDV-4. While sub-genotypes HDV-2a and HDV-2b, and HDV-4a and 

HDV-4b show a distinct geographic separation, HDV-1a – HDV-1e are more widely 

distributed and are evolving worldwide [79].  
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3.2.4 Identification of Genotypes 
There is no publicly available database dedicated to HDV. The need for a fast, effective 

and reliable identification of HDV genotypes is growing, furthermore an overview of the 

available full genomes, coding sequences (CDS), proteins and even partial proteins is 

essential for a demanding scientific workflow. Assigning and comparing HDV sequences 

to countries for the evaluation of their origin and evolution is important for further studies. 

Therefore, HDVdb was established to provide a database for those tasks. Additionally, 

the newly established database offers the needed tools for on point establishment of 

alignments, primers and phylogenetic trees. 
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4 Materials and Methods 

4.1 Software List 

4.1.1 Data Processing 

4.1.1.1 BLAST 
Basic Local Alignment Search Tool (BLAST) [80] version 2.9.0+ was used for nucleotide 

and protein reference database generation and evaluation of genotypes and protein 

types of the acquired HBV sequences. 

 

4.1.1.2 Clustal Omega 
Clustal Omega [81] version 1.2.3 is used for the alignment of sequences in the HDVdb. 

 

4.1.1.3 Excel 
Microsoft Excel 2016 was used for several basic data arrangements and preparations 

for further visualizations. https://www.microsoft.com/de-de/microsoft-365/microsoft-

office 

 
4.1.1.4 EMBOSS 
The European Molecular Biology Open Software Suite (EMBOSS) [82] was used for 

nucleotide to protein conversion of HBV sequences. 

 
4.1.1.5 MUSCLE 
MUSCLE [83] version 3.8.1551 was used for all alignments performed on HBV genomic 

and proteomic alignments. 

 

4.1.1.6 Primer3 
Primer3 [84] version 2.3.7 is used for primer design in HDVdb. 

 

4.1.1.7 PhyML 
PhyML [85] version 3.696 is used for maximum likelihood phylogenetic tree generation 

in HDVdb. 

 

4.1.1.8 RAxML-NG 
RAxML-NG [86] version 0.9.0 was used for phylogenetic tree generation of HBV sub-

genotypes used as reference in the BLAST database. 
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4.1.1.9 Ruby 
The custom scripts for evaluation of HBV und partially HDV data were written in Ruby 

2.7. They were used for data aggregation, processing, cross-matching, evaluation and 

conversion of formats (i.e., GenBank to JSON, JSON to FASTA). https://www.ruby-

lang.org  

 

4.1.2 Visualization  

4.1.2.1 FigTree 
FigTree v1.4.4 was used for phylogenetic tree visualization of HBV and is integrated into 

the HDVdb workflow. http://tree.bio.ed.ac.uk/software/figtree/. 

 

4.1.2.2 Powerpoint 
Microsoft Powerpoint 2016 was used for several tables and figures arrangements. 

https://www.microsoft.com/de-de/microsoft-365/microsoft-office 

 

4.1.2.3 Prism 
Graphpad Prism 8.4.3 and later was used for all graphs shown in figures except the 

world maps. https://www.graphpad.com/scientific-software/ prism/ 

 

4.1.2.4 QGIS 
Quantum Geographic Information System (QGIS) was used for generation of all world 

maps. http://www.qgis.org/en/site/ 

World Borders Dataset from Thematic Mapping was the data source for defining the 

country borders in the maps and their naming. 

http://thematicmapping.org/downloads/world_borders.php 

The plugin MMQGIS was used to attach the evaluated country data to the corresponding 

countries. https://plugins.qgis.org/plugins/mmqgis/ 

 

4.1.3 Server-Side Applications & Services 

4.1.3.1 Apache 
The Apache HTTP Server Project is the daemon running the web services for the 

HDVdb. https://httpd.apache.org  
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4.1.3.2 Bash 
Bourne-Again Shell (Bash) is used for basic file management on the HDVdb backend. 

https://www.gnu.org/software/bash/ 

 

4.1.3.3 Google Scholar 
Google Scholar was used for literature search and research concerning HBV genotypes. 

https://scholar.google.de 

 

4.1.3.4 Java 
Java is used for the automatic annotation of the HDV genotypes. Additionally, it handles 

the queries and management of HDVdb. https://www.java.com/ 

4.1.3.5 Laravel 
The Laravel framework is running on PHP and is responsible for the dynamic rendering 

of the HDVdb web page. It is the connection between Java, Bash and the utilized 

software packages BLAST, PhyML, Clustal Omega, Primer3 for the evaluation of the 

input data. https://laravel.com 

4.1.3.6 NCBI 
Nucleotide database of the National Center for Biotechnology Information (NCBI) [87] 

was used the retrieve all HBV sequences. 

 

4.2 Data Aggregation for Estimation of the World-Wide HBV Genotype 
Distribution 

4.2.1 HBV Prevalence 
The prevalence data was extracted from Schweitzer et al. who had performed a 

systematic review on manuscripts describing epidemiological data on chronic HBV 

infections from 1
st
 January 1965 until 23

rd
 October 2013. The databases used by them 

for retrieval of publications were Medline, Embase, CAB Abstracts (Global health), 

Popline and Web of Science [28]. 

Schweitzer et al. screened 17,029 records for the incidence of HBV infection and 

provided from 1,800 reports the prevalence of HBs in 161 countries [28].  

 

4.2.2 HBV Genotype Distribution 

4.2.2.1 Identification of Records  
Google Scholar was used for the acquirement of literature relevant to the genotypes. A 

search was performed on 23
rd

 January 2018 with the following key words to acquire the 
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most relevant and available data: [Country Name] and [“HBV” or “Hepatitis B Virus”] and 

[“genotype”] 

The country names used were those from the 161 countries that had a prevalence 

available from Schweitzer et. al [28]. For each country a separate search enquiry was 

performed. If no results were found, there were major cities addressed as a search option 

instead of the corresponding country. Additionally, references retrieved from the 

publications were screened when the genotyping information was not completely shown. 

Different languages used in the publications didn’t represent a major obstacle, as 

English, Spanish, French, German and Russian were readable and understandable. 

Missing manuscripts or limited access to such were replaced with corresponding data 

from other sources, and if not present, the information of their abstracts was used. The 

cutoff for the data used was chosen to be the year 2000, as more reliable results were 

expected with newer data. 
 

4.2.2.2 Processing of Records 
The total initial number of identified records through the search was 1650 hits. 

Additionally, 35 could be identified by reference screening. A filter was applied and 

records not reporting HBV genotyping data, using different than the mentioned 

languages, publication data before 2000 and duplicate records, were removed. 

The remaining 913 articles were deeply evaluated and records with no primary data, 

exclusively testing non-representative populations like minorities and redundant data 

were excluded. 213 studies were left for the determination of the HBV genotype 

distribution. 

 

4.2.2.3 Acquired Data 
The obtained data for further evaluation was the year and type of publication, the year 

of the sample collection – if no information was available – two years before the 

publication was assumed, the date of analysis – if no information was available – one 

year before publication was assumed, location where the sample was collected, criteria 

for selecting the participants of the study, sex and age of the tested population, 

genotyping method, available samples and the identified genotype. 

 

4.2.2.4 Establishment of a Scoring System 
The acquired data needed to be addressed based on its origin. Especially this was the 

case concerning the provided genotypes. As most of the sequences used for its 

determination were not provided, a quality and weighting system needed to be applied. 
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The scoring system was developed after carefully analyzing all the acquired data to 

provide a scale of reliability and meaningfulness. 

 

4.2.2.4.1 Study Quality Score 
The first part of the scoring addressed the study itself by the study quality score. It 

consists of equally weighted genotyping and generalizability score. A better score means 

better quality. The genotyping score was rated based on the years of the analysis, giving 

a score of 1 for older articles, before 2010, and a higher one – 2, for the ones after that. 

This is based on the assumption that the technology and prices for sequencing and the 

tests used for identification have not only improved but generally have extended their 

scope of the genotypes being recognized, leading to the methodology score. The ability 

of the method used to identify the genotype was rated here. It was divided into 3 scores 

– 1 for non-sequencing methods, 3 for partially sequenced HBV genomes and 5 for 

whole viral genome sequencing. The non-sequencing-based methods bare a lower 

score as they have a high risk of misidentifying the right genotype as of their nature of 

not being able to detect all genotypes or recombinant viruses. These are probe-/PCR-

/restriction fragment length polymorphisms and enzyme immunoassays. The whole 

genome sequencing is the ‘gold standard’ and therefore received the highest score – 

since it allows the distinction between known and de novo genotypes as well as the 

identification of their sub-genotypes. A median score was used for partially sequenced 

HBV genomes. That sequences are used for the identification of a protein coding ORF, 

which is cheaper and mostly effective, but can unfortunately lead to a false classification 

as it could be misinterpreted as a recombinant variant. Additionally, no sub-genotyping 

is possible as of the missing genetic information. 

Both of those genotyping scores – years of samples analysis and ability of the method 

to recognize the correct genotype, are weighted with 30% / 70 % for that section’s final 

score, which represents 50% of the final study score. 

The generalizability score is split into three parts – representation of the country based 

on the location of the study, representation of the HBV infected population for the country 

and the year of sample collection. They are weighted respectively with 40%, 40% and 

20%. The location of the study is used for samples allocation. The broader the spectrum 

of collection sites, the more accurate the data is representing that country. Single towns 

and regions have been rated with a score of 1, while several regions or nationwide 

studies have been rated with a score of 2. How representative the HBV-infected 

population is, is playing a major role. An important aspect is if only specific age groups 

or favored risk factors are covered– score of 1, or if studies were collecting samples from 



Materials & Methods 

 

25 

non-predefined patients with an HBV infection– score of 2. Lastly, we are incorporating 

the year of sample collection into that equation. Allowing to bare samples available 

before the year 2000, those studies are scored with 1, between 2000 and 2010 – score 

of 2 and 2011 or later with 3. The rationale behind this is similar to the rating for the 

sample analysis year – better technology was available to take, store and transport that 

samples, causing them to be more reliable. 

 

4.2.2.4.2 Country Quality Score 
The second part of the scoring system is addressing the meaningfulness of the data for 

a country. The calculation was based on the weighted average of all studies in a country. 

The more samples a study provided, the higher was its contribution to the countries total 

score. To receive the final country quality score, the countries total score was multiplied 

by the score of the total amount of samples for that country. Countries with less than 100 

samples received a score of 1, between 100 and 999 – score of 2 and 1000 or more – 

score of 3. To simplify the visualization, the country quality score was fitted to a 1 – 10 

scale. 

 

4.2.3 Estimation of HBV Genotypes Distribution 
Population data was used to calculate the global HBV genotype distribution for the year 

2017. The United Nations World Population Prospect from the year 2017 was used, as 

it was the most reliable and up to date data available at the time of the evaluation and 

manuscript preparation [88]. The available prevalence data from Schweitzer et al. [28] 

was multiplied with the genotype frequency acquired from the genotype distribution data 

from the 213 publications and resulted in genotyping results for 121 countries allowing 

to estimate the absolute number per genotype per country and word wide. 

 

4.3 Data Aggregation of Clinically Relevant HBV Variants 
 

4.3.1 Source of HBV Sequences 
The analysis was performed on publicly available sequences. Those were retrieved from 

the Nucleotide database of the National Center for Biotechnology Information (NCBI) [87] 

on 1
st
 February 2020. The selection criteria was the taxon ID 10407 that is representing 

HBV in the NCBI taxonomy browser. As the Nucleotide database is accessing GenBank, 

which is part of the International Nucleotide Sequence Database Collaboration 

consisting additionally of the DNA DataBank of Japan (DDBJ) and the European 
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Nucleotide Archive (ENA), that are exchanging data daily [89], the data received is the 

most up to date publicly available. 

The taxon ID 10407 contains not only human HBV. This makes it possible to  

retrieve all sequences that might have been misclassified for certain reasons, reclassify 

them correctly and use them for the analysis. The output format in which the sequences 

were retrieved was the GenBank format [89]. 

 

4.3.2 Reference Sequences for Genotyping 
 

4.3.2.1 Human HBV Sequences 
Human HBV sequences were used for genotype references based on Pourkarim et al. 

[49]. Enumerated by accession number and sub-genotype: 

JN182318: A1; HE576989: A2; AB194951: A3; AY934764: A4; FJ692613: A5; 

GQ331047: A6; FN545833: A7; AB642091: B1; FJ899779: B2; GQ924617: B3; 

GQ924626: B4; GQ924640: B5; JN792893: B6; GQ358137: B7; GQ358147: B8; 

GQ358149: B9; AB697490: C1; GQ358158: C2; DQ089801: C3; HM011493: C4; 

EU410080: C5; EU670263: C6; GU721029: C7; AP011106: C8; AP011108: C9; 

AB540583: C10; AB554019: C11; AB554025: C12; AB644280: C13; AB644284: C14; 

AB644286: C15; AB644287: C16; GU456636: D1; GQ477452: D2; EU594434: D3; 

GQ922003: D4; GQ205377: D5; KF170740: D6; FJ904442: D7; FN594770: D8; 

JN664942: D9; FN594748: E; FJ709464: F1b; DQ899146: F2b; AY090459: F1a; 

DQ899142: F2a; AB036920: F3; AF223965: F4; GU563556: G; AB516393: H; 

FJ023659: I1; FJ023664: I2 ; AB486012: J. 

 

4.3.2.2 Non-Human HBV Sequences 
Non-human HBV reference sequences were manually chosen and evaluated to be not 

matching to any human HBV genotype and represent internally the major non-human 

HBV sub-branches of the taxon ID 10407. As the naming of the non-human genotypes 

was not of interest, they were named arbitrary. Enumerated by accession number and 

non-human user defined genotype naming: 

K02715: GSHV; U29144: ASHV; AF193864: OGHBV; AJ251935: STHBV; AY226578: 

WMHBV; AY628097: WCHBV; JQ664503: GOHBV; JQ664509: CHHBV; KY962705: 

BATHBV; KC790373: BATHBV1; KC790374: BATHBV2; KC790375: BATHBV3; 

KC790376: BATHBV4; KC790377: BATHBV5; KC790378: BATHBV6; KC790379: 

BATHBV7; KC790380: BATHBV8; KC790381: BATHBV9; AB823662: GIHBV; 

KT893897: SGIHBV; KT345708: STHBV2; KY703886: CMHBV; MF471768: DHBV. 
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4.3.2.3 BLAST Database Creation 
The HBV genotype references were converted to the FASTA format [90].  A reference 

nucleotide database for BLAST [80] was created based on the reference genomes 

provided above with the default makeblastdb arguments for dbtype nucl.  

 

4.3.3 Processing of Sequences 
The processing of the sequences was done in one step using a custom Ruby script. 

It evaluated at once the following steps using the GenBank formatted data that was 

retrieved from NCBI and stored it into the JSON format (https://www.ecma-

international.org/publications-and-standards/standards/ecma-404/) with custom data. 

The data included all relevant information of the processing, concerning the future 

purpose those were the most relevant entries: accession number, size of the sequence, 

year of submission and sample collection, city / country / region / subregion, quality 

score, genotype, unverified and nonfunctional, host. 

Preprocessing was performed by checking the starting position of each sequence. In 

case it was not the EcoRI cutting side, it was corrected by iterating over the whole 

genome to locate it. 

 

4.3.3.1 Quality Check of Sequences 
Sequences were checked for their integrity. All meta data entries in the GenBank file of 

the sequence were scanned for the unverified and non-functional value and sequences 

where at least one of both triggers could be found were discarded from the future 

procession. Sequences including unclear nuclear calling marked by n were excluded too 

- this was reflected in the custom quality score. 
 

 

4.3.3.2 Regional Allocation of Sequences 
The GenBank format includes the FEATURES entry where the submitter can provide 

further details about the sequence. One of those keys is called country. This key was 

used to perform regional allocations of the sequences by grouping countries into regions. 

This data was then stored in the city / country / region / subregion of our JSON. For future 

procession only countries were used with available sequences. 
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4.3.3.3 Regions Definition 
Enumeration of regions and their assigned countries based on the available sequences: 

Eastern Africa: Ethiopia, Kenya, Madagascar, Malawi, Mauritius, Rwanda, Somalia, 

Tanzania - United Republic of, Uganda, Zimbabwe; Middle Africa: Angola, Cameroon, 

Central African Republic, Congo - The Democratic Republic Of, Gabon; Northern Africa: 

Egypt, Sudan, Tunisia; Southern Africa: Botswana, Namibia, South Africa 

Western Africa: Benin, Burkina Faso, Cape Verde, Gambia, Ghana, Guinea, Liberia, 

Mali, Niger, Nigeria; Caribbean: Cuba, Haiti, Martinique; Central America: Costa Rica, El 

Salvador, Mexico, Nicaragua, Panama; Northern America: Canada, Greenland, United 

States; South America: Argentina, Bolivia - Plurinational State of, Brazil, Chile, Colombia, 

Peru, Uruguay, Venezuela - Bolivarian Republic of; Central Asia: Kazakhstan, Tajikistan, 

Uzbekistan; Eastern Asia: China, Hong Kong, Japan, Korea - Republic of, Mongolia, 

Taiwan - Republic of China; South-Eastern Asia: Cambodia, Indonesia, Lao People’s 

Democratic Republic, Malaysia, Myanmar, Philippines, Thailand, Vietnam; Southern 

Asia: Bangladesh, India, Iran - Islamic Republic Of, Nepal, Pakistan; Western Asia: 

Saudi Arabia, Syrian Arab Republic, Turkey, United Arab Emirates; Eastern Europe: 

Belarus, Poland, Russian Federation; Northern Europe: Estonia, Ireland, Latvia, 

Sweden, United Kingdom; Southern Europe: Italy, Serbia, Spain; Western Europe: 

Belgium, France, Germany, Netherlands; Oceania: Australia, New Zealand, Fiji, New 

Caledonia, Papua New Guinea, Vanuatu, Kiribati, Samoa, Tonga. 

 

4.3.3.4 Genotyping 
Genotyping was performed using the established BLAST database. The sequence’s 

sub-genotype retrieved is based on the highest blast score. It was stored in the 

corresponding genotype field and the host was applied for non-human HBV sequencies, 

where possible. For the future processing only sequences with human genotypes were 

used. 

  

4.3.3.5 Constructs 
The initial preprocessing fixes the wrongly positioned sequences but doesn’t address the 

size of the construct. After evaluating the initial results, the methodology of filtering for 

minimum and maximum length was applied. Minimum length was set to 3150, maximum 

to 3275. This was based on the known genotype specific full genome lengths [37]. 
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4.3.4 Translation into HBV Proteins 
The corresponding HBV proteins were retrieved by translating the nucleotide sequences. 

First a BLAST database was established using the longest protein of each ORF as a 

reference – preS1, preC, P and X, with the default makeblastdb arguments for dbtype 

prot. 

There was no differentiation in-between the genotypes done and proteins from genotype 

A were used. This was doable as only the ambiguous proteins generated by 

computational translation by EMBOSS sixpack [82] needed to be removed and 

additionally the genotypes were already assigned based on the nucleotide sequence. 

Sixpack was used with the options orfminsize 100 and mstart, which resulted in proteins 

with a minimum length of 100 amino acids (aa) for each ORF starting with a methionine. 

The input sequence was processed as twice the same sequence concatenated in 

respect of the circular genome. Further the resulting proteins were filtered by size, to 

obtain only valid results: ≥330 aa for preS1/preS2/S, ≥140 aa for preCore/core, ≥700 aa 

for polymerase, and ≥100 aa for X. 

 

4.3.5 Unifying 
The different HBV genomes of the genotypes vary in size and additionally insertions or 

deletions may have occurred in each of their sequences. Unifying the length of the 

genomic sequences is therefore essential to address the same positions, especially in-

between of genotypes. This was performed after several rounds of alignment with 

MUSCLE [83] and manual adjusting after evaluation of the results. First this was 

performed genotype wise and afterwards globally over all genotypes. The resulting size 

for each genomic sequence was extended to 3257 bp. The adjustment was performed 

by adding gaps in the appropriate places. The following sub-chapters deal with positions, 

it is notable, that per definition, the base and starting positions are beginning their count 

by zero and not one. 

 

4.3.5.1 Serotyping and Unifying 
Serotyping of the genomic sequences was performed by evaluating the HBsAg on the 

already described amino acid positions by Norder et al. [91]. Positions 122, 127, 134, 

159, 160, 177 and 178 were used where applicable. They were adjusted by unifying to 

be applicable to every genotype, based on the L surface protein’s position after 

alignment. 

L surface protein base: 122 = 299, 127 = 304, 134 = 311, 159 = 336, 160 = 337, 177 = 

355, 178 = 356. Added to L protein base position depending on genotype: A no 
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modification; B positions 122, 127, 134, 159, 160 -1 and 177, 178 -2 positions; C 

positions 122, 127, 134, 159, 160, +33 and 177, 178 +32 positions; D positions 122, 127, 

134, 159, 160, +29 and 177, 178 +28 positions; E positions 122, 127, 134, 159, 160, +8 

and 177, 178 +7 positions; F positions 122, 127, 134, 159, 160, +1 position and 177, 178 

unmodified; G positions 122, 127, 134, 159, 160, -2 and 177, 178 -3 positions; H and I 

positions 122, 127, 134, 159, 160, -3 and 177, 178 -4 positions; J positions 122, 127, 

134, 159, 160, -14 and 177, 178 -15 positions. 

D: -11 amino acids for each position; E and G: -1 amino acid for each position. Additional 

positions adjusted to the L protein genotypes were 122, 127, 134, 160. For genotypes C 

and H +45; D -11; E and G -1 amino acids. 

Not corresponding to the following definitions of the serotypes were classified as 

undefined:  

ayw1:  R122, P127, F134,160K; R122, P127, A159, 160K; ayw2: R122, P127, 160K; 

ayw3:  R122, T127, K160; ayw4: R122, 127L, 160K; ayr: R122, R160; adw2: K122, 

P127, K160; adw3: K122, T127, K160; adw4q-: K122, L127, K169, Q178; adrq+: K122, 

R160, V177, P178; adrq-: K122, R160, A177. 

Amino acids: A = Alanine, F = Phenylalanine, K = Lysine, L = Leucine, P = Proline, Q = 

Glutamine, R = Arginine, T = Threonine, V = Valine. 

 

4.3.5.2 Mutations und Unifying 
The evaluation of the mutations required a unifying of the HBsAg, reverse transcriptase 

(RT) region of the P protein and the basal core promoter (BCP) genomic region until 

close after the epsilon stem loop. The kind and position of the mutations were retrieved 

from Lazarevic et al. [92]. 

The following starting position per genotype on the L surface protein for the HBsAg 

region was defined: A 177, B 176, C 204, D 203, E 185, F 174, G 175, H 174, I 174, J 

163. The evaluated mutations were located following the mentioned starting positions at: 

100, 101, 105, 115, 116, 119, 120, 122, 123, 124, 126, 127, 129, 133, 134, 136, 139, 

140, 141, 142, 143, 144, 145, 167, 169, 174, 175, 177, 182. Those needed further 

adjustments for the genotypes as follows: A, B, E, G, H, I, J no adjustments; C except 

positions 100, 101, 105 all others +6; D except positions 100, 101, 105 all others +3; F 

except positions 100, 101, 105 all others +4. 

The following starting position per genotype on the P protein for the RT region was 

defined: A 353, B 355, C 390, D 385, E 345, F 346, G 348, H 346, I 346, J 335. The 

evaluated mutations were located following the mentioned starting positions at: 80, 169, 

173, 177, 180, 181, 184, 194, 202, 204, 215, 233, 236, 249, 250. Those needed further 
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adjustments for the genotypes as follows: B, E, G, H, I, J no adjustments; A position 80 

unmodified, positions 233, 236, 249, 250 +2, all other +1; C except position 80 all others 

+10; D except position 80 all others +3; F except position 80 all others +4. 

The following starting position per genotype on the genomic sequence for the BCP region 

was defined:  A 21, B 161, C 114, D 80, E 0, F 17, G 0, H 7, I 1, J 0. The evaluated 

mutations were located following the mentioned starting positions at: 1653, 1753, 1762, 

1764, 1766, 1768, 1862, 1896, 1899. Those needed further adjustments for the 

genotypes as follows: G, J no adjustments; A position 1768 +3, positions 1862, 1896, 

1899 +21, all others unmodified; B positions 1653, 1753 unmodified, positions 1762, 

1764 +3, position 1766 +5, position 1768 +8, position 1862 +26, positions 1896, 1899 

+27; C position 1653 unmodified, position 1753 +1, positions 1762, 1764 +2, position 

1766 +4, position 1768 +7, position 1862 +78, positions 1896, 1899 +79; D positions 

1862, 1896, 1899 +126, all others unmodified; E position 1653 unmodified, position 1753 

+9, positions 1762, 1764, 1766, 1768 +13, positions 1862, 1896, 1899 +14; F position 

1653 unmodified, all others +13; H position 1653 unmodified, positions 1753, 1762, 

1764, 1766, 1768 +3, position 1862 +6, positions 1896, 1899 +7; I position 1766 +2, 

positions 1768, 1862, 1896, 1899 +5, all others unmodified. 

 

4.3.6 Assigning of Clinically Relevant Mutations 
Processing the data respectively following the unifying methods for each sequence, two 

separate processes were run. One sorting the results based on genotypes and one 

based on regions. The data generated showed in both cases the amino acids for each 

of the positions known to include a clinically relevant mutation. After being exported to 

Excel, the results were manual revised and the frequency of occurrence of each mutation 

was calculated. Amino acids differing from the expected normal state, but not shown to 

be clinically relevant, were not addressed. 

 

4.4 HDVdb 

4.4.1 Source of HDV Sequences 
The construction of the database was performed with publicly available sequences. 

Those were retrieved from NCBI [87]. The selection criteria was the taxon ID 12475 that 

is representing HDV in the NCBI taxonomy browser. Like already described for HBV, this 

data is descending from GenBank and is covering all publicly available sequences. At 

the time of the 24th May 2020, there were 2621 hepatitis delta virus nucleotide 

sequences deposited. Those were covering full and partial genomic sequences coding 

for L-HDAg and S-HDAg. Sequences shorter than 90 bp were discarded from the 
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dataset. 152 sequences with missing genotype data were assigned one by using BLAST 

and a reference dataset shown in Karimzadeh et al. [79].  

 

4.4.2 Structure 
BLAST databases were established containing all retrieved and processed sequences 

sorted by type – proteins and nucleotides. The sequences were named by country of 

origin and genotype. Queries via a Laravel framework are evaluating the user’s input in 

FASTA format and are processing it via Java and Bash on the server side. The available 

services are similarity search, primer design, multiple sequence alignments (MSA) and 

phylogenetic analysis with tree visualization. The BLAST databases are exclusively used 

for the similarity search and are providing a genotype prediction based on BLAST scores. 

The three other services are not exclusively to HDV, but are providing a convenient way 

for evaluation any data using the provided server. 
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5 Results 

5.1 The Global Hepatitis B Virus Genotype Distribution Approximated from 
Available Genotyping Data 

 

Velkov, S., et al. (2018). "The Global Hepatitis B Virus Genotype Distribution Approximated from 
Available Genotyping Data." Genes 9(10). 
 

5.1.1 Authors 
Stoyan Velkov, Jördis J. Ott, Ulrike Protzer and Thomas Michler 

 

5.1.2 Short Summary and Contributions 
The study constitutes a comprehensive literature review, allowing to perform the first 

approximation of the worldwide distribution of HBV genotypes. By combining published 

genotyping data and merging it with available data on HBV prevalence around the world, 

we added the missing link for the global burden assigned to the individual genotypes. 

Additionally, the absolute number of infections with each genotype per country, world 

region or globally, could be estimated after taking into account WHO population data. As 

there were vast differences regarding the quality and amount of data for the different 

countries, a scoring system was implemented. The score allowed to evaluate and obtain 

an overview of the quality of available data for each country. Low numbers of sequencing 

data from certain regions potentially caused inaccuracy of the determined genotype 

distribution in these areas and need to be addressed further. 

The resulting data is a valuable addon for future HBV studies related not only to 

genotypes, but also towards human migration and viral co-migration. 

 

S.V. contributed to: conceptualization, data curation, formal analysis, investigation, 

methodology, software, visualization, writing of review and editing.  
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5.2 Global Occurrence of Clinically Relevant Hepatitis B Virus Variants as Found 
by Analysis of Publicly Available Sequencing Data 

Velkov, S., et al. (2020). "Global Occurrence of Clinically Relevant Hepatitis B Virus 

Variants as Found by Analysis of Publicly Available Sequencing Data." Viruses 12(11). 

5.2.1 Authors 
Stoyan Velkov, Ulrike Protzer and Thomas Michler 

 

5.2.2 Short Summary and Contributions 
HBV infection has a diverse profile of disease progression. Studies are coping with 

different mutations and their outcomes. Associating genotypes to those outcomes makes 

it possible to address the clinical implications by customizing therapies and diagnostic 

tests, addressing the expected viral evolution. Accumulation of mutations in distinct 

genotypes might demand for different treatment options in future and should ease the 

choice of an applicable method. Unifying the data emerged the possibility to compare 

between genotypes and, especially on the genomic level, makes them easier to be 

analyzed. Considering the region dependent distribution, one can observe a trend that 

high income countries, in which a high number of chronically infected patients are 

receiving antiviral therapy, show a higher frequency of resistance mutations. 

Furthermore, regions are disclosed where some of those therapeutics are still usable for 

treatment due to the low occurrence of resistance mutations. 

Severity of disease progression in populations can potentially be estimated not only 

based on the genotype, but also on the region of acquirement. Those approaches should 

still be considered with care, as the data evaluation is based on publicly available 

sequences, where the source and possible bias is mostly not addressed.  

 

S.V. contributed to: conceptualization, methodology, software, formal analysis, 

investigation, data curation, writing—original draft preparation and visualization. 
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5.3 HDVdb: A Comprehensive Hepatitis D Virus Database 

Usman, Z., Velkov, S., et al. (2020). "HDVdb: A Comprehensive Hepatitis D Virus 
Database." Viruses 12(5). 

5.3.1 Authors 
Zainab Usman 

†
, Stoyan Velkov 

†
, Ulrike Protzer, Michael Roggendorf, Dmitrij Frishman 

and Hadi Karimzadeh
 

† These authors contributed equally to this work. 

 

5.3.2 Short Summary and Contributions  
Considering the burden of HDV, a designated database was in demand. The evolving 

studies on the HDV genotypes and their mostly distinct geographical allocations are an 

important and urging point that needs to be addressed. 

A comprehensive coverage of the publicly available genomic and protein sequences is 

provided by HDVdb. Further, those with missing genotype information were defined. 

HDVdb is aiming to become the online spot for scientific data evaluation related to HDV 

by giving its users the possibility to do all needed analysis in one place. Its fast, simple 

and user-friendly structure, backed up by a powerful server backbone, eases performing 

tasks. 

 

S.V. contributed to: implementation of software services and writing the manuscript. 
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6 Discussion 

6.1 Global Distribution of HBV Genotypes 
Information about the global distribution of HBV genotypes is scarce. The aim of this 

study was to close this gap. Evaluation of the studies reporting HBV genotyping data 

showed that there are strong variations in the number and quality of available studies for 

the different world regions. 96% of the global chronic HBV infections can be accounted 

to the genotypes A – E, only 2% of the infections can be related to the genotype F – I. 

There is a strong discrepancy in the amount of available genotyping data for countries. 

It is not exclusive to countries with a lower income, but also the western countries are 

partially missing sufficient data. 

All regions contain countries with good to poor quality data, and some are without any 

data at all. It is advisable to stress this finding and in future aim to improve the data 

situation in all countries. This can be achieved by introducing a better HBV surveillance 

and overall perform more genotyping studies in regions and their respective countries. 

The results suggest that geographic boundaries like oceans or the Sahara Desert play 

an important role but also ethnicity can be related to certain genotypes. In Sub-Saharan 

Africa almost exclusively found are genotype A and E, while in Northern Africa and the 

enclosed regions – West Asia and Southern Europe, genotype D [93]. 

Regions with high migration background show the corresponding genotypes of their 

descendants, like Northern America with populations from Europe and Asia where 

genotype A, B, C and D are mostly persistent, and the Caribbean with genotype A and 

D descending probably from the Sub-Saharan and Northern Africa. The global burden 

of the genotypes is therefore reflected in high populated regions and endemicity 

including distinct genotypes, like B and C being predominant in Southeast and East Asia. 

The score implemented for evaluation of the trustworthiness of the genotype data 

underlines the limitations and problems of analyzing different sources of data. 

Genotyping applied only on partial sequences, non-sequencing-based methods and 

genotyping references at the time of sample classification, may had led to wrong 

classification. The best example is genotype I that was firstly defined in 2010, before that 

timepoint it might have been classified as a genotype A, C or G sequence or a 

recombinant of those [94]. The reason for that is not only the limited usage of full genome 

sequencing, that is a matter of cost, but relying on references for genotyping that are 

outdated as of today’s classification. Additionally, the methods which did not sequence 

the virus, but identify genotypes via probes, have evolved over time and didn’t cover all 

available genotypes at the time they were applied to the samples. 
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The extrapolation of a study population to a whole country’s population bares additional 

uncertainty factors. E.g., the analyzed sequences might have derived from non-

representative populations, minorities or cities and regions not reflecting the ethnicity or 

habitat of the whole country. The data shows that only one third of the studies were 

performed nationwide and mostly big countries like the United States, Brazil and Russia 

are not represented in a satisfactory way. 

Distinct genotypes could had been favored in 40% of studies. The performed genotyping 

in studies dedicated to patients with advanced decease progression resulting in fibrosis, 

cirrhosis and HCC are expected to be selective for genotypes that are known to inherit 

a greater risk for these outcomes. 

The exclusion of studies focusing only on minorities or foreigners to the country, as they 

are not representative for the country they immigrate to, as well as small samples size, 

bare the risk of missing rare genotypes, which might make them underrepresented in the 

results. Not including those patients at all in representative studies ads up to the bias. 

Sample size was addressed as an important bias to the results. Countries having only a 

small sample size or even only single studies, could have led to an inaccurate estimation 

of the genotype distribution. To overcome this, where possible and available, samples 

were pooled from all studies for the respective country. Never the less, samples size was 

identified as the crucial factor and therefore the scoring system was primary based on it. 

The different time points from data collection, HBsAg prevalence and population data 

taken together, introduce additional uncertainty. Although age is an important factor 

considering the chronicity and disease course caused by HBV, missing data made it 

impossible to weight the data according to age. 

The estimation covered genotyping data for 125 countries, being representative for 96% 

of the world’s population in 2015. The missing 4% are due to the lack of studies covering 

the remaining countries. It can’t be excluded that studies were missed during the process 

of literature evaluation; however, the expected impact should be relatively small. The 

estimation of the worldwide genotyping distribution was based on 26,000 samples. That 

represents only 0.01% of the chronic HBV infections, which compromises a high risk of 

uncertainties, and describes the actual data situation. 

Never the less, our study presents a broader up-to-date insight on the genotypes, their 

distribution, contribution and importance, especially for certain regions of the world. It 

specifies the global burden of chronic HBV infection and identifies countries where 

further and deeper diagnostics need to be performed. Especially genotype E seems to 

be undervalued in today’s experimental models, even it represents an estimate of 17,6% 
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of the cases. A broader focus for drug discovery and therapies should be applied to 

genotypes A – E, as they represent over 96% of the worldwide genotypes. 

 

6.2 Global Occurrence of Clinically Relevant HBV Mutations  
The disease progression of chronic hepatitis B varies depending on the HBV genotype, 

the patient’s immune condition and environmental factors. The study analyzed the 

publicly available full-length HBV sequences to present an overview of the clinically 

relevant HBV mutations based on their frequency within geographic regions and the 

individual HBV genotypes. Notably the results should not be over interpreted and used 

only as a hint, as there might be several internal biases. The sequences available might 

tend to represent more virus variants which presented with interesting phenotypes, and 

had therefore been sequenced. Additionally, the relevance of certain mutations might 

vary across genotypes, and it needs to be proven that they indeed carry an increased 

risk for a certain phenotype, as they have only been partially observed on selected 

genotypes. The available sequences don’t represent the estimated worldwide 

distribution of the genotypes and their regions. This leads to different confidence in the 

statements about their occurrence and significance. For genotypes A – D, between 1004 

and 2700 sequences could be obtained. While this finding is in line with the wide 

distribution of these genotypes, genotype E was underrepresented related to its 

significance [1]. It appears in the list of the lower represented ones, E – I, with sequences 

counting from 44 to 312. The reasons for this fluctuation, which corelates to the high- 

and low-income regions, is presumably related to higher costs for full genome 

sequencing in comparison to partial viral sequencing or antigenic binding tests. This 

corelates with the data, as in genotypes for which less sequences were available, less 

mutations were found. The same is true when comparing the available sequences per 

regions – as regions with lower available sequences tended to have less mutations 

found. 

The quality of the sequences and the method used to derive them is another big factor 

contributing to the results. Low quality sequences – which were already marked as such 

by meta data using the keywords undefined or non-functional, and including at least one 

undefined base marked by n, were excluded. Never the less it can’t be excluded that the 

good quality samples are biased in some way, including sequencing, analyzing and 

publishing. The sequencing method itself poses another variable. Sanger sequencing 

shows only predominant virus variants in the sample, that need to be above a threshold 

of 20% [95]. Next-generation sequencing (NGS) produces a better resolution, but it faces 

the challenge of corelating the short reads to their original sequence. Longer NGS reads, 
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covering the whole HBV genome, would be the best applicable method, that has been 

seldom used, as that technology had only recently become available [96]. An additional 

bias might be artefacts caused by any method used. Therefore, mutations with a low 

frequency should be handled with care in regard of their clinical relevance. 

The serotype prediction was performed in-silico, however there is only limited 

experimental evidence of reactivity of expected antibodies towards HBs of included 

sequences. There is a lower bias expected by increased sequencing of certain 

serotypes, as there is no direct association to a disease outcome. Never the less, distinct 

genotypes are associated with specific serotypes, as already shown in literature [97]. The 

global distribution shows that adw2 and adrq+ each contribute to around 1/3
rd

 of all 

cases, while the other 7 serotypes account together for the remaining 1/3
rd

. The 

importance of serotypes for HBV has been undermined by the definition of genotypes, 

still they might play an important role in establishment of therapeutic vaccines and 

antibodies. 

The data suggests that P127H/L, that is associated with occult HBV infection, is the most 

common mutation in the HBsAg. Interestingly that mutation represents the wild-type for 

genotype E, F and H, and is also one of the determinants for the serotype definition. In 

Oceania, the V177A mutation is present above average, despite being most evenly 

distributed among the genotypes. That position is also used in the serotype definition, 

and is partially encoding for adrq. The diagnosis of occult hepatitis, for which this 

mutation is known, might be related not only to a biological reason, like ethnicity or 

selection pressure in that region, but to diagnostic tests deficiency in recognizing it. 

R122P, another suggested mutation for occult hepatitis, couldn’t be identified in more 

than 7000 sequences, which questions its clinical significance. 

The most common mutations of the reverse transcriptase are M204V/I and L180M. Both 

are resistance mutations against lamivudine, telbivudine and entecavir treatment. The 

geographic regions with high prevalence of these mutations are mostly high-income 

areas with broad access to antiviral therapies such as Europe, Northern America, 

Eastern and Southern Asia. In contrast, in low-income regions, like Africa, lower 

frequencies of those mutations were found. This might implicate that the resistances 

occurred because of selection pressure, based on broader treatments, in the respective 

regions. 

P177G and F249A have not been found in any of the screened sequences. According 

to the literature [98], those variants were created in vitro, inducing a tenofovir resistance. 

Based on the results they do not seem to be clinically relevant, probably as the caused 

resistance was outweighed by fitness losses for HBV. 
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The mutations on the HBV genome for the basal core promotor and pre-core region of 

genotype G were the most frequent ones. The G1896A mutation, which causes 

hepatocellular carcinoma, HBeAg-negativity and fulminant hepatitis, could be observed 

in 100% of the 89 sequences, and should be considered as wild-type for genotype G. 

Additionally, C1653, T1753C, A1762T, G1764A, which can also contribute to the disease 

progression, were found in more than 93.3% of the sequences. 

The HBeAg-negativity for genotype G is well described in literature [99,100]. Genotype G 

is mostly found as a co-infection with genotype A [101] and therefore no reliable data 

concerning hepatocellular carcinoma and fulminant hepatitis, describing outcomes of 

infections with only genotype G, is available. A distinct geographical enrichment can be 

found in the Caribbean with 60% of sequences baring the G1862T mutation, and 

Western Asia and Southern Europe with 55 – 66% of sequences harboring the G189A 

mutation. Considering the relative low count of sequences for those regions, Caribbean 

– 80, Western Asia – 146, Southern Europe – 69, further studies need to be conducted 

to confirm the results. 

Overall, the study presents an overview over the frequency of their clinically relevant 

mutations. However, the results should be handled with care considering the limited 

availability of sequences and the fact that this was an in-situ evaluation that needs further 

in vitro or in vivo testing to be confirmed. Still, the results give a hint about conducting 

future studies for improving the diagnostics and therapies. 

 

6.3 HDVdb 
The emerging insights into HDV over the past years, in part due to the introduction of 

new technologies such as NGS, revealed many interesting findings on HDV biology [72]. 

As a result, the focus of the research community was shifted to the role of HDV 

genotypes and demanded for a dedicated database that is able to provide and define 

the genotypes for the acquired sequences. HDVdb was initiated with 512 complete 

genome sequences, 1066 L-HDAg and S-HDAg protein sequences, and 1281 partially 

coding sequences. 

The backbone provides all the data in FASTA format and is therefore the most 

convenient way to retrieve all available genomic or proteomic sequences, in bulk, for a 

genotype or protein. A smart solution is the definition of the genotypes, as it relies not on 

single reference sequences, but uses the whole dataset as reference. In that manner, 

the genotyping describes additionally the closest relative to the query sequence and the 

country of origin. Comparative sequence analysis can be performed using various 

bioinformatic services provided to the user. 
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An important element of HDVdb are the provided updates, they allow to react to new 

genotype definitions and provide up to date data, not only by adding new sequences, but 

expanding and revising their classification. The webservices and the dynamic structure 

allows to expand the analysis tools selection, if needed, and keep those up to date when 

new functions arise. All together HDVdb is a webpage covering the comprehensive 

demands for HDV bioinformatic analysis. 
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Abstract: Hepatitis B virus (HBV) is divided into nine genotypes, A to I. Currently, it remains
unclear how the individual genotypes contribute to the estimated 250 million chronic HBV infections.
We performed a literature search on HBV genotyping data throughout the world. Over 900
publications were assessed and data were extracted from 213 records covering 125 countries.
Using previously published HBV prevalence, and population data, we approximated the number of
infections with each HBV genotype per country and the genotype distribution among global chronic
HBV infections. We estimated that 96% of chronic HBV infections worldwide are caused by five of
the nine genotypes: genotype C is most common (26%), followed by genotype D (22%), E (18%),
A (17%) and B (14%). Genotypes F to I together cause less than 2% of global chronic HBV infections.
Our work provides an up-to-date analysis of global HBV genotyping data and an initial approach to
estimate how genotypes contribute to the global burden of chronic HBV infection. Results highlight
the need to provide HBV cell culture and animal models that cover at least genotypes A to E and
represent the vast majority of global HBV infections to test novel treatment strategies.

Keywords: Hepatitis B virus; chronic hepatitis B; genotype; sequencing; molecular epidemiology

1. Introduction

An estimated 250 million humans [1] are chronically infected with hepatitis B virus (HBV),
causing an estimated 887,000 annual deaths, mostly due to the long-term sequelae liver cirrhosis and
hepatocellular carcinoma (HCC) [2]. The viral population can be divided into nine genotypes (A
to I) [3,4] which differ in more than 7.5% of their nucleotide sequences [3,4] and which are further
subdivided into subgenotypes with a nucleotide divergence greater than 4% [3,4]. While genotypes A
to H have long been accepted as individual genotypes, two new genotypes (I and J) were proposed
more recently [5,6]. Genotype I was first described in 2008 after isolation from a Vietnamese patient and
constitutes a recombination of genotypes A, C and G [5]. Since the nucleotide divergence, especially
compared to genotype C, is relatively small, it was long debated if this strain should be considered a
new genotype [7]. Finally, the identification of similar HBV strains in Laos, North India and China in
isolated native populations, indicating that the virus strains have circulated in these populations for a
longer time, led to acceptance as an independent genotype [8–10]. Another strain, previously proposed
to be a new genotype “J”, was isolated from a Japanese patient who had lived on Borneo island [6].
Phylogenetic analysis revealed that the strain rather resembles gibbon than human HBV, and may
result from recombinations with human genotype C [11]. Since further reports of human infections
with this strain are lacking, it has so far not been recognized as a relevant HBV genotype [11].

Genes 2018, 9, 495; doi:10.3390/genes9100495 www.mdpi.com/journal/genes
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Sequencing and genotyping of HBV isolates is not routinely done and rarely reported in, e.g.,
epidemiological studies. Hepatitis B virus genotypes, however, vary in their clinical consequences
including the natural course of infection, disease progression and treatment response (reviewed
in [3,12,13]): While genotypes B, C and I are associated with a more frequent vertical transmission
from mother to child, a higher transmission rate during sexual contact or injecting drug use has
been reported for genotypes A, D and G [3,14–16]. A higher chronification rate after infections with
genotypes A and C, compared to genotypes B and D, has also been reported [14], but may also
be due to the transmission route. Among chronic HBV carriers, a lower rate of seroconversion to
HBV-e-antigen antibodies (anti-HBe) was proposed in genotype C and D infections [14]. Also, a faster
disease progressions to liver cirrhosis and HCC are associated with infections with genotypes C, D
and F [14]. While all genotypes similarly respond to treatment with reverse transcriptase inhibitors,
under interferon-↵ treatment, genotypes A and B show an increased virological response and higher
anti-HBe seroconversion than other HBV genotypes [14,17].

The separation of the HBV population into different genotypes can be dated back 30 million
years ago, when the ancestors of modern Homo sapiens dispersed across Africa and Eurasia [18].
The distinct appearances of genotypes and subgenotypes in certain geographical regions and ethnic
groups [3,4,12] allow for the confirmation of prehistoric human migrations by the transfer of HBV
genotypes and subtypes from one continent to another [3,19]. While previous studies described
differences between local genotype appearances, the number of infections with each HBV genotype
and the genotype distribution within global chronic HBV infections have not been studied. Given the
specific characteristics of each HBV genotype, this information could, however, be valuable for
precising the HBV disease burden and informing health policy, for example, by means of predicting
and estimating prevention and treatment needs and relevance of specific treatments in a country.
A further adaptation and rational application of diagnostic tests, as well as the development of
new broadly applicable therapies, may also be stimulated by scoping HBV genotypes worldwide.
We approached this need and performed a literature search for HBV genotyping studies and applied
previously published HBV surface antigen (HBsAg) prevalence estimates [1] and United Nations (UN)
population data [20] to approximate the number of HBV infections by each genotype per country,
world region and globally.

2. Materials and Methods

2.1. Literature Search for Hepatitis B Virus Genotyping Data

A literature search was performed up to 23rd January 2018 using Google Scholar and the search
terms: [Country Name] and [“HBV” or “Hepatitis B Virus”] and [“genotype”]. Countries entered were
these for which HBsAg prevalence data were reported by Schweitzer et al. [1]. If no publications were
found for a certain country, the search was repeated with names of major cities within the respective
country instead of the country name. Additional publications were added after manually screening
references in identified records. Publications were subjected to a two-step review. First, titles and
abstracts in English, Spanish, French, German or Russian languages were screened with regard to the
provision of HBV genotyping results. If a manuscript was not accessible, data were extracted from
its abstract if possible or taken from a secondary publication. Publications before the year 2000 and
duplicate records were excluded (Figure 1).
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Figure 1. Flow chart on selection of records describing primary hepatitis B virus (HBV) genotyping data.

Other exclusion criteria applied during full text screening were:

• Study population was based exclusively on individuals of foreign origin (e.g., refugees) or an
ethnical minority. If information on country of origin was available, data were allocated to the
respective country;

• Secondary data;
• Redundant data which were also described in another record.

2.2. Extracted Variables and Assumptions

From manuscripts, which were deemed relevant during the full text review, the following
information was extracted (for variable characteristics, see Table S1 in Supplementary Materials):

• Year of publication;
• Publication type;
• Year of sample collection (if no year was available, two years prior to publication was assumed);
• Date of analysis (if no information was available, one year prior to publication was assumed);
• Location of sample collection;
• Selection criteria of study participants;
• Sex and age of tested population;
• Method of genotyping;
• Number of samples and result of genotyping.

2.3. Qualitative Assessment of Data

A scoring system was developed for a descriptive assessment of the quality of genotyping data
that were deemed relevant during full text screening.
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1. A study quality score was calculated with equal weighting from two different scores,
the genotyping and the generalizability score (lowest score implying the lowest quality):

(a) Genotyping score: Reliability of genotype information. A weighted average was calculated
from scores for:

# Year of sample analysis in studies (30% weighting) (median was used in case of
year range provided):

⌅ Before 2010 (before genotype I was described): Score 1;
⌅ 2010 or later: Score 2.

# Ability of the method to correctly identify genotype, including recombinant viruses
(e.g., genotype I) (70% weighting):

A. Non-sequencing-based methods like probe-/PCR-/restriction fragment
length polymorphism (RFLP), or enzyme immunoassay (EIA) (partly not
capable to detect all genotypes/high risk to misclassify recombinant viruses):
Score 1;

B. Region of viral genome sequenced (capable to identify all genotypes but
with medium risk to misclassify recombinant viruses): Score 3;

C. Whole viral genome sequenced (capable to identify all genotypes including
recombinant viruses): Score 5.

(b) Generalizability score: Potential for generalizability of genotype information to chronic
HBV infections in a country in the year 2015. A weighted average was calculated from
scores for:

# Representation of country by the study location (40% weighting):

⌅ Samples derived from a single town or region: Score 1;
⌅ Samples collected from several regions or nationwide: Score 2.

# Representation of HBV-infected population by the study population
(40% weighting):

⌅ Favored selection (e.g., individuals of specific age group, with a specific risk
factor to acquire HBV infection or showing a specific sequala): Score 1;

⌅ Non-favored selection (e.g., all HBV-DNA positive individuals): Score 2.

# Year of sample collection (20% weighting). Median was used in case of year
range provided:

⌅ Before 2000: Score 1;
⌅ 2000–2010: Score 2;
⌅ 2011 or later: Score 3.

2. A country quality score was calculated as the weighted average of study quality scores of all
studies providing results for a certain country. Each study was weighted by the proportion of
samples it contributed. The result was multiplied by a score for the sum of genotyped samples
from all studies for the country:

⌅ <100 samples: Score 1;
⌅ 100–999 samples: Score 2;
⌅ 1000 or more samples: Score 3.

The resulting score was fitted to a 1–10 scale.
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2.4. Aggregation of Genotyping Data

If several sources provided genotyping results for a country, data from studies were aggregated
by weighting each study by the proportion of genotyped samples it contributed. The other quality
parameters were not included at this step. Inter-genotype recombinant viruses were not allocated to a
specific genotype but reported separately together with co-infections with more than one genotype
and samples, from which the genotype could not be determined (Table S1, Supplementary Materials).

2.5. Approximation of Number of Infections with Each Hepatitis B Virus Genotype

Prevalence of HBsAg as a marker of chronic HBV infection was retrieved from Schweitzer et al. [1].
Population data were extracted from the United Nations World Population Prospect (UN WPP) [20]
for the year 2015 to calculate the number of HBV infections per country. To approximate the number
of infections with a certain genotype, genotype frequency was multiplied by the number of HBV
infections for each country. Data aggregation was performed in an automated way using custom
coded scripts.

2.6. Creation of Maps and Additional Software

Maps were created using the Quantum Geographic Information System (QGIS) (http://www.
qgis.org/en/site/) with the map file World Borders Dataset from Thematic Mapping (http://
thematicmapping.org/downloads/world_borders.php) and the plugin MMQGIS (https://plugins.
qgis.org/plugins/mmqgis/). The quality score was calculated in Microsoft Excel for Mac Version
16.13.1. Diagrams were created with Prism 6.0f for Mac. Custom scripts were coded in the Ruby
programming language.

3. Results

3.1. Description of Hepatitis B Virus Genotyping Data

One thousand, six hundred and fifty records were identified through online search, and 35
additionally by screening references in identified records. Studies reporting HBV genotyping data,
which were published between 1 January 2000 and 23 January 2018, were subjected to a selection
process, as described in Figure 1 and ‘Materials and Methods’.

Two hundred and thirteen publications were included in the data aggregation (Table S1, File S1,
Supplementary Materials), composed of 95% peer-reviewed and 5% non-peer-reviewed (e.g., posters)
publications. The majority of samples were collected between the years 1996 to 2015, with oldest
samples derived from 1984 (Figure S1A, Supplementary Materials). Publication dates were equally
distributed across years 2000 to 2018 (Figure S1B, Supplementary Materials). In 62% of studies,
the sampling region covered small towns or areas of a country, whereas 38% of studies collected
samples from several regions or nationwide. The majority (75%) of studies sequenced the viral genome
to determine the genotype, with 18% of studies sequencing the whole and 57% parts of the genome.
Twenty-five percent of studies performed alternative, mostly probe- or PCR-based assays to determine
the genotype. Overall, included records encompass genotyping results from 26,319 HBV-infected
individuals from 125 countries. The availability and quality of data varied between countries (Table S1,
Supplementary Materials, and Figure 2). According to the scoring system applied in this study,
most relevant data were available for Denmark, China and Cuba, for which in recent years, large
numbers of samples from HBV-infected individuals from several regions of the respective country
were sequenced. In contrast, quality of data was assessed to be lowest for records from Sweden,
Namibia, Ireland, Angola, Bolivia, Eritrea, Liberia and Sri Lanka. This was mostly due to a small
number of samples derived from a single study site, which were analyzed using non-sequencing-based
methods. When relating to the number of HBV infections, about 1/3rd of total HBV infections were
represented by low (Scores 1–3), medium (Scores 4–7) or high (Scores 8–10) quality genotyping data.
Quality was homogenously distributed across genotypes but rated best for genotypes B, C and I,
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mainly because of their frequent appearance in China for which good quality data were available
(Figure S1C,D, Supplementary Materials).
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3.2. World-Wide Hepatitis B Virus Genotype Appearance

In most European countries, genotypes A and D were found to be most common, with an
increasing appearance of genotype A towards Northwestern Europe (Figure 3). In Eastern Europe and
Western-, Central-, North- and South Asia as well as Northern Africa, genotype D was predominant
without further genotypes present in a significant number. On the British Isles and Denmark, genotypes
B and C were also common. In Eastern and Southeastern Asia, as well as Australasia and Oceania,
genotype C was the most frequent genotype. Besides genotype C, genotype B also constituted a relative
high proportion in China, Southeast Asia, and Australia, whereas genotype D was more frequent in
Australasia and Oceania. One exception was the Philippines, where genotype A constituted about
half of infections. In Sub-Saharan Africa (comprising Eastern Africa, Middle Africa, Southern Africa,
and Western Africa), a distinct genotype distribution was found, with genotype E predominating in
the western part, and decreasing proportions towards Eastern Africa, where, with the exception of
Madagascar (genotype E), mainly genotype A was found. In Latin America, three genotypes (F, G and
H) were found that are rare in other parts of the world. Genotype F was predominant in most Latin
American countries, for which HBV sequencing data were identified. Brazil and Mexico differed from
the other countries in the region. In Brazil, genotypes A and D dominated, and uniquely in Mexico,
genotypes G (10.2%) and H (63.3%) were found in relevant numbers. Northern America and the
Caribbean differed in their genotype distribution from Latin America. In Northern America, genotype
A, B, C and D were predominant, whereas in the Caribbean, mainly genotype A, and, to a lesser
extent, genotype D were found (for details, see Table S1, Supplementary Materials). Taken together,
the HBV genotype distribution showed similar patterns between countries of the same world region
but strongly varied between different parts of the world.
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3.3. Approximation of Number of Chronic Hepatitis B Virus Infections with Each Hepatitis B Virus Genotype

We approximated the number of infections with a certain HBV genotype by extrapolating the
genotype distribution found in study populations to all HBV-infected individuals in a respective
country, using HBsAg prevalence estimates by Schweitzer et al. [1] and UN Population data for the
year 2015 [20] (Table S2, Supplementary Materials). The distinct differences between the number of
HBV-infected individuals in different world regions, together with variations in genotype frequencies,
determined the total number of infections with each genotype in countries (Figure 4; Table S3,
Supplementary Materials): This was most apparent for genotypes with high frequencies in regions
harboring large HBV-infected populations, such as Sub-Saharan Africa (32.3% of global HBV infections,
mostly genotypes A and E) or Eastern and Southeast Asia (together 36.6% of global HBV infections,
mostly genotypes B and C) (Figures 4 and 5A; Table S3, Supplementary Materials). Overall, genotype
C infected 26.1% of HBsAg-positive individuals worldwide and thus caused the highest number of
HBV infections (Figures 4 and 5B), with 98.6% of genotype C infections occurring in Asia (Table S3,
Supplementary Materials). Genotype D was found in 22.1% of all HBV-infected individuals, of which
61.9% were found in Asia with 22.0% in Africa and 13.5% in Europe. Genotype E caused 17.6% of all
HBV infections globally, of which 97.0% occurred in Sub-Saharan Africa. Genotype A caused 16.9% of
HBV infections worldwide, of which a majority of 72.2% was found in Sub-Saharan Africa followed by
17.2% in Asia. Globally, 13.5% of chronic HBV infections were caused by genotype B, of which 98.8%
occurred in Asia. In summary, genotypes A to E were estimated to together cause 96.2% of global
chronic HBV infections. The other 4 genotypes F to I together accounted only for 1.3% of all infections
and occurred mostly in Latin America (genotypes F to H) or Eastern Asia (genotype I); 2.5% of global
infections were described as infections with inter-genotype recombinants or mixed infections with
more than one genotype or could not be defined (Figure 5B).
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4. Discussion

Information on the contributions of each HBV genotype to the global burden of HBV infection is
missing. This scoping review on HBV genotyping results and the combination with HBsAg prevalence
and population estimates approaches this gap. We found that the different distributions of HBV
genotypes, together with varying numbers of chronically HBV-infected individuals in world regions,
result in strong variations in the global number of infections caused by each genotype: genotypes A
to E were estimated to cause the vast majority of infections, although each in different parts of the
world accounting together for 96% of chronic HBV infections worldwide. In contrast, the remaining
genotypes F to I each were estimated to cause a significantly lower number of infections, together
causing less than 2% of chronic HBV infections in the world.

The number and quality of data identified by our scoping review strongly varied between
countries even within highly developed regions of the world. In each world region, there were
countries with good, but also with poor quality data or no data at all. The distribution of HBV
genotypes showed an interrelation with geographic boundaries (e.g., oceans or the Sahara Desert)
or the dissemination of ethnic groups. For instances, while HBV-infections in Sub-Saharan Africa
were primarily caused by genotypes A and E, this was not the case in Northern Africa. Here,
the population, which rather resembles the populations of West Asia [21], showed also a similar
HBV genotype distribution as this region (mainly genotype D). Additionally, world areas, in which
large proportions of the population descend from migrants from other parts of the world, showed
a genotype distribution reflecting the areas, from which migrants originated. This is illustrated by,
for example, relative high frequencies of genotypes A, B, C and D in Northern America referring to
migrants from Europe and Asia. Another example constitutes the Caribbean, where mostly genotypes
A and D were found, correlating with higher proportions of migrants originating from the African
continent. As a consequence of different HBV endemicity levels and population sizes, genotypes with
a high occurrence in regions, such as Southeast and East Asia (genotypes B and C) and Sub-Saharan
Africa (genotypes A and E), caused a large proportion of worldwide infections. In contrast, genotype F,
which was dominant in Latin America, was estimated to cause less than 1% of chronic HBV infections
globally, due to a relatively low HBV endemicity in this area.
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Our results need to be interpreted with caution, as several technical limitations are inherent in the
underlying data and the method of extrapolating the genotype distribution from study populations to
global HBV infections. A potential cause of bias is the genotyping method applied: the majority of
studies only sequenced parts of the viral genome or used non-sequencing-based methods. This can
lead to wrong classifications, especially for recombinant viruses (including genotype I which constitutes
a recombination of genotype A, C and G) [22]. In some instances, tests were used (e.g., line probe
assays) with inability to detect all genotypes. Another impacting factor is the analysis year of samples:
almost half of studies were published before 2010, i.e., before genotype I was described or recognized
as an independent genotype. While current data confirm that genotype I is rare and only found in
Southeast Asia, there is a potential that we underestimated its frequency, because infections with
genotype I were missed in earlier studies.

Regarding the precision of extrapolating the genotype distribution found in a study population
to all HBV-infected individuals of the respective country, some limitations need to be mentioned.
Two-thirds of studies were based on a single town or region in a country. This region may not reflect
HBV-infected individuals in the whole country, especially in cases, where ethnic groups that potentially
carry different HBV genotypes live in separate geographic areas. However, a significant number of
studies which sampled more than one region did not do this in a manner that would represent the
whole country in a satisfying way, which was especially a problem for large countries (e.g., Russia).

In 40% of studies included, we identified a risk to potentially favor selection of certain
genotypes. This, for example, applies to studies which exclusively included patients with advanced
fibrosis/cirrhosis or HCC which could favor the selection of genotypes that are associated with a faster
disease progression. Additionally, often genotypes were not detected at all in included studies for a
country, but studies testing specific minorities or non-national immigrants in the country (which we
excluded due to our exclusion criteria) proofed the presence of these genotypes at least at low level.
This suggests that rare genotypes were often not detected, most likely because of small sample sizes or
because certain minorities were not represented in study populations.

Low numbers of genotyped samples could also result in an imprecise estimation of the genotype
distribution in several countries. For many countries, the sample size could be enlarged by pooling
samples from several studies, but this was not possible for all countries. Further compromising the
precision of the global genotype distribution, the other parameters used—HBsAg prevalence and
population data—also only constitute estimates and in most cases did not derive from the same time
point and might have changed over time. Moreover, some genotyping studies included samples which
were either collected several years ago or during a large period, questioning representativeness for
the year 2015. We furthermore could only calculate the number of genotype infections if all three
parameters were available for a country. While we were able to retrieve data for 125 countries which,
according to the UN WPP, represented 96% of the world population in 2015, we could not calculate
genotype infections for the remaining countries. Future studies should focus on countries with highest
need to perform HBV genotyping, including countries for which no data could be retrieved or countries
for which we assessed available data to have poor quality (Table S1, Supplementary Materials).

Importantly, while we assessed the quality of studies using a scoring system, this served only
descriptive purposes. Due to limitation of data, we did not adjust for factors besides the sample
number in our aggregation analyses. We also did not include age as a factor which is of note due to the
interrelation of transmission routes and genotypes which could lead to varying genotype frequencies
between age groups. We omitted these factors from our analysis, as for many countries, only a single
source was available and information on the age of individuals infected with a certain genotype
was mostly missing. The scarcity of genotyping data, when compared to seroprevalence studies,
probably results from the fact that genotyping, at least when performed by sequencing, is labor and
cost-intensive, which constitutes a limitation, especially for resource-poor countries. However, we also
cannot exclude that available genotyping data were missed by our literature search. As a consequence
of the scarcity of HBV genotyping data, the extrapolation of genotype distribution was based on only
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26,000 genotyped samples, which constitutes only around 0.01% of chronic HBV infections. Thus,
the global HBV genotype distribution calculated in our study carries the risk of high uncertainties,
which we did not define due to limited data points. The global genotype distribution calculated in
this study should, therefore, be regarded as a first approximation, but a more precise estimation is
warranted, by taking other factors and co-variates into consideration and by including additional data
that may come up.

We chose not to extend our study to include subgenotypes for several reasons: (i) Only few
publications included information on subgenotypes; (ii) the majority of studies used genotyping
methods, which are not suitable to determine subgenotypes, including sequencing of only parts of
the viral genome [4]; and (iii) the definition of subgenotypes has been subject to changes during the
phase, from which genotyping studies were selected [4,23–25]. Thus, we believe the quantity and
quality of available data were not sufficient to allow estimation of the subgenotype distribution with
sufficient precision.

Despite the limitations described, this study provides an up-to-date insight into the worldwide
HBV genotyping data from recent years and is an important initial approach to quantifying how
genotypes contribute to the global burden of chronic HBV infection. Our study identified countries
with no or only low quality genotyping data urgently requiring further studies. The wide distribution
of HBV genotypes around the world underscores the need to ensure that the applied diagnostic tests
and therapeutic approaches address the variety of HBV genotypes. Most experimental cell culture and
animal models currently used to study HBV biology and new treatment options are based on genotype
D or A, which we estimated, account for only 1/5th and 1/6th of infections worldwide, respectively.
This reflects the need to expand experimental models to the other HBV genotypes. While efforts
are ongoing to establish models for genotypes B and C, genotype E seems to be disregarded in this
respect, although it seems more important than genotypes A and B. Experimental models for drug
development should be expanded to at least cover genotypes A to E to represent the vast majority of
HBV infections worldwide.
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Abstract: Several viral factors impact the natural course of hepatitis B virus (HBV) infection, the sensitivity
of diagnostic tests, or treatment response to interferon-↵ and nucleos(t)ide analogues. These factors
include the viral genotype and serotype but also mutations a↵ecting the HBV surface antigen, basal
core promoter/pre-core region, or reverse transcriptase. However, a comprehensive overview of
the distribution of HBV variants between HBV genotypes or di↵erent geographical locations is
lacking. To address this, we performed an in silico analysis of publicly available HBV full-length
genome sequences. We found that not only the serotype frequency but also the majority of clinically
relevant mutations are primarily associated with specific genotypes. Distinct mutations enriched
in certain world regions are not explained by the local genotype distribution. Two HBV variants
previously identified to confer resistance to the nucleotide analogue tenofovir in vitro were not
identified, questioning their translational relevance. In summary, our work elucidates the di↵erences
in the clinical manifestation of HBV infection observed between genotypes and geographical locations
and furthermore helps identify suitable diagnostic tests and therapies.

Keywords: hepatitis B virus; genotype; serotype; escape mutation; pre-core mutation; nucleoside
resistance mutation

1. Introduction

Hepatitis B is a major global health burden with nearly a quarter of the human population exposed
to infection with hepatitis B virus (HBV), which is the causative agent [1]. While acute infection is
self-limiting, it can cause symptomatic hepatitis and, in some cases, liver failure and death. In contrast,
patients who develop chronic infection run the risk of developing long-term sequalae such as liver
cirrhosis or hepatocellular carcinoma (HCC). A total of 257 million, or 3.5% of the world’s population,
are estimated to be chronically infected [2]. HBV is a major cause of liver cirrhosis and one of the most
prevalent carcinogens in the world [3,4]. While deaths due to other major pathogens such as human
immunodeficiency virus (HIV), mycobacterium tuberculosis, and malaria are declining, HBV-related
deaths—currently estimated at 887,000 per year [2]—are increasing, making HBV a leading cause of
death attributed to infectious disease [5].

The spectrum of outcomes following HBV infection varies, and several factors are associated
with certain phenotypes. These include age at the time of infection, immune status, human leukocyte
antigen type [6], and ethnicity [7]. However, environmental factors, such as alcohol [8] or aflatoxin [9],
also play a role in disease progression and incidence of HCC.

Additionally, several viral factors, including the viral inoculum size at infection [10], the viral
genotype and serotype, as well as mutations ascribing the virus to a certain phenotype, have shown
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clinical relevance (Reviewed in [11]). HBV is classified into at least nine genotypes (A–I) that impact the
primary transmission route, rate of progression after infection, response to interferon alpha treatment,
and incidence of HCC [12,13]. A putative 10th genotype ‘J’ has been proposed [14]; however, as it
has only been isolated from a single patient and displays greater homology to gibbon HBV, it is not
universally accepted as an independent genotype [15].

HBV variants cannot only be di↵erentiated by their nucleotide sequence but also their reactivity
toward reference antibodies, which defines the “serotype”. Despite playing a relative minor role in
current patient care, they can potentially impact the e�cacy of vaccines or antibody-based therapies as
well as the recognition by diagnostic tests. In addition to genotype and serotype, several mutations
have been identified to alter the clinical outcome, diagnostics, and treatment response to HBV infection
(reviewed in [16]). This includes mutations in the HBV surface antigen (HBsAg), which render the
virus undetectable in diagnostic tests or evasion from vaccine-induced or therapeutic antibodies [17],
and mutations in the reverse-transcriptase (RT) domain of the viral polymerase driving resistance to
nucleoside treatment [18]. Finally, mutations in the basal core promoter (BCP)/pre-core region are
associated with increased risk of fulminant hepatitis or HCC [19,20].

Several publications describe or review the clinical relevance of HBV variants [21–29]. However,
whilst previous studies analyze the frequency of mutations in a certain genomic region, within selected
populations or within specific genotypes [30–34], there is currently no comprehensive overview of
the distribution of clinically relevant HBV variants between world regions or genotypes. However,
this information could be useful to understand varying phenotypes of the di↵erent HBV genotypes
and inform further optimization of diagnostic tests and treatment regimens. Therefore, we performed
a computerized analysis to study the frequency of clinically relevant HBV variants within publicly
available HBV sequences.

2. Materials and Methods

2.1. Retrieval of HBV Sequences

Hepatitis B virus (HBV) sequences were retrieved from the Nucleotide database (https://www.
ncbi.nlm.nih.gov/nuccore) of the National Center for Biotechnology Information (NCBI). To identify
the HBV sequences, the taxon ID 10407 that represents HBV in the NCBI taxonomy browser (https:
//www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi) was used. All available data for each entry
were retrieved in GenBank format [35].

2.2. Allocation of Sequences to HBV Genotypes

Basic Local Alignment Search Tool (BLAST) [36] version 2.9.0+was used to generate a reference
nucleotide database to assign genotypes to the retrieved HBV sequences. The reference BLAST
database was created from previously published sequences of full-length HBV genomes of each
sub-genotype [37], which were combined with additional non-human HBV reference sequences.
The non-human HBV references were added to exclude the possibility of mis-genotyping sequences
that do not belong to human HBV. The default makeblastdb parameters for dbtype nucl were used with
FASTA [38] format references retrieved from their GenBank entries for the BLAST database generation.

The list of accession numbers of human HBV genomes followed by sub-genotype used in the
reference BLAST database are as follows: JN182318: A1; HE576989: A2; AB194951: A3; AY934764: A4;
FJ692613: A5; GQ331047: A6; FN545833: A7; AB642091: B1; FJ899779: B2; GQ924617: B3; GQ924626:
B4; GQ924640: B5; JN792893: B6; GQ358137: B7; GQ358147: B8; GQ358149: B9; AB697490: C1;
GQ358158: C2; DQ089801: C3; HM011493: C4; EU410080: C5; EU670263: C6; GU721029: C7; AP011106:
C8; AP011108: C9; AB540583: C10; AB554019: C11; AB554025: C12; AB644280: C13; AB644284:
C14; AB644286: C15; AB644287: C16; GU456636: D1; GQ477452: D2; EU594434: D3; GQ922003: D4;
GQ205377: D5; KF170740: D6; FJ904442: D7; FN594770: D8; JN664942: D9; FN594748: E; FJ709464:
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F1b; DQ899146: F2b; AY090459: F1a; DQ899142: F2a; AB036920: F3; AF223965: F4; GU563556: G;
AB516393: H; FJ023659: I1; FJ023664: I2; AB486012: J.

The list of accession numbers of non-human HBV genomes followed by naming used in the
reference BLAST database are as follows: K02715: GSHV; U29144: ASHV; AF193864: OGHBV;
AJ251935: STHBV; AY226578: WMHBV; AY628097: WCHBV; JQ664503: GOHBV; JQ664509: CHHBV;
KY962705: BATHBV; KC790373: BATHBV1; KC790374: BATHBV2; KC790375: BATHBV3; KC790376:
BATHBV4; KC790377: BATHBV5; KC790378: BATHBV6; KC790379: BATHBV7; KC790380: BATHBV8;
KC790381: BATHBV9; AB823662: GIHBV; KT893897: SGIHBV; KT345708: STHBV2; KY703886:
CMHBV; MF471768: DHBV.

2.3. Analysis of Regional Frequency of HBV Genotypes and Clinically Relevant Variants

HBV sequences and associated data were downloaded and the information under FEATURES
in the GenBank entry was evaluated for the country key. Countries were grouped in world
regions as follows (number of included full-length HBV sequences for each country in brackets):
Eastern Africa: Ethiopia (13), Kenya (17), Madagascar (1), Malawi (2), Mauritius (1), Rwanda (14),
Somalia (9), Tanzania—United Republic of (3), Uganda (2), Zimbabwe (4); Middle Africa: Angola (14),
Cameroon (62), Central African Republic (30), Congo—The Democratic Republic Of (5), Gabon (6);
Northern Africa: Egypt (6), Sudan (17), Tunisia (5); Southern Africa: Botswana (10), Namibia (6),
South Africa (58); Western Africa: Benin (4), Burkina Faso (17), Cape Verde (10), Gambia (2),
Ghana (14), Guinea (74), Liberia (6), Mali (1), Niger (24), Nigeria (27); Caribbean: Cuba (8), Haiti (49),
Martinique (23); Central America: Costa Rica (2), El Salvador (2), Mexico (27), Nicaragua (4),
Panama (40); Northern America: Canada (54), Greenland (15), United States (508); South America:
Argentina (131), Bolivia—Plurinational State of (11), Brazil (72), Chile (32), Colombia (1), Peru (3),
Uruguay (8), Venezuela—Bolivarian Republic of (34); Central Asia: Kazakhstan (2), Tajikistan (8),
Uzbekistan (10); Eastern Asia: China (2294), Hong Kong (75), Japan (281), Korea—Republic of (91),
Mongolia (13), Taiwan—Republic Of China (57); South-Eastern Asia: Cambodia (28), Indonesia (120),
Lao People’s Democratic Republic (43), Malaysia (195), Myanmar (18), Philippines (15), Thailand (107),
Vietnam (145); Southern Asia: Bangladesh (81), India (330), Iran—Islamic Republic Of (53), Nepal (3),
Pakistan (6); Western Asia: Saudi Arabia (4), Syrian Arab Republic (58), Turkey (83), United Arab
Emirates (1); Eastern Europe: Belarus (8), Poland (33), Russian Federation (107); Northern Europe:
Estonia (16), Ireland (1), Latvia (8), Sweden (15), United Kingdom (8); Southern Europe: Italy (47),
Serbia (7), Spain (15); Western Europe: Belgium (116), France (12), Germany (12), Netherlands (6);
Oceania: Australia (55), New Zealand (30), Fiji (5), New Caledonia (7), Papua New Guinea (16),
Vanuatu (1), Kiribati (4), Samoa (1), Tonga (3).

2.4. Sequence Analysis

All sequences identified as non-human HBV with our BLAST database, as well as sequences
classified as “unverified” or “non-functional” in the NCBI database were excluded. The occurrence of
unclear bases in the sequence (residues labeled ‘n’) was an additional reason for exclusion. To allow
analysis of sequences from di↵erent genotypes that vary in length, blank insertions were inserted into
shorter sequences to achieve a length of 3257 bp. Sequences that did not start at the EcoRI site, which
is generally considered as the start point for annotation, were corrected to allow for alignment with
other sequences.

2.5. Analysis of Amino Acid Sequences

To analyze the HBV proteins, nucleotide sequences were translated to amino acid sequences
with sixpack (EMBOSS) [39] using the orfminsize 100 and mstart options. Only open reading frames
(ORF) starting with a methionine and a minimum length of 100 amino acids were taken into account.
The correct reading frame of the respective protein was identified by a BLAST search against a database
containing reference sequences of the HBV proteins. After assignment to the correct protein, a further
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size exclusion was performed by excluding implausible short proteins. Requirements for amino
acid sequence length were �330 for pre-S1/pre-S2/S, �140 for pre-core/core, �700 for polymerase,
and �100 for X. Proteins and nucleotide sequences were aligned in separate FASTA files using MUSCLE
v3.8.1551 [40]. To account for the di↵erent lengths of the genotypes, sequences of each genotype were
first aligned separately and, after including blank positions in the sequences of shorter genotypes,
all sequences were combined into a single file.

2.6. Prediction of HBV Serotypes

Serotypes were predicted based on the amino acid variation at defined positions of HBsAg —122,
127, 134, 159, 160, 177, and 178—as previously described [41] and as outlined in Table 1. Sequences that
could not be assigned to a specific serotype by the combinations of amino acids below were classified
as undefined.

Table 1. Amino acid combinations within hepatitis B virus surface antigen (HBsAg) used to predict
hepatitis B virus (HBV) serotypes. R = Arginine, K = Lysine, P = Proline, T = Threonine, L = Leucine,
F = Phenylalanine, A = Alanine, V = Valine, Q = Glutamine.

Serotype Amino Acid Position of HBsAg

122 127 134 159 160 177 178

ayw1 (option 1) R P F - K - -

ayw1 (option 2) R P - A K - -

ayw2 R P - - K - -

ayw3 R T - - K - -

ayw4 R L - - K - -

ayr R - - - R - -

adw2 K P - - K - -

adw3 K T - - K - -

adw4q� K L - - K - Q

adrq+ K - - - R V P

adrq� K - - - R A -

2.7. Analysis of Amino Acid Conservation and Frequency of Clinically Relevant Mutations

To analyze the conservation of nucleotide and protein sequences, each aligned FASTA file
containing the full-length HBV genome sequence or the individual protein sequence was analyzed
using a custom coded inhouse script. Briefly, each position of the analyzed sequence was individually
assessed and the frequency of each nucleotide or amino acid counted. Based on the total number of
sequences, the nucleotide/amino acid distribution was calculated for each position. The consensus
sequence was generated by taking the most frequent nucleotide/amino acid at each position. Clinically
relevant mutations were analyzed based on the overview established by Lazarevic et al. [42].

2.8. Data Processing

All data processing, including the evaluation of nucleotide and amino acid sequence conservation,
serotype prediction, and analysis of frequency of clinically relevant mutations was performed with
custom inhouse scripts written in Ruby programming language (https://www.ruby-lang.org). Graphical
representations were created in Graphpad Prism 8.4.3 (https://www.graphpad.com/scientific-software/
prism/). The phylogenetic tree was generated using RAxML-NG v. 0.9.0 [43] from the aligned HBV
reference from the BLAST database. Visualization of the tree was performed with FigTree v1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/).
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3. Results

3.1. Sequence Acquisition and Processing

We retrieved 115,955 HBV nucleotide sequences (Figure 1A) from the NCBI database. Sequences
that contained unspecified nucleotides or were marked as “non-functional” or “unverified” in the
database entry were excluded. To allocate sequences to genotypes, a search was performed using
BLAST against a database of reference hepadnaviridae genomes containing reference sequences of the
di↵erent HBV genotypes and sub-genotypes as well as viruses with non-human hosts (see methods).
After exclusion of non-human HBV sequences, 82,813 sequences were processed further.

Once the sequences were filtered by length, we selected only full-length genomes for further
analysis. The size range was chosen to ensure that sequences of the shortest (genotype D with 3182 bp)
as well as longest genotype (genotype A with 3221 bp) were represented. However, to account for the
size distribution of available sequences and to allow the inclusion of variants with unusual length, the
size range was enlarged from 3150 to 3275 bp (Figure 1B). This resulted in a panel of 7278 HBV full-length
genome sequences for further analysis. Genotypes were di↵erentially represented in our database.
Genotype C had the most abundant full-length genome sequences (n = 2700) followed by genotype
B (n = 1539), D (n = 1218), A (n = 1004), E (n = 312), F (n = 275), I (n = 96), G (n = 89), and genotype
H (n = 44) (Figure 1C). When compared to the global genotype distribution as estimated by us
previously [44], we found that genotype E sequences were strongly underrepresented (4.2% vs. 17.6%).
Genotypes A and D were also slightly underrepresented (13.8% vs. 16.9%; 16.7% vs. 22.1%), whereas
the remaining genotypes (B, C, F, G, H, I) were overrepresented in our database.

We also determined the origin of 6142 out of 7278 samples from the NCBI database. Sequences from
countries within the same geographical area (for the definition of the geographical areas, see methods)
were pooled for a better overview and to allow a more reliable calculation of the frequencies of
clinically relevant HBV variants. The majority of samples originated from Eastern Asia (45.8% of
samples, 34.4% alone from China), followed by South-Eastern Asia (10.9%), Northern America (9.4%),
and Southern Asia (7.7%; Figure 1D). We noted a distinct distribution the HBV genotypes across
the globe [44], with genotype B and C sequences mostly derived from East Asia and Southeast Asia,
genotype D sequences from Southern Asia, Western Asia, and Europe, and genotype E sequences
from Sub-Saharan Africa. Genotype A was widely distributed throughout world regions, with most
sequences (302) originating in Northern America. In line with their geographical occurrence, genotype
F, G, and H sequences were mainly identified in Southern America and genotype I sequences were
mainly identified in South-Eastern Asia (Figure 1D). From the 7278 full-length nucleotide sequences,
we predicted the amino acid sequences expressed from open reading frames. As some sequences did
not contain start codons for certain ORFs, or coded for implausible short sequences due to premature
stop codons, this resulted in 7211 pre-core/core, 7158 polymerase, 7157 pre-S1/pre-S2/S, and 7242 X
protein sequences.



Viruses 2020, 12, 1344 6 of 15

Figure 1. In silico analysis of publicly available full-length HBV sequences. (A) Work flow of study
to estimate the frequency of clinically relevant HBV variants. (B) Retrieved HBV sequences were
filtered by length, and only those between 3150 and 3275 base pairs (as indicated by the red box) were
considered for further analysis. (C) Genotype distribution of included full-length HBV sequences
compared to estimates of the global genotype distribution determined in Velkov et al. Genes 2018.
(D) Overview of geographical origin and number of sequences for each genotype.
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3.2. Distribution of HBV Serotypes

The structural basis that determines HBV serotype has been thoroughly studied, leading to the
discovery that certain amino acids at positions 122, 127, 134, 159, 160, 177, and 178 of HBsAg (shown
in Table 1) determine reactivity toward serological reference antibodies. This allows the serotype
of an HBV variant to be predicted, depending on a known amino acid sequence [41]. Interestingly,
when analyzing the conservation of HBsAg, we found significant variation especially at positions that
determine the serotype (Figure 2A). The di↵erent amino acids found at these positions were mostly
consistent with the algorithm determining the HBV serotypes (Table 1), as almost all sequences studied
could be allocated to a certain serotype. Genotypes were each associated with a distinct serotype
(Figure 2B). Most genotypes presented primarily with the adw serotype; however, the majority of the
genotype A, I, G, and B sequences presented as adw2 and the genotypes H and F presented as adw4.
In contrast, genotypes D and E presented with the ayw serotype, with genotype D almost equally
divided into ayw2 and ayw3 serotypes, whereas genotype E was almost exclusively ayw4. In contrast,
genotype C was the only genotype predicted to have the adrq+ serotype in significant quantities.
When analyzing all HBV full-length sequences irrespective of genotype (pie chart labeled “Total”,
Figure 2B) the majority of sequences had an adrq+ (30.9%, which derived almost exclusively from
genotype C sequences, Figure 2C) or adw2 serotype (33.9%, mainly genotype B and A, Figure 2C),
followed by ayw2 (11.0%) and ayw3 serotypes (7.8%). Although representing almost all genotype
H and F sequences, the adw4q- serotype constituted only 4.2% of total sequences, reflecting the
low number of included genotype H and F sequences (Figure 2C), due to the relatively low global
occurrence [44].

Figure 2. Distribution of HBV serotypes. (A) Amino acid conservation of HBsAg (starting at position
99 of S, marking the beginning of the major hydrophilic region) for each HBV genotype was determined
by using the consensus sequence of each genotype as a reference. Relevant positions for serotype
prediction are indicated by vertical dotted lines. Positions at which clinically relevant mutations occur
(for details see Figure 3) are indicated by vertical gray lines. a-determ. = a-determinant. (B) Distribution
of predicted serotypes within each HBV genotype. The serotype distribution of all global HBV
sequences is shown in the middle. The phylogenetic tree was obtained using reference sequences for all
HBV genotypes and sub-genotypes, which were employed to identify genotypes of sequences by Basic
Local Alignment Search Tool (BLAST) search (see methods for details). (C) Total number of sequences
with a certain serotype, subdivided by their genotype.
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3.3. Clinically Relevant HBsAg Mutations

Then, we interrogated HBsAg coding sequences for previously described clinically relevant
mutations, which have been shown to cause occult infection, false negative diagnostic tests, or escape
from vaccine induced or passively administered antibodies. The overall frequencies of such mutations
were low, and the di↵erent mutations were relatively evenly distributed between genotypes (Figure 3).
The only exception constituted the P127H/L mutations, which are associated with occult HBV infection
appearing to be the wild-type amino acid for genotypes E, F, and H (96.8%, 98.9% and 97.7%).
In contrast, the R122P (associated with occult infection) was not identified in any sequence, questioning
its clinical significance. S136P and C139R were also very infrequent (each 0.04%) and only identified
in genotype C. When looking at the regional distribution of HBsAg mutations (Figure 3B), P127H/L
showed a concentration in the African continent as well as Central and South America, where most
sequences belonged to either genotype E, F, or H (Figure 1D). Interestingly, the V177A mutation did
not show a significant enrichment in any genotypes; however, it was found in approximately 33% of
sequences from Oceania (including Australia, New Zealand, Melanesia, and Polynesia).
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3.4. Frequency of Resistance Mutations against Reverse-Transcriptase Inhibitors

Then, we analyzed the conservation of the reverse-transcriptase (RT) domain of the polymerase
protein. As this region is targeted with standard-of-care therapy using nucleoside analogues, mutations
rendering the virus resistant to such treatments are highly clinically relevant. The di↵erent domains
(A–G) of the RT that are crucial for function were found to be highly conserved throughout all
genotypes, whereas the other regions showed greater variation (Figure 4A).



Viruses 2020, 12, 1344 9 of 15

Figure 4. Frequency of mutations in the reverse transcriptase associated with resistance to nucleoside
analogues. (A) Conservation of the reverse transcriptase (RT) part of the HBV polymerase within
genotypes as determined using the consensus sequence of each genotype as a reference. The di↵erent
domains (A–G) of the RT are highlighted by underlying gray color. Vertical light gray lines indicate
positions at which resistance mutations occur. (B,C) Numbers in the table indicate percentage of
sequences containing the respective mutation within (B) each genotype or (C) the di↵erent world
regions. Blue fields without numbers represent a value of 0.0%. Superscript numbers indicate the
clinical finding, which has been associated with the respective mutation.

In a next step, we determined the frequency of mutations that are known to cause resistance
to nucleoside therapy. M204V/I and L180M were the most abundant mutations found that were
present in sequences of all genotypes, and they are associated with resistance toward lamivudine,
telbivudine, and entecavir. Genotype A showed the highest frequency of both of these mutations
(L180M: 13.8% and M204V/I: 14.0%) followed by genotype G (8.1% and 17.2%). High frequencies
(between 5 and 9%) were also found in genotypes C, D, and G but were found in a minority of genotype
E and I sequences (<1.0% and 1.1%, respectively). A few mutations have been found to drive resistance
toward tenofovir treatment. These include A194T, which was identified in HIV/HBV co-infected
patients and was shown to mediate a partial resistance toward tenofovir [45]. Two other mutations
have been associated with tenofovir resistance, P177G and F249A; however, these mutations were
created by site-directed mutagenesis in vitro [46], and it is unclear if they are found in patient-derived
circulating virus. Interestingly, none of the >7000 sequences analyzed by us contained either the
P177G or F249A mutation, which questions their clinical relevance. In contrast, A194T was identified
in several genotypes, albeit in very low numbers, with the exception of genotype H, where 4.6% of
sequences harbored this mutation. While only six out of 15 resistance mutations we looked for were
found in genotype H, all of these were present above 2%. In genotype E, similar mutations were found
as in genotype H, but with overall lower frequencies (each at or below 0.7%).

When analyzing the geographical distribution of each mutation, we found the highest frequency,
especially of the L180M and M204V/I mutations, in Northern America (mainly comprising genotype
A sequences, Figure 1D), followed by Europe and Eastern/Southern Asia (Figure 4C). In contrast,
lower numbers were found on the African and Asian continents, as well as Central and South America.
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3.5. Distribution of Mutations in the Basal Core Promoter and Pre-Core Region

The basal core promoter (BCP) and pre-core regions of the HBV genome play an important role in
determining the pathogenicity of HBV, and variants have been associated with an increased risk of
fulminant hepatitis or HCC. Therefore, we analyzed the nucleotide sequence of this region and found
the direct repeat 1 (DR1) region of the BCP and the epsilon stem loop to have the highest conservation
across all genotypes (Figure 5A). As previously described, we found that genotype G sequences had an
insertion at nucleotide position 1906–1941 (not shown), making it the longest of all genotypes (3248 bp).
When analyzing the occurrence of clinically relevant mutations, we found BCP and pre-core mutations
in relatively high abundance in almost all genotypes (Figure 5B). For genotype G, many “mutations”
(C1653, T1753C, A1762T, G1764A and G1896A) were found with such high frequencies (93.3–100%)
that they should be regarded as wild-type. Of all mutations, A1762T and G1764A were found at the
highest frequencies in other genotypes, with decreasing rates in genotypes C, A, I, F, H, D, B, and E.

Figure 5. Frequency of clinically relevant mutations in basal core promoter or pre-core region of
HBV. (A) Conservation of basal core promoter (BCP) and pre-core region of the HBV genome, vertical
gray lines indicate positions as which clinically relevant mutations occur. Numbering according to
convention starting at EcoRI site. ↵ CURS = ↵ core upstream regulatory sequence. (B,C) Frequency of
clinically relevant mutations in the BCP/pre-core region within (B) each genotype or (C) the di↵erent
world regions. Numbers in the table indicate percentage of sequences containing the respective
mutation. Blue fields without numbers represent a value of 0.0%. Superscript numbers indicate the
clinical finding, which has been associated with the respective mutation.

The majority of mutations did not show a distinct geographical enrichment, barring a few
exceptions. G1862T, which was frequently found in the Caribbean, and G1896A, which was identified
in more than 50% of sequences from Western Asia and Southern Europe, show distinct geographical
enrichment that cannot be explained by genotype G, as it is rarely found in these regions (Figure 1D).

4. Discussion

HBV infection presents with a diverse disease profile with variation seen in the primary
transmission mode, rate of disease progression, symptomatic disease, occurrence of sequalae,
diagnostics, and treatment response. In addition to environmental and host factors, HBV genomic
variation has been shown to be associated with a certain disease phenotype. In this study, we analyzed
publicly available full-length HBV sequences to get an overview over the frequencies of clinically
relevant HBV variants worldwide.
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Importantly, the results of our study should be taken with caution, as several confounding
factors potentially influenced the frequencies of mutations identified. Most importantly, sequences
isolated from patients exhibiting an abnormal disease phenotype might be preferentially sequenced;
thus, one can assume an enrichment of clinically relevant mutations compared to naturally circulating
variants. Second, it is not clear if these mutations are associated with a specific disease phenotype in
all genotypes; thus, harboring a certain mutation does not necessarily mean that there is an increased
risk associated with this finding.

Furthermore, genotypes were di↵erentially represented in our database with varying numbers
of sequences. Genotypes A–D had between 1004 and 2700 sequences for each genotype; however,
less sequences were available for the remaining genotypes (44 to 312). While this in large part reflects
the global distribution, as previously reported [44], genotypes E–I sequences were underrepresented in
our database. The di↵erences in genotype frequency within sequenced isolates could be due to di↵erent
prevalence in high vs. low income countries, as sequencing, at least when performed with modern
technologies, is associated with significant cost. However, the relatively few sequences available
for certain genotypes questions the precision of calculated frequencies. This is supported by the
observation that in genotypes for which fewer sequences were available, many mutations were not
found at all. Thus, low frequency mutations were possibly overlooked in these minority genotypes.
This was even more relevant for the analysis of the regional distribution of HBV variants, as for some
regions, relatively few sequences (between 20 and 2811) were available.

Another important factor to consider is that the majority of sequences were likely determined using
classical Sanger sequencing of nucleic acids extracted from patient sera. The sensitivity of this approach
is limited, with only variants occurring at a frequency of >20% within a viral population reliably
detected [47]. Deciding which mutations are located on the same viral genome is much harder to
achieve using next-generation techniques that traditionally have much shorter reads. Recent advances
in next-generation sequencing (NGS) technology utilize longer reads and overlapping sequences,
enabling the identification of mutations located on the same viral genome with high confidence [48].
NGS techniques are able to achieve a high sequence depth, readily detecting low frequency variants
within a viral population. However, one needs to carefully evaluate the clinical relevance of these rare
populations, which may simply be artefacts of high precision sequencing technologies.

A further possible reason for bias stems from di�culties in validating the quality of sequences
included in our study. While information on sequence quality was in most cases not available,
we tried to account for this by excluding sequences with database entries such as “unverified” or
“non-functional” or which contained unspecified nucleotides (which could derive from poor sequencing
quality). However, we cannot exclude other possible biases during sampling, sequencing, or database
entry. Thus, conclusions based on low-frequency mutations should not be over interpreted.

For the prediction of HBV serotype, at least some confounding factors can be assumed to be
less important, as it is less likely that the serotype influenced the likelihood of a certain variant to be
sequenced. However, it is important to state that we only performed an in silico prediction and did
not test the reactivity toward reference antibodies. While the relationship between amino acids at
the relevant positions and the respective serotype is well established, we cannot exclude that some
sequences would not show the predicted reactivity. Our finding that most genotypes have a distinct
serotype confirms earlier observations in this regard [49]. We found that roughly 1/3rd of global
HBV sequences showed either an adw2 or adrq+ serotype, with the other serotypes constituting the
remaining 1/3rd of sequences. While serotypes are currently only playing a minor role in patient care,
the information on occurrence of each serotype could still be helpful when designing future prophylactic
or therapeutic vaccines or when developing antibody-based therapies (including antibodies to be
passively administered but also bi-specific antibody constructs or chimeric antigen receptor T cells).

When analyzing the frequency of HBsAg mutants, we found that the overall frequency of such
mutations was relatively low with no significant enrichment in any genotype. The only exception
constituted mutations at position 127 (P to H or L), which are associated with occult HBV infection and
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seemed to be the wild-type for genotypes E, F, and H. Importantly, amino acid position 127 of HBsAg
is also one of the determinants for the HBV serotype, and variants with Leucine (L) at this position
are found in the ayw4 and adw4 serotypes (see Table 1). We observed the V177A mutation which
was quite evenly distributed throughout genotypes but showed a regional enrichment in Australia,
New Zealand, Melanesia, Polynesia (together defined as Oceania). Interestingly, both the V177A and
P127L mutations are determinants of the HBV serotype and together with positions 122 and 160 of
HBsAg define the adrq-serotype. Thus, the finding that these “mutations” are associated with occult
infection could also mean that diagnostic tests used in these studies had a deficiency in recognizing
this serotype. However, we cannot disregard factors, such as ethnicity, in driving selection pressure
leading to an enrichment of these variants in certain regions.

For nucleoside analogue resistance mutations, we found that M204V/I and L180M displayed the
highest frequency by far, which is consistent with the fact that they mediate resistance to the majority of
currently used nucleoside analogues for hepatitis B therapy, including lamivudine. The relatively low
barrier to resistance associated with these mutations likely led to relatively high occurrences, especially
in regions with broad access to antiviral therapy. Along this line, nucleoside analogue resistance
mutations in general showed the highest frequency in high-income regions such as Northern America
(especially L180M and M204V/I), Europe, and Eastern/Southern Asia. In contrast, lower frequencies
were found on African continent, Central and South America and Asia. This could indicate that more
patients had been under treatment in these regions, causing a selective pressure on the virus to generate
resistance mutations.

Of further interest, three di↵erent mutations have been described to interfere with tenofovir
susceptibility, yet only one of these was found in virus isolated from patients (A194T; [45]), whereas the
other two were generated in vitro (P177G and F249A; [50]). While we were able to find the A194T
mutation in several sequences of di↵erent genotypes, the P177G and F249A mutations were not
identified in any of the more than 7000 sequences analyzed by us. Therefore, it is unlikely that they
constitute clinically relevant variants, and we speculate that these mutations create fitness losses for
the virus that outweigh the advantages of tenofovir resistance.

The most interesting observation regarding the BCP/pre-core region was that almost all genotype
G sequences contained several mutations (C1653, T1753C, A1762T, G1764A, and G1896A) which are
associated with HBeAg negativity and increased risk for fulminant hepatitis and/or HCC. Whilst the
lack of HBeAg expression is well described for genotype G [51,52], the risk of HCC and fulminant
hepatitis is not as clearly associated, and may be hard to elucidate, as genotype G is mostly found in
co-infections with genotype A [53]. The finding that there was regional enrichment of BCP/pre-core
mutations G1862T in the Caribbean and G1896A in Western Asia and Southern Europe was also of
note, especially as few genotype G sequences were identified in these regions. However, relatively
low number of sequences (Caribbean: 80; Western Asia: 146; Southern Europe: 69) were available for
all three regions; thus, future studies should seek to investigate if the increased frequency of these
mutations are genuine and more importantly whether an increased risk for fulminant hepatitis or HCC
is conferred.

In summary, we present an overview of the frequency of clinically relevant HBV variants in
publicly available HBV sequencing data. While the results should be interpreted with care as several
confounding factors could potentially have influenced the frequency of individual mutations described
here, our data should help to identify interesting research questions for future studies, as well as help
to design and select suitable diagnostic tests and therapies.
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Abstract: Hepatitis D virus (HDV) causes the most severe form of viral hepatitis, which may rapidly
progress to liver cirrhosis and hepatocellular carcinoma (HCC). It has been estimated that 15–20 million
people worldwide are su↵ering from the chronic HDV infection. Currently, no e↵ective therapies are
available to treat acute or chronic HDV infection. The remarkable sequence variability of the HDV
genome, particularly within the hypervariable region has resulted in the provisional classification of
eight major genotypes and various subtypes. We have developed a specialized database, HDVdb,
which contains a collection of partial and complete HDV genomic sequences obtained from the
GenBank and from our own patient cohort. HDVdb enables the researchers to investigate the genetic
variability of all available HDV sequences, correlation of genotypes to epidemiology and pathogenesis.
Additionally, it will contribute in understanding the drug resistant mutations and develop e↵ective
vaccines against HDV infection. The database can be accessed through a web interface that allows
for static and dynamic queries and o↵ers integrated generic and specialized sequence analysis tools,
such as annotation, genotyping, primer prediction, and phylogenetic analyses.

Keywords: hepatitis delta virus; database; genotyping; Webserver

1. Introduction

Hepatitis D virus (HDV) infection remains the most di�cult-to-treat form of viral hepatitis,
a↵ecting 15–20 million patients worldwide with chronic hepatitis, liver cirrhosis and hepatocellular
carcinoma (HCC) [1]. The HDV infection in humans occurs so far only together with hepatitis B
virus (HBV) because HDV needs the envelope proteins from HBV to complete its life cycle. Therefore,
two main forms of HDV infection have been described: (1) coinfection; with a high rate of viral clearance
in adults similar to HBV mono-infection [2], or (2) super-infection in the presence of a pre-existing
HBV infection. The latter results in a persistent chronic HDV infection in 70–90% of the cases and
is associated with an early risk to develop cirrhosis and HCC [3]. The current anti-HDV therapy is
mainly based on administration of interferon with a very low response rate in patients [4,5] and high
chance of relapse upon discontinuation [6]. Nevertheless, e↵orts have been made recently to develop
new anti-HDV drugs to treat chronic HDV infection, with promising results in the clinical trials [7–11].

HDV is a small, spherical virus of 35–37 nm in diameter, with an envelope containing the hepatitis B
surface antigen (HBsAg), which surrounds the genomic RNA-nucleoprotein complex [12]. The genome
is a negative sense single-stranded RNA (1.67 kb), whose complementary strand (antigenomic RNA)
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contains one single functional open reading frame (ORF) encoding two isoforms of the hepatitis delta
antigen (HDAg), the small (S-HDAg, 195 aa) and the large (L-HDAg, 214 aa) [13,14]. The sequence
encoding these isoform proteins resides in the antigenomic RNA, which, as a result of the cellular
editing activity of ADAR-1, modifies the amber stop codon (UAG) to (UGG) of S-HDAg, resulting in
the extension of the amino acid sequences by 19–20 aa at the C terminus [15].

HDV RNA sequences identified so far have been classified into eight known genotypes (HDV-1–8)
based both on the nucleotide and amino acid sequences of the coding region of HDAg [16]. These
genotypes are distributed across di↵erent geographical regions. In our recent studies, we identified
and introduced di↵erent subtypes for the genotype 1, genotype 2 and genotype 4 [17]. Subgrouping
of the so far identified HDV genotypes into distinct clusters or subtypes has been also suggested by
others [18,19]. These data provide a clearer picture of the geographical a global distribution of HDV
isolates. However, it is not known how these subtypes correlate with the clinical manifestation and
response to therapy.

HDV-1 is the most geographically widespread genotype distributed across major regions such
as Europe, Middle East, East Asia, America and Africa; whereas all other genotypes (HDV-2–8) are
associated with distinct geographical and ethnic regions. HDV-2 and HDV-4 are found in North Asia
and East Asia, respectively [20–23]; HDV-3 is exclusively found in the north part of South America
(Brazil, Peru, Colombia, Argentina, Ecuador and Venezuela) [24–28] and HDV-5 to HDV-8 were
previously described to be found “only” in Africa [29,30], however, a recent study reported HDV-8
isolates from Northeast Brazil, which presumably crossed the ocean through slave trades in the
16–18th centuries [31]. In humans, HDV infections with di↵erent genotypes exhibit di↵erent clinical
courses and outcomes. For instance, HDV-1 strains show a broad spectrum of virulent and pathogenic
phenotypes [32], HDV-2 (and HDV-4) cause milder forms of liver disease [33], whereas HDV-3 isolates
are associated with outbreaks of fulminant hepatitis in South America [24]. The pathogenic properties
of HDV 5–8 isolates are not well characterized [34].

For decades, HDV has been thought to have evolved in humans in combination with HBV as
a helper virus providing a viral envelope to form infectious particles. Recently, however, HDV like
sequences have been identified in a variety of animals and insects [35–37]. Sequence analysis in
ducks revealed an approximately 1700-nt circular RNA genome with self-complementary, unbranched
rod-like structures, and coiled-coil domains [36]. The predicted HDV-like protein discovered in ducks
shares 32% amino acid similarity with the small delta antigen (S-HDAg) of the human HDV (hHDV).

This discovery of an HDV-like agent in ducks was followed by the identification of a deltavirus in
snakes (Boa constrictor), designated as snake HDV (sHDV) [37]. Sequence comparison of the snake delta
antigen (sHDAg) showed that its aa sequence is 55% identical to its human counterparts. Anti-sera
raised against a recombinant sHDAg was used in immunohistology studies. A broad viral target was
demonstrated in di↵erent snake cells, including neurons, epithelial cells and leukocytes. The duck and
snake viruses constitute divergent phylogenetic lineages as compared to the human HDV (hHDV),
which so far seem quite distant related to the known human isolates.

Using additional meta-transcriptomic data, highly divergent HDV-like viruses were also found
to be present in fish, amphibians and invertebrates. These newly identified viruses share human
HDV-like genomic features such as a small genome size of 1.7 kb in length [35].

The identification of a much broader range of hosts as initially anticipated and the fact that
the HDV RNA genome can e�ciently replicate in di↵erent tissues and species, raise the possibility
that HDV is able to be transmitted independently of HBV. Perez-Vargas J. et al. [38] have shown,
that envelope glycoproteins (GPs) of unrelated viruses can act as helper viruses for HDV including
vesiculovirus, flavivirus and hepacivirus. These GPs can package HDV RNPs, allowing e�cient egress
of HDV particles in the extracellular milieu of coinfected cells and subsequent entry into the cells
expressing the corresponding receptors. In vivo studies in humanized mice indicate that HDV RNPs
packaged into an HCV envelope can propagate HDV infection in the liver of coinfected mice [38].
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In recent years, the amount of HDV genomic data has increased exponentially. Intensive sequencing
efforts have resulted in approximately 2621 nucleotide HDV sequences (partial and full length) deposited
into the DDBJ, EMBL and GenBank databases. The GenBank is part of the International Nucleotide
Sequence Database Collaboration (INSDC), which comprises of the DNA DataBank of Japan (DDBJ),
the European Nucleotide Archive (ENA) and GenBank at NCBI. Those three organizations are
synchronized and exchange data on a daily basis. Therefore, the sequences dataset can be retrieved
using any of the platforms, i.e., the GenBank database. In order to exploit this large and growing
collection of sequences e�ciently and to facilitate sequence analysis we sought to develop a specialized
database. Databases established for other types of viruses, in particular for HIV [39], HBV [40] and
HCV [41] have proved to be very helpful for epidemiological and clinical studies, more importantly in
characterizing resistance to direct anti-viral drugs. Here, we present the hepatitis delta virus database
(HDVdb; http://hdvdb.bio.wzw.tum.de/). This comprehensive database collates HDV sequences and is
mainly oriented towards the sequence analysis of HDV isolates, including the complete viral genomic
sequences, large and small HDV antigen sequences (L-HDAg and S-HDAg, respectively). HDVdb
provides a platform for genotyping and phylogenetic analyses including prediction of HDV genotypes
for user-supplied HDV sequence entries. Moreover, the database will help in identifying the emerging
variants related to immune escape from the B and T cell response as described recently [42,43] and in
detecting therapy resistant variants across di↵erent HDV genotypes, which can be correlated with
clinical studies.

2. Materials and Methods

The HDVdb building process began with the manual retrieval of all the HDV entries using the
keyword: “hepatitis delta virus” from GenBank hosted at NCBI [44]. All results corresponding to
taxon “Hepatitis delta virus” (taxid: 12475) were considered. Currently, a total of 2621 hepatitis delta
virus nucleotide sequences are deposited into GenBank. These entries contain full sequence records
of both HDV “complete genomic” sequences and subgenomic fragments (S-HDAg; 1–195 aa and
L-HDAg; 1–214 aa) as well as partial cds sequences. GenBank entries containing complete HDV protein
sequences were also incorporated. Majority of the sequences were retained to provide the maximum
data information to our visitors, however, sequences shorter than 90 bases were not included into
the dataset. The sequence dataset was than parsed by creating an automatic pipeline using Java
programming language to extract essential information for each accession number such as strain
name, genotype, country and date. In addition, 152 sequences lacking the genotype information were
assigned to a genotype by performing similarity search using BLAST [45].

The HDVdb web interface is hosted using Apache HTTP server and runs on PHP Laravel
framework. The HDVdb is updated on an annual basis. The software for the automatic annotation,
as well as for the querying and the managing the database is implemented in Java and Bash programming
languages. It makes use of all defined genotypes and their subgenotypes. The workflow of database
construction is schematically demonstrated in Figure 1.
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publicly available and in-house isolates. (B) List of services available at the HDVdb. In Primer design,
the orange lines represent template and blue lines represent the primers. In MSA (Multiple sequence
alignment): blue and orange lines represent di↵erent aligned sequences, schematically.

3. Results and Discussion

The HDVdb is accessible online through the website: http://hdvdb.bio.wzw.tum.de/. HDVdb
contains entries for human hepatitis delta virus sequences, with 512 complete genome sequences, as well
as 1066 L-HDAg and S-HDAg and 1281 partial cds nucleotide sequences as well as protein sequences for
L-HDAg and S-HDAg. These sequences can be directly downloaded from the database for any further
analysis. Links to protein sequences for both L-HDAg and S-HDAg sequences are directly provided at
the home page. Additionally, we included 13 complete genome (Accession MH457142-MH457154) and
116 L-HDAg sequences (Accession MF175257-MF175360, MH447633-MH447644) retrieved from six
di↵erent medical centers of our European study cohort [17]. In this study, sequence conservation at
each position across the entire length of the 322 multiply aligned genome sequences (i.e., genotype-1)
was visualized. The multiple sequence alignments were performed using MUSCLE v3.8.5551 [46]
whereas the evaluation was performed using customized Ruby scripts (Figure 2). We concluded that
despite low conservation rate throughout the HDV genome, there were no significant di↵erences on
genotyping results using the whole genome or the L-HDAg encoding region.

The HDVdb is divided into a static and a dynamic part as demonstrated in Figure 3. The static
part allows the user to access the general information about HDV. The homepage provides a data
summary of updated number of S-HDAg, L-HDAg and complete genomes of all the eight known
genotypes on the database. The user can retrieve pre-compiled protein and nucleotide datasets for
complete genome, L-HDAg, and S-HDAg separately for each genotype, alternatively the user can also
download a single FASTA file containing these datasets for all genotypes. In addition, the database
also provides a tutorial to help the users with necessary technical information required to access tools
available on the database.
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Figure 3. Web interface of the HDVdb. (A) The homepage, with the menu bar and all the menus
repeated as buttons for ease-of-use. The page summarizes the characteristics and statistics of HDV.
The nucleotide as well as protein datasets can be directly accessed through the homepage. The sequence
files can be viewed for each genotype both in protein and nucleotide. (B) List of tools available on the
website to analyze HDV related sequences. (C) List of sequence datasets available in FASTA format
and updated on a regular basis. (D) A snapshot of the tutorial page with step-by-step instructions on
how to use di↵erent tools available on this database.

The dynamic part allows the analysis of user-provided queries. The homepage presents an
interactive search box that allows the visitors of our database with options to search sequences based
on accession number, genotype, country and date for protein, complete genome, coding sequences for
L-HDAg and S-HDAg, as well as partial sequences. The nucleotide and protein sequences queries can
be genotyped using “Identify HDV sequences by genotyping” option. The webservice uses BLAST [45],
which performs local alignments and scores the most relevant sequences to access the query genotype.
A minimum of 75% identity score against the database is required to classify the query sequence to one
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of the HDV genotypes. This threshold prevents the false positives to be classified and is based on our
previous research [17].

Furthermore, we integrated computational tools for multiple sequence analysis (Clustal Omega,
version 1.2.3 [47]), primer design (Primer3, version 2.3.7 [48]) and phylogenetic analyses (Phylip
(PhyML), version 3.696 [49]), Figure 3. The user can also graphically visualize the phylogenetic trees
on completion generated by FigTree, version 1.4.4. The request and response from these services was
handled using PHP Laravel framework and bash scripting.

4. Conclusions

Hepatitis D has received a lot of attention in recent years, resulting in a flood of new findings and
information, including next generation sequencing data. However, a platform capable of collecting
and analyzing this growing body of data has so far been missing. Here we introduced HDVdb as
a comprehensive database of human HDV sequences with a potential of expansion to the recently
identified isolates from animals and insects. HDVdb allows the user to download structured data of
all known HDV sequences. It also permits the user to use this data and perform comparative sequence
analysis using multiple bioinformatics services available directly on HDVdb website.
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