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Abstract 

Viruses are infecting wide variety of organisms such as bacteria, fungi, plants, animals, and 

human beings. While most viruses are benign, some viruses can cause serious health 

conditions in their host. Several viruses are organ specific and e.g. attack exclusively 

hepatocytes. To date, there are five different types of hepatitis viruses, A, B, C, D and E, 

affecting millions of people around the globe. Hepatitis B virus (HBV) is the most common 

infectious disease of the liver and a major cause of chronic hepatitis and cirrhosis, with 

increased risk of developing hepatocellular carcinoma (HCC). Whereas, Hepatitis D causes 

a severe form of viral hepatitis that can only be acquired either as a co-infection with HBV 

or as super-infection in people chronically infected with HBV. 

The advent of Next Generation Sequencing (NGS) has replaced the traditional Sanger 

sequencing over the past decade. NGS has enabled the researchers to perform large scale 

genome sequencing much more efficiently to understand the low-frequency genetic 

variations underlying infectious diseases and investigate the drug resistant mutations 

associated with disease progression and severity. The first publication of this thesis focuses 

on harnessing the NGS technology to analyse the evolutionary dynamics of HBV 

quasispecies response to therapy with an amphipathic DNA polymer (REP 2139) in chronic 

HBV infection  among the responders and non-responders, in order to establish a 

relationship between the HBV quasispecies complexity in response to the therapy and 

disease outcome. In addition, mutations occurring within the “a-determinant” during the 

treatment, which could affect the HBsAg production, secretion or detection were also 

assessed. 

Over the past decade, a large number of Hepatitis D virus (HDV) sequences have been 

identified and sequenced. This poses a much-needed re-classification of Hepatitis D viruses 

to identify new genotypes or subtypes within the existing genotypes. The second publication 

of the thesis covers the sequence and phylogenetic analysis of HDV sequences. The 

phylogenetic analysis of 116 L-HDAg isolates from our cohort and 621 L-HDAg sequences 

from GenBank, confirmed the existing genotypes (1-8) and revealed five new subtypes 

within HDV genotype -1, two subtypes for HDV-2 and HDV-4 respectively. In addition, we 

also identified specific amino acid signatures for the proposed subtypes within the 

genotypes HDV-1, -2 and -4. 

The third publication covers the creation of Hepatitis Delta Virus database (HDVdb: 

http://hdvdb.bio.wzw.tum.de/), hosted on the server of Department of Bioinformatics of 

Technical University Munich. The platform provides a manually curated dataset containing 

HDV sequences that includes set of complete genomes, L-HDAg, S-HDAg and partial cds 
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sequences. The database also provides a comprehensive set of tools that allows users to 

view and retrieve sequences as well as perform various sequence analysis, such as 

identifying genotypes, primer design, phylogenetic tree construction, and multiple sequence 

alignments.  
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Zusammenfassung 

Viren infizieren eine Vielzahl von Organismen wie, Bakterien, Pilze, Pflanzen, Tiere und 

Menschen infizieren. Während die meisten Viren gutartig sind, können einige Viren in ihrem 

Wirt ernsthafte Krankheiten auslösen. Viele Viren, sind organspeziefisch und können z.B.  

nur Leberzellen (Hepatozyten) infizieren. Diese werden als Hepatitis-Viren bezeichnet. Bis 

heute gibt es fünf verschiedene Typen von Hepatitis-Viren, A, B, C, D und E, die Millionen 

von Menschen auf der ganzen Welt befallen. Hepatitis B Virus (HBV) ist die häufigste 

Infektion der Leber und eine Hauptursache für chronische Hepatitis und Leberzirrhose mit 

einem erhöhten Risiko, ein hepatozelluläres Karzinom (HCC) zu entwickeln. Hepatitis D 

virus verursacht eine schwerste Form der Virushepatitis, die nur entweder als Koinfektion 

mit HBV oder als Superinfektion bei chronisch mit HBV infizierten Menschen erworben 

werden kann. 

Das Aufkommen der Next Generation Sequencing (NGS) hat in den letzten zehn Jahren 

die traditionelle Sanger-Sequenzierung ersetzt. Die NGS ermöglicht den Forschern, die 

Genomsequenzierung in großem Maßstab viel effizienter durchzuführen, um die 

niederfrequenten genetischen Variationen, die bei Infektionskrankheiten auftreten, zu 

erkennen und arzneimittelresistente Mutationen, die mit dem Fortschreiten und der 

Schwere der Krankheit verbundenen sind  zu charakterisieren. Die erste Veröffentlichung 

der Dissertation konzentriert sich auf die Nutzung der NGS-Technologie zur Analyse der 

evolutionären Dynamik von HBV-Quasis-Spezies während der antiviralen Therapie mit  

einem amphipathischen DNA Polymer (REP 2139) bei chronischer Hepatitis B in 

Respondern und Non-Respondern, um eine Beziehung zwischen der Komplexität der HBV-

Quasis-Spezies als Reaktion auf die Therapie und den Krankheitsausgang herzustellen. 

Darüber hinaus wurden auch die während der Behandlung innerhalb der "a-Determinante" 

auftretenden Mutationen bewertet, die die HBsAg-Produktion, -Sekretion oder -Detektion 

beeinflussen könnten. 

In den letzten zehn Jahren wurde eine große Anzahl von Hepatitis-D-Virussequenzen 

identifiziert und sequenziert. Dies erfordert dringend eine Neuklassifizierung der Hepatitis-

D-Viren dar, um neue Genotypen oder Subtypen innerhalb der bestehenden Genotypen zu 

identifizieren. Die zweite Veröffentlichung der Arbeit befasst sich mit der Sequenz und der 

phylogenetischen Analyse der Sequenzen des Hepatitis-D-Delta-Virus. Die 

phylogenetische Analyse von 116 L-HDAg-Isolaten aus unserer Kohorte und 621 L-HDAg-

Sequenzen aus der GenBank bestätigte die bestehenden Genotypen (1-8) und ergab fünf 

neue Subtypen innerhalb des HDV-Genotyps -1, zwei Subtypen für HDV-2 bzw. HDV-4. 

Darüber hinaus identifizierten wir auch spezifische Aminosäuresignaturen für die 

vorgeschlagenen Subtypen innerhalb der Genotypen HDV-1, -2 und -4. 
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Die dritte Publikation befasst sich mit der Erstellung einer Datenbank für das Hepatitis-

Delta-Virus (HDVdb: (http://hdvdb.bio.wzw.tum.de/), die auf dem Server der Abteilung für 

Bioinformatik der Technischen Universität München gehostet wird. Die Plattform bietet 

einen manuell kuratierten Datensatz mit HDV-Sequenzen, der einen Satz vollständiger 

Genom-, L-HDAg-, S-HDAg- und partieller cds-Sequenzen enthält. Die Datenbank stellt 

auch einen umfassenden Satz von Werkzeugen zur Verfügung, mit denen die Benutzer 

Sequenzen anzeigen und abrufen sowie verschiedene Sequenzanalysen durchführen 

können, wie z.B. die Identifizierung von Genotypen, Primerdesign, phylogenetische 

Baumkonstruktion und multiple Sequenzalignments. 
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1 Introduction  

The following introduction is designed to provide information about the biological and 

methodological background as well as its implications for the approaches used in the 

published articles.  

1.1 Viruses 

Viruses are the most abundant and diverse biological entities on our planet ‘‘Earth‘‘, 

ubiquitous in both terrestrial and aquatic ecosystems, able to survive and thrive in extreme 

acidic, thermal, and saline environmental conditions. Viruses are small infectious agents 

that infects a living organism (i.e plants and animals) and hijacks the host cell’s machinery 

to reproduce. To date, researchers estimate that over 1 million virus species exist in 

mammals alone, with about half a million posing a significant threat to human health 

(Carlson et al. 2019). While most of the viruses (i.e plant viruses) are harmless, some 

viruses are very dangerous and can spread across different species with potentially fatal 

consequences eg Ebola, SARS, and Influenza etc. 

1.1.1 Virus classification system 

According to Baltimore classification system devised by David Baltimore (in 1971), viruses 

are categorized into seven groups depending on their genetic contents (i.e., DNA or RNA), 

strandedness (single-stranded or double-stranded), sense (+ or -), and replication 

strategies (Baltimore 1971). Viruses can be placed in one of the seven following groups: 

I: Double-stranded DNA viruses  

II: Single-stranded (+) sense DNA viruses  

III: Double-stranded RNA viruses 

IV: Single-stranded (+) sense RNA viruses  

V:  Single-stranded (-) sense RNA viruses  

VI: Single-stranded (+) sense RNA viruses with DNA intermediate in life-cycle  

VII: Double-stranded DNA viruses with RNA intermediate in life-cycle 
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1.2 Hepatitis B virus 

Hepatitis B is a viral infection caused by the hepatitis B virus (HBV). The hepatitis B virus 

attacks the healthy liver cells causing swelling and inflammation which can progress to 

fibrosis, cirrhosis, and liver cancer also known as hepatocellular carcinoma or even death. 

Hepatitis B is transmitted through parenteral exposure to infective blood, semen or other 

body fluids (Hou, Liu, and Gu 2005). HBV can also be transmitted from an infected mother 

to a newborn at the time of birth, through sexual contact with HBV infected individual, use 

of non-sterile medical equipment and through sharing contaminated needles or syringes 

among the drug users (Harpaz et al. 1996, Shepard et al. 2006). Unlike other forms of 

hepatitis viruses, HBV is not spread through contaminated food or water, or by sharing 

cooking utensils and casual contact with infected HBV individual. Moreover, the virus can 

survive outside the human body for seven days and can transmit infection to healthy 

unvaccinated individual (Bond et al. 1981, Lok and McMahon 2009). 

1.2.1 Discovery of HBV 

Hepatitis B virus (HBV) is a member of the family of viruses referred as Hepadnaviridae, 

which is divided into two genera; Orthohepadnavirus (which infect mammals) and the 

Avihepadnavirus (which infect birds). In 1963, Bauch Blumberg identified an antigen protein 

in blood samples of an Australian aborigine and named it Australian antigen (AuAg) 

(Blumberg 1964). Few years later in 1967, the Australian antigen was officially recognized 

as a protein that causes Hepatitis B infection. Soon after, Blumberg and his colleague, 

Iriving Millman developed the blood test to detect the virus and invented the first hepatitis 

B vaccine in 1969 (Blumberg 1977).  

1.2.2 Structure and Molecular virology 

Hepatitis B virus also known as Dane particle was first observed by Dan et al in 1970 (Dane, 

Cameron, and Briggs 1970). HBV is a small, spherical virus particle with a diameter of 42 

nm, consisting of an outer lipoprotein coat (also called envelope; 4 nm) with lipids and 

HBsAg, and the inner nucleocapsid (core; 27 nm) enclosing the viral DNA and DNA 

polymerase (Almeida, Rubenstein, and Stott 1971, Jokelainen et al. 1970). HBV genome is 

circular, partially double-stranded DNA molecule of about 3.2 kb in length. It contains 3020-

3320 nucleotide long negative strand DNA and a 1700-2800 nucleotides long positive 

strand DNA (Delius et al. 1983).  

HBV genome encodes four highly overlapping open reading frames (ORF) which are called 

C, P, S and X, respectively (Kay and Zoulim 2007, Kidd-Ljunggren, Miyakawa, and Kidd 

2002). The longest ORF encodes the viral polymerase (Pol), the second ORF C encodes 

the nucleocapsid protein HBcAg and the non-structural precore protein HBeAg. The third 
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ORF S encodes the viral surface envelope proteins (HBsAg), containing three-in frame start 

(ATG) codons that divides the gene into three sections, preS1, preS2 and S producing 

polypeptides of three different sizes called large, middle and small envelope proteins. The 

fourth ORF encodes for the non-structural protein (HBxAg) with multiple functions. HBx is 

known to be involved in several cellular processes such as signal transduction, 

transcriptional activation, DNA repair and protein degradation inhibition (Ali et al. 2014). 

1.2.3 HBV life cycle 

The life cycle of Hepatitis B virus is complex (Figure 1.1). The hepatitis B virus gains entry 

into the host cell when pre-S1 of large envelope protein binds to sodium taurocholate co-

transporting polypeptide (NTCP) receptors. NTCP are mainly expressed in liver transport 

bile salts and act as HBV entrance receptors (Ni et al. 2014, Yan et al. 2012). After binding 

to the receptors, the virus enters hepatocytes either by endocytosis or direct fusion of the 

virus envelope into the plasma membrane (Urban et al. 2010). The viral nucleocapsid 

containing partial double stranded relaxed circular DNA (ds-rcDNA) covalently bounded to 

the HBV polymerase, is released into the cytoplasm and transported to the nucleus via 

nuclear pore complex (NPC) (Blondot, Bruss, and Kann 2016, Ezzikouri et al. 2014). The 

viral polymerase completes the positive chain of rcDNA and both HBV DNA chains are 

converted into covalently closed circular DNA (cccDNA) by host DNA repair proteins. Viral 

cccDNA exists as stable mini-chromosomes that serve as transcriptional template to 

perform all viral RNA synthesis (i.e pre-genomic RNA and sub-genomic RNA) (Doo and 

Ghany 2010, Nassal 2015). The pre-genomic RNA (pgRNA) is involved in the synthesis of 

polymerase and core proteins, whereas subgenomic RNA encodes for the viral envelope 

proteins (HBsAg). The pgRNA are encapsidated into viral capsids with HBV polymerase 

and transported into the cytoplasm. Inside the capsid, pgRNA is reverse transcribed into 

cccDNA or occasionally dslDNA. These mature encapsulated rcDNA either exits the cell as 

infectious virions or are redirected to the nucleus where rcDNA is transcribed into cccDNA 

using intracellular conversion pathway. The dslDNA integrates randomly into the host cell 

genome and drives the expression of envelope proteins (Bill and Summers 2004). 
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Figure 1.1: Schematic representation of the Hepatitis B virus. The entire life cycle of HBV (1) 

attachment to the surface receptor NTCP, (2) viral entry into hepatocytes, (3) uncoating and the 

nuclear import of genome, (4a) formation of covalently closed circular DNA (cccDNA), (4b) DNA 

integration into host genome, (5) transcription of viral mRNAs (pregenomic RNA), (6) translation of  

HBV mRNAs into the large (L), middle (M), and small (S) surface, precore, core, polymerase (pol), 

and HBx proteins, (7) encapsidation of pgRNA and pol, (8) reverse transcription of viral DNA, (9) 

Assembly and (10) secretion of HBV virions from hepatocytes. (adapted from (Mohd-Ismail et al. 

2019) 

 

1.2.4 Epidemiology 

Hepatitis B infection is a serious health problem resulting in major chronic liver disease. 

According to the world health organization more than 290 million individuals are chronically 

infected with hepatitis B worldwide, resulting in 900,000 deaths each year (Polaris 

Observatory 2018). Hepatitis B virus has been classified into nine known genotypes (A-I) 

(Deny 2006), defined by >8% genomic divergence in the nucleotide sequence. These 

genotypes are further classified into 35 sub-genotypes with nucleotide divergence by 4% 

(Kramvis 2014, Pourkarim et al. 2014). Recently, a tenth putative genotype (J) isolated from 

a Japanese individual have been proposed (Tatematsu et al. 2009). 
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The HBV genotypes and sub-genotypes are associated with distinct geographical 

distributions; depending on the differences in their clinical consequences including the 

natural course of infection, transmission mode and treatment response (Kramvis 2016, 

Sunbul 2014). Genotype B, C and I are commonly found in Asia and Africa as well as other 

parts of developing countries with higher rates of vertical transmission (from mother to child) 

(Lin and Kao 2015). Genotype A, D and G are highly prevalent in Africa, Europe and Asia 

are associated with horizontal transmission via sexual contact or percutaneously by 

injection-drug use (Kramvis 2014, Liu and Kao 2013).  

Based on the pathogenesis, the individuals infected with genotype A, C, D and F show 

faster disease progression to liver cirrhosis and hepatocellular carcinoma (HCC) (Kramvis 

and Kew 2007, Lin and Kao 2015, Liu and Kao 2013). Whereas, all other genotypes 

respond to interferon-alpha treatment, genotype A and B show an increased virological 

response and a higher anti-HBe seroconversion than other HBV genotypes (Lin and Kao 

2015, Liu and Kao 2013). This treatment is not recommended for patients who are negative 

for the HBVe antigen (HBeAg) and infected with genotype D or E. Moreover, different 

stopping points are proposed for patients infected with genotypes A–D who have not 

responded to the therapy (Terrault et al. 2018). 

1.2.5 Animal models 

HBV infection is well documented for humans and chimpanzees. Chimpanzees are the only 

non-human primates that are immunocompetent and fully susceptible to HBV infection 

(Barker et al. 1973, Maynard et al. 1972) and result in both acute and chronic hepatitis B 

infection with immune response similar to humans (Wieland 2015). In addition to HBV, 

species-specific hepadnaviruses have been found in different animals such as eastern 

woodchucks (Marmota monax) (Summers, Smolec, and Snyder 1978), Beechey ground 

squirrel (Marion et al. 1986), and domestic ducks and goose species (Barker et al. 1975, 

Cova et al. 1990, Marion 1988). These viruses are known as woodchuck hepatitis virus 

(WHV), ground squirrel hepatitis virus (GSHV), and duck hepatitis virus (DHBV) 

respectively. 

Among the non-primate species, rodents are the most commonly used animal model 

organism in medical research. Additionally, tree shrew (Tupaia belangeri, order Scandentia) 

are small mammals showing more sequence similarity to humans than rodents have been 

employed as experimental model to study viral hepatitis and hepatocellular carcinoma 

(Walter et al. 1996, Xiao, Liu, and Chen 2017). Similarly, WHV infection in Chinese 

woodchuck species (Marmota himalayana, Marmota baibacina, and Marmota bobak) 

strongly resemble human HBV infection, therefore, these Chinese Marmota species are 
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used as animal models to develop new antiviral vaccines in treating chronic hepadnaviral 

infections (Wang et al. 2014, Wang et al. 2011). 

Furthermore, in vivo studies involving infection of duck hepatocytes with duck hepatitis virus 

(DHBV) has contributed substantially to our understanding in elucidating the mechanism of 

hepadnavirus replication and antiviral therapy (Mason 2015). 

1.2.6 Hepatitis B infection  

Hepatitis B virus (HBV) infection that attacks the liver of healthy individual causes wide 

range of clinical manifestations which result in either an acute infection or a chronic 

infection. In acute infection, most individuals do not experience any symptoms and recover 

from the illness within 6 months after eradication of virus in the presence of the 

immunoglobin antibodies. However, some individuals experience symptoms such as 

nausea, vomiting, jaundice and abdominal pain. In chronic infection, the individuals 

continue to remain positive for the hepatitis B virus for more than 6 months of infection. 

These individuals are at higher risk of developing chronic liver inflammation and fibrosis, 

which may lead to liver cirrhosis and hepatocellular carcinoma (HCC). 

1.2.7 Antiviral immune response 

Most pathogens upon entry into the host cell trigger first set of immune response known as 

innate immune response. Innate immunity activates set of cellular receptors such as natural 

killer cells (NK) which secrete a wide variety of antiviral cytokines (interferon-γ (IFN-γ), 

tumour necrosis factor-α (TNF-α) to destroy infected host cells and limit the infection from 

spreading. However, if the first line of defence does not clear the viral infection, the adaptive 

immune response involves activation of B lymphocytes and plasma cell which produce 

antibodies (CD+4 helper T cells, CD8+ cytotoxic T cells) against the viral envelope antigens 

leading to the clearance of circulating viral particles. This adaptive immune response has a 

memory component that protects the host from subsequent risk of reinfection. 

In vivo studies with experimentally infected chimpanzees have been used to study host 

immune response to HBV infection. The liver biopsies have showed that HBV does not 

induce an interferon-stimulated gene (IFN/ISG) expression early in the infection as it 

spreads through the liver (Cheng et al. 2017, Wieland et al. 2004). On the contrary, several 

studies have reported that HBV infection activates innate immunity and triggers the 

production of type I and III interferons. (Sato et al. 2015, Shlomai et al. 2014). 

Experimental studies have shown that HBV virions interfere with immune signalling 

pathways which leads to inhibition of interferons despite being recognized by the pattern 

recognition receptors (PRRs) (Cui et al. 2016, Luangsay et al. 2015, Liu et al. 2015, Kumar 

et al. 2011). According to one study, in early stages of HBV infection the hepatocytes 
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suppress IFN -β induction in response to stimulation with poly(I/C) or Sendai virus (SeV) 

infection (Luangsay et al. 2015). Despite this substantial evidence acquired in 

understanding the pathogenesis of HBV, our knowledge of the immune mechanisms of HBV 

are hampered due to technical and ethical constraints limited to HBV host range i.e. humans 

and chimpanzees. 

1.2.8 Viral Quasispecies  

Most RNA viruses exhibit very high replication rates (HBV has a high mutation rate 10-5 to 

10-4 base substitutions/site/year) and lack the proof-reading ability of viral polymerase 

during reverse transcription. (Osiowy et al. 2006, Zhou and Holmes 2007). The 

accumulation of mutations results in genetic diversity in the form of genotypes, subtypes 

and haplotypes also referred as quasispecies (QS). Quasispecies theory was initially 

formulated by Manfred Eigen and Peter Schuster to explain the origin of life (Eigen and 

Schuster 1977, Eigen 1971). Quasispecies are swarm of closely related but genetically non-

identical viral variants capable of surviving, rapidly adapting and propagating in a complex 

mutagenic environment (Domingo and Gomez 2007).  

Viral quasispecies mutate and evolve continuously by establishing a balance of mutations 

and selection pressure (Figure 1.2) (Comas, Moya, and Gonzalez-Candelas 2005). 

Variants with varying fitness experience both positive selection and negative (purifying) 

selection (Domingo and Holland 1997). In positive selection, the variants with high fitness 

becomes dominant in the viral population overtime. On contrary, negative selection is a 

process by which deleterious variants are removed from the viral population. Also, negative 

selection allows maintenance of low fitness variants that might out-compete higher fitness 

variants provided that these high fitness variants only constitute minor proportion of the 

entire viral population (de la Torre and Holland 1990, Domingo, Sheldon, and Perales 

2012). For a schematic distribution of a viral quasispecies population, see Figure 1.2. 
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Figure 1.2: Schematic quasispecies distribution. The left panel shows a schematic of a complete viral 

population with symbols representing mutations. The middle panel reveals the quasispecies 

distribution, after sorting all sequences by their shared, species defining, mutations. Some variants 

do have additional, individual mutations or sequencing errors. The right side visualises the proportion 

each species takes up from the overall population. (adapted from (Domingo and Gomez 2007)). 

Over the years, several bioinformatics tools have been developed to reconstruct viral 

quasispecies from high throughput sequencing data. In general, quasispecies are 

reconstructed either locally, in a genomic region which is completely covered by the average 

read length (Ezzikouri et al. 2014, Macalalad et al. 2012, Zagordi et al. 2010), or globally, 

over a large gene of interest or across the entire genome such that size of genomic region 

exceeds the read length (Salzberg et al. 2012). Eriksson and his coworkers proposed one 

of the earliest methods for viral population estimation using next-generation sequencing 

(NGS) (Eriksson et al. 2008). Since then, several methods have been developed for 

reconstruction of viral quasispecies which includes a probabilistic clustering algorithm 

ShoRAH (Zagordi et al. 2011), a combinatorial algorithm QuRe (Prosperi and Salemi 2012), 

a hidden markov model based scheme QuasiRecomb (Topfer et al. 2013), a novel 

reference assisted denovo assembly algorithm ViQuaS (Jayasundara et al. 2015), a 

probabilistic mixture model PredictHaplo (Prabhakaran et al. 2014) and an iterative maximal 

clique enumeration approach HaploClique (Topfer et al. 2014). Recently, low diversity 

(≤5%) quasispecies are constructed using sequential Bayesian inference method called 

aBayesQR (Ahn and Vikalo 2018). 

The information about genetically heterogeneous quasispecies play a vital role in 

understanding the host-viral interaction processes, anti-viral drug resistance and immune 

escape mutations (Mese et al. 2013, Rodriguez et al. 2013, Zhang et al. 2016). Hence, an 
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important aspect in the quasispecies reconstruction is to distinguish real mutations from the 

technical errors resulting during the sample preparation and sequencing. It is a vital factor 

in understanding many aspects of viral evolution, therefore, in recent years several 

bioinformatic tools have been developed by different sequencing technologies to overcome 

sequencing limitations (Prosperi and Salemi 2012, Topfer et al. 2013, Zagordi et al. 2011). 

1.2.9 Treatment of Hepatitis B 

There is no specific treatment to cure acute hepatitis B infection. However, acute hepatitis 

B patients are advised to rest well and maintain a healthy and nutritionally balanced diet by 

increasing fluid intake and avoiding alcohol consumption, smoking, and fatty/greasy foods 

that will prevent the development of fatty liver and its progression to chronic liver disease. 

Additionally, it is recommended to avoid unnecessary medications, which include use of 

vitamins, pain-killers (paracetamol or ibuprofen) and acetaminophen against vomiting. 

Chronic hepatitis B (CHB) treatment is limited to oral antiviral agents, either interferon 

(standard or pegylated INF) or Nucleos(t)die analogues (NUCs). In 1991, interferon-alpha 

(IFN-α) was approved as antiviral treatment for CHB, later substituted with pegylated 

interferon (Peg-INF-α) with improved pharmacokinetic properties and greater antiviral 

efficacy than the regular IFN (Craxi and Cooksley 2003). The two major forms of Peg-IFN 

(Peg-IFN- α 2a and Peg-IFN- α2b) are used to treat both HBeAg-positive and HBeAg-

negative chronic hepatitis B patients (Cooksley 2005, Woo, Kwok, and Ahmed 2017). 

In addition, five nucleoside analogues (NUCs) effectively used to treat chronic hepatitis B 

infection include lamivudine (LMV), telbivudine (TBV), adefovir dipivoxil (ADV), tenofovir 

(disoproxil fumarate, TDF; alafenamide, TAF) and entecavir (ETV) (Jordheim et al. 2013, 

Lampertico and Liaw 2012). Nucleoside analogues suppress the HBV replication by 

inhibiting the reverse transcriptase activity of HBV DNA polymerase during the antiviral 

therapy, with little or no risk of antiviral resistance (Gish et al. 2012, Zoulim and Locarnini 

2009). Several studies have reported that the mutations in reverse transcriptase region can 

help in establishing a correlation between the evolutionary dynamics of HBV quasispecies 

resulting in response to NUC antiviral therapy and the clinical outcomes of the treatment 

(Liu et al. 2011, Yang, Huang, et al. 2015). 

Recently, Nucleic acid polymers (NAPs) are characterized as the newest member of 

antiviral polymer family of compounds with broad spectrum antiviral activity against several 

enveloped viruses including hepatitis B and hepatitis D virus (Vaillant 2016). In HBV 

infection, NAPs have a unique ability to block the release of the hepatitis B virus surface 

antigen (HBsAg) from the HBV-infected hepatocytes in ducks (Noordeen et al. 2015, 

Noordeen, Vaillant, and Jilbert 2013b, a). The effective inhibition of HBsAg assembly and 

release was confirmed in vitro in HepG2.2.15 cells (Guillot et al. 2017). The clearance of 



 10 

HBsAg during NAP therapy is accompanied by substantial clearance or reduction of HBV 

DNA from the blood circulation. These effects were evaluated and validated in several 

clinical trials in hepatitis B e antigen (HBeAg)‐positive, HBeAg‐negative, HBV mono-

infected, and HBV/HDV (hepatitis D virus) coinfected patients (Al-Mahtab, Bazinet, and 

Vaillant 2016, Bazinet et al. 2017). In recent studies, NAPs (REP 2055 and REP 2139) 

antiviral performance have been investigated in HBV infected ducks, woodchucks 

chronically infected with WHV and other rodent models to improve our understanding on 

NAPs mode of action in hepadnaviruses (Quinet et al. 2018, Schoneweis et al. 2018). 

1.2.10 Vaccines against HBV 

Hepatitis B infection can only be prevented if the individual is vaccinated. In 1981, the first 

commercial vaccine "Heptavax" approved by FDA was developed from an inactivated 

purified HBsAg extracted from the plasma of chronically infected HBV individuals (Vitaliti et 

al. 2013). Later, in 1986, an approved concept of genetically engineered hepatitis B 

vaccines replaced the conventional vaccines. These vaccines were synthetically prepared 

and did not contain any of the blood products.  

The most effective way to prevent hepatitis B infection is to get vaccinated and immunized 

during infancy. Thus, it is highly recommended that all newborn infants receive first dose of 

HepB vaccine at the beginning of birth, followed by second and third dose given at 1-2 

months and 6-18 months of age. In 2017, a new hepatitis B vaccine “Heplisav-B“(Dynavax) 

approved by FDA is commercially used for adults aged 18 and older. The vaccine is 

administered in two doses over one month apart and provides immunization against all 

known subtypes of hepatitis B virus (Splawn et al. 2018). 

1.3 Hepatitis D virus 

Hepatitis Delta is one of the five known hepatitis viruses caused by the hepatitis delta virus 

(HDV). HDV is the smallest known RNA virus, unable to infect hepatocytes by itself and 

requires the presence of helper Hepatitis B virus for its infection and replication. The 

infection causes inflammation of liver, which eventually leads to liver cirrhosis, fibrosis, liver 

decompensation and hepatocellular carcinoma. 

1.3.1 Discovery of HDV 

Hepatitis D virus (HDV), was identified in 1977 by Mario Rizzetto and colleagues as a novel 

antigen-antibody system (called δ antigen/anti-δ antibodies) in the liver biopsies of 

individuals infected with hepatitis B virus (HBV) (Rizzetto et al. 1977). Years later, 

subsequent experiments in chimpanzees confirmed that δ antigen was a structural 

component of transmissible pathogen (HDV) which requires the presence of HBV to 

complete its life cycle (Rizzetto et al. 1980). In fact, HDV requires the HBV envelope 
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proteins (HBsAg; Hepatitis B surface antigen) to act as a helper for the assembly and 

transmission of HDV virions. For this reason, the HDV is considered as a defective or 

satellite virus of hepatitis B virus (HBV).   

1.3.2 Genomic structure of HDV 

HDV is a small, spherical particle of about 35-37 nm in diameter, and is considered the 

smallest virus known to infect humans (Wang et al. 1986). The viral genome is a single-

stranded, negative-sense circular RNA molecule of approximately 1680 nucleotides, with 

an extremely high degree of intramolecular complementarity (self-annealing) (~74%) that 

results in an unbranched rod-like structure (Lai 1995, Taylor 2006). The genome expresses 

single open reading frame (ORF) which encodes the delta antigen (HDAg) in two different 

forms; the small delta antigen [S-HDAg; 195 amino acids, 24 kDa] essential for replication 

of RNA genome and large delta antigen [L-HDAg; 214 amino acids, 27 kDa] which arises 

as a consequence of posttranslational RNA editing event results in additional 19 amino acid 

at is the C terminus (Casey 2012, Chang et al. 1991) (Figure 1.3). 

 

Figure 1.3: Structural representation of HDV virion. Genomic RNA folds into rod-like structure to 

form ribonucleoprotein (RNP) surrounded by HBsAg envelope proteins, the S-, M- and L-HBsAg 

modified from (Sureau 2006). 

 

The delta antigen isoforms (S-HDAg and L-HDAG) consists of three functional domains, 

coiled-coil sequence also known as dimerization domain (CCD, 12-60 amino acid), nuclear 

localization signal (NLS, 66-75 amino acids) sequence (Alves, Freitas, and Cunha 2008) 

and RNA-binding domain (970-146 amino acid) (Lee et al. 1993). In addition, L-HDAg 

comprises of an additional functional domain, a nuclear export signal (NES, 198-210 amino 

acid) (Lee et al. 2001). Both S-HDAg and L-HDAg are localized in the nucleus since they 

carry nuclear localization signals (NLS). However, only L-HDAg is translocated to HBsAg 
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in the cytoplasm as it contains nuclear export signal (NES) required for the assembly of 

HDV virions (Lee et al. 2001). 

1.3.3 Life cycle of HDV 

Although the life cycle of HDV is not clearly understood, it is assumed that HDV exhibits the 

same mechanism of entry into the hepatocytes as HBV, since both viruses share common 

envelope protein (HBsAg) (Sureau and Negro 2016). HDV virion enters the hepatocyctes 

by binding to negatively charged heparin sulphate proteoglycans (HSPGs) present on the 

surface of host cell membrane (Lamas Longarela et al. 2013). In 2012, Yan and his 

colleagues identified human sodium taurocholate co-transporting peptide (hNTCP, encoded 

by SLC10A1), a putative receptor for HDV and HBV entry into hepatocytes (Yan et al. 2012). 

The myristoylated N-terminal amino acids of Pre-S1 region of L-HBsAg is essential for both 

HDV and HBV entry into the hepatocytes (Ni et al. 2014, Yan et al. 2012).  

Following the attachment and entry of HDV virion into the hepatocytes, the virus uncoats 

and the viral genome released in the cytoplasm is transported by HDAg to the nucleus 

where replication takes place. Unlike other RNA viruses, HDV lacks its own RNA-dependent 

RNA polymerase and requires the host cell DNA-dependent RNA polymerase to replicate 

its genome (Modahl et al. 2000, Taylor 2009). RNA polymerase I and II interacts with S-

HDAg and mediates replication through rolling-circle mechanism and results in synthesis of 

three different RNA transcripts, circular genomic RNA, circular complementary anti-

genomic RNA and a linear anti-genomic RNA (Abeywickrama-Samarakoon et al. 2018, 

Yamaguchi et al. 2001). During replication, post translational modification of amber/W site 

on linear anti-genomic RNA by adenosine deaminase 1 (ADAR1), results in extension of an 

additional 19 amino acid which leads to the production of L-HDAg (Casey 2012). 

1.3.4 Animal models of HDV 

For many years, researchers considered HDV infection rare and limited to humans only. As 

mentioned previously, HDV requires helper functions of HBV to propagate HDV infection. 

Thus, the host range of HDV is limited to species that support the HBV replication. Among 

the animal models, chimpanzees and eastern woodchucks are known hosts of human HBV 

and WHV1 and are capable of supporting HDV replication and propagation (Casey and 

Gerin 2006, Negro et al. 1988, Negro et al. 1989).  

Recent studies have demonstrated novel discoveries of HDV-like sequences in animals 

such as snakes (Boa constrictor) (Hetzel et al. 2018), ducks (Anas species) (Wille et al. 

2018), rodents (Proechimys semispinosus) (C. Drosten personal communication) fish, 

amphibians and invertebrate (termites) (Chang et al. 2019). Most of these viruses have 

similar genomic features including size, circular and unbranched rod-like structures. The 
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snake derived HD protein bears 50% with the L-HDAg (Hetzel et al. 2018) whereas the duck 

associated HDV protein shares homology of 32% (Wille et al. 2018). 

These exciting new findings based on different animal models are not only important in 

understanding the origin of HDV, but also shed light on main characteristics of HDV 

infection, mechanisms of host immunological response, development of novel treatment 

and vaccination strategies to cure and control HDV infection. 

1.3.5 Epidemiology 

The HDV RNA exhibits significant sequence heterogeneity, with an estimated mutation rate 

of 3 x 10-2 and 3 x 10-3 base substitutions per nucleotide per year (Lee et al. 1992). HDV 

infection has been reported from around the globe, with variable prevalence rates, clinical 

features and epidemiological characteristics (Nath et al. 1985). Globally, approximately 15-

20 million people are infected with HDV (Alfaiate, Deny, and Durantel 2015, Chen et al. 

2018, Rizzetto 2015).  

The genetic heterogeneity is different along the HDV genome with highly conserved 

structural and functional domains (Chao et al. 1990). Initially, the nucleotide sequence 

analysis of the delta antigen-coding region in the antigenomic strand of HDV RNA classified 

the HDV isolates into three distinct genotypes (Casey et al. 1993). At present, great number 

of HDV cases have updated the proposed HDV nomenclature to eight major genotypes, 

HDV-1 to HDV-8 recognized with distinct geographical distributions and associated clinical 

features (Alvarado-Mora et al. 2013, Radjef et al. 2004, Le Gal et al. 2006). HDV is highly 

endemic in populations with a high prevalence of HBV infection, such as in Middle eastern, 

Amazonian, Mediterranean, and African countries (Husa et al. 2005).  

In recent years, several countries in Europe (Italy, Spain, Germany etc.) (Gaeta et al. 2000, 

Navascues et al. 1995, Sagnelli et al. 1997), South East Asia (China, Taiwan) (Huo et al. 

1997, Yang, Yu, et al. 2015) and Turkey (Degertekin, Yalcin, and Yakut 2006) experienced 

significant decline in HDV prevalence. This is mainly as a result of successive HBV 

vaccination campaigns, accelerated efforts for hepatitis B prevention and treatment and 

improved socioeconomic conditions. However, the incidence of HDV infection still persists 

in western countries due to increased immigration from endemic regions, intravenous drug 

use, high risk sexual practices and reuse of unsterilized equipment’s for medical and dental 

care (Gish et al. 2013, Ho et al. 2013, Jakubovics, Greenwood, and Meechan 2014, Kucirka 

et al. 2010). 

1.3.6 Pathogenicity 

HDV infection is clinically associated with two major modes of infection: HBV/HDV co-

infection and HBV/HDV super-infection. A third, rare mode of infection is reported as helper 
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independent latent infection. Co-infection, is simultaneous infection with both HDV and HBV 

clinically similar to HBV mono-infection, translates into acute hepatitis which leads to severe 

liver disease like fulminant hepatitis with 90-95% recovery rate in adults (Yurdaydin et al. 

2010). Super-infection develops in individuals with pre-existent or persistent HBV infection, 

evolves into a chronic infection in 90% of the cases which rapidly progresses to chronic liver 

disease, cirrhosis and liver cancer commonly known as hepatocellular carcinoma (HCC) 

(Negro 2014). Helper independent latent infection occurs after liver transplantation, where 

the new liver graft gets infected with HDV without the presence of HBV. HBV is prevented 

by administering hepatitis B immunoglobins. The infection may remain asymptomatic only 

if and when HBV is reactivated with reappearance of HBeAg and high levels of HBV DNA 

(Ottobrelli et al. 1991).  

1.3.7 Treatment 

There are currently no vaccine available to prevent Hepatitis D infection. However, prior 

immunization against hepatitis B greatly reduces the risk of developing hepatitis D infection, 

since HDV requires the HBV surface antigens (HBsAg) to cause infection. Currently, limited 

therapeutic options are available to treat hepatitis D infection. A successful treatment of 

HDV infection involves complete eradication of HDV (i.e. clearance of both HDV RNA and 

HDAg) accompanied by decline in serum levels of HBsAg.  

Since 1980s, Interferon-α (IFN-α) have been used to treat hepatitis D infection. Several 

studies involving long-term administration of recombinant interferons (IFN-α) have shown 

antiviral activity in most clinical trials (Farci et al. 1994, Hadziyannis 1991). In 2006, 

standard IFN-α was replaced by long-lasting pegylayed IFN-aplha (Peg-IFN-α) 

administered weekly for atleast one year demonstrated better virological response when 

compared with standard IFN-α (Castelnau et al. 2006, Erhardt et al. 2006, Niro et al. 2006). 

Other antiviral drugs such lamivudine, adefovir dipivoxil, famciclovir, entecavair and nucleic 

acid analogues have displayed promising results in treating chronic hepatitis B individuals. 

However, these antiviral agents appear ineffective against HDV in either monotherapy or in 

combination with IFN-alpha (Kabacam et al. 2012, Lau et al. 1999, Niro et al. 2006, Wolters 

et al. 2000, Yurdaydin et al. 2002).  

Recently, new antiviral therapeutic agents are under clinical trials to treat chronic hepatitis 

D infections. Pegylated interferon lambda (PEG-IFN-λ) is a type III interferon induces 

interferon stimulated genes (ISG) that promotes cell-mediated immune response against 

the viral infection. IFN-λ showed comparable antiviral effects in HBV/HDV infected 

humanized mice (Giersch et al. 2017). IFN-λ is under phase II clinical trials to assess the 

effectiveness against HDV both in monotherapy and in combination with lonafarnib and 

ritonavir.  
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Lonafarnib is a farnesyl-transferase inhibitor (FTI) that prevents the farnesylation of C-

terminal Cys211 residue in L-HDAg. The clinical trials revealed decline in HDV RNA serum 

levels both in vitro and in mouse models (Bordier et al. 2002, Bordier et al. 2003). These 

reductions are directly associated with decrease in HDV virion assembly and secretion from 

hepatocyctes (Koh, Canini, et al. 2015, Yurdaydin et al. 2018). Myrcludex B is a myristolated 

lipopeptide consisting of pre-S1 N-terminal (2-48 amino acids) of L-HDAg and inhibits the 

entry of HBV and HDV in hepatocytes (Gripon, Cannie, and Urban 2005). This drug targets 

the bile acid transport function of sodium taurocholate co-transporting polypeptide (NTCP) 

and inhibits virus uptake in the cell (Blank et al. 2016, Blank et al. 2018, Bogomolov et al. 

2016).  

Nucleic acid polymer (REP 2139-Ca) are negatively charged oligonucleotides with broad-

spectrum antiviral activity against several viruses (HIV, HSV and LCMV) (Vaillant 2016). 

Although, NAPs mode of action remains debatable, NAPs tested in duck HBV model system 

has shown to interfere with both the duck HBV virus entry and release of DHBsAG from the 

hepatocytes (Noordeen et al. 2015, Noordeen, Vaillant, and Jilbert 2013b). The safety and 

efficacy of NAP REP 2139-Ca were assessed in HBV infected patients and chronic HDV 

patients (Bazinet et al. 2017). Both trials showed reductions in HBsAg serum levels 

accompanied by strong reductions of HBV DNA. 

1.4 Cloning and nucleotide sequencing 

In 1975, Frederick Sanger and his colleagues developed an original DNA sequencing 

method based on incorporation of dideoxynucleotide (causing chain termination) by DNA 

polymerase during in-vitro DNA replication (Sanger 1975). This first-generation DNA 

sequencing method also known as Sanger sequencing or the chain termination method is 

considered gold standard in clinical research (Liu et al. 2011). However, this method is 

expensive, time-consuming, labour intensive, and incapable of detecting low frequency 

mutations. Therefore, Sanger sequencing services are now being discontinued in different 

clinical laboratories. 

Over the past decade, rapid advances in high-throughput sequencing technologies have 

led to the development of more efficient and cost effective methods to sequence large 

genomes (Kircher and Kelso 2010). These are also known as second generation 

sequencing often referred as next generation sequencing (NGS) methods. These 

technologies allow massive parallel sequencing of long DNA or RNA fragments with 

increased sensitivity of detecting low-frequency genetic variants in a heterogeneous 

population. The commercially available second generation NGS technologies include 

instruments from Illumina, Roche 454 and Life Technologies.  
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In recent years, “Nanopore sequencing”, also known as “third generation“ sequencing 

technology is used to sequence long DNA or RNA molecules (up to 2MB reads) without the 

need for PCR amplification and chemical labelling of the sample. Among the third 

generation sequencing technologies include Pacific Biosciences (PacBio), Illumina Tru-Seq 

Synthetic Long-read technology and Oxford Nanopore technologies. 

1.4.1 Next Generation sequencing pipeline 

The pipeline used to analyse NGS data comprises of two main sections, wet-lab 

experiments followed by bioinformatics analysis of sequence data. The wet-lab experiments 

involve sample preparation, and library amplification, whereas, the bioinformatics analysis 

comprises of customized workflow of integrated tools and methods to analyse biological 

data. The bioinformatics tools include sequence analysis algorithms, computational and 

statistical techniques to analyse sequences. In NGS, different platform technologies follow 

the same eight major steps (See Figure 1.4). 

 

Figure 1.4: Workflow of NGS data analysis. The steps involved in high-throughput sequencing of 

biological data (1) library preparation, (2) amplification, (3) sequence reads, (4) quality control/ read 

filtration, (5) alignment, (6) variant calling, (7) annotating variant calls, (8) interpretation of variants. 

 

i. Library preparation: The first critical step in NGS workflow involves preparing high quality 

and high-yield sequence library. The genomic isolates (DNA or RNA) are sheared into 

smaller fragments (150-5,000 bp) depending on the sequencing platform. The desired 

fragment libraries are generated using two different fragmentation methods, mechanical 

shearing or enzyme-based fragmentation (Head et al. 2014, Knierim et al. 2011). 

Mechanical shearing methods include needle-shear (such as tuberculin syringe), 

nebulisation, acoustic shearing (high frequency energy waves) and sonication (ultrasound). 
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On the contrary, enzyme-based methods are based on transposons and restriction 

enzymes (such as endonucleases) (Marine et al. 2011). The small fragments as a result of 

fragmentation process known as reads, have short overhangs (sticky ends) of 5’-phosphate 

and 3’-hydroxl groups. These ends are repaired by adenylation at 3’ end resulting in adapter 

ligation that is important for amplification. During the library preparation, individual barcode 

sequences are added to the DNA fragments (i.e. reads) to facilitate multiple sequencing of 

various samples in the same run (Dodt et al. 2012).  

ii. Amplification: After library preparation, the next step in NGS pipeline is clonal amplification 

to generate hundreds and thousands of copies for each read. The library is loaded onto the 

flow-cell and the fragments are amplified using clonal amplification methods such as 

emulsion PCR or bridge amplification. In emulsion PCR, amplification is carried out within 

water droplet floating on an oil solution (Dressman et al. 2003, Nakano et al. 2003). In bridge 

amplification, the denatured DNA fragments (ssDNA) is hybridized to the flow-cell’s surface 

bound forward and reverse oligos that are complementary to the library adapters 

sequences. Hybridized at one end, the singe stranded DNA then folds over to form a bridge 

and bind to adapter complementary oligos at the other end. DNA polymerase adds 

nucleotides to amplify DNA, and clonal cluster is generated as the original strand is washed 

away leaving complementary strands of amplified DNA attached to the flow cell (Pemov et 

al. 2005). 

iii. Sequencing: The amplified DNA fragments are sequenced using different NGS technology 

platforms that are commercially available, such as Roche 454 sequencing, Illumina (Solexa) 

sequencing, Solid Ion Torrent (Proton / PGM sequencing), Pacific Biosciences and 

Nanopore technology (Table 1.1).  

Roche 454 sequencing is based on sequencing-by-synthesis approach called 

pyrosequencing. A technique that detects pyrophosphate release (PPi) after the nucleotides 

are incorporated by polymerase to a new strand of DNA. Roche 454 sequencing produces 

sequence reads with average read length of 700bp and some reach up to 1000 bp in length. 

However, 454 pyrosequency technology has been discontinued in 2013. 

Illumina (Solexa) sequencing is based on four color sequencing-by-synthesis approach that 

works by identifying DNA bases (A, T, C or G). Each base emits a unique fluorescent signal 

as it is added to the nucleic acid chain. Illumina offers sequencing with longer reads ranging 

between 100 to 300 bp in length. Illumina platforms mainly differ in read length, run time 

and the amount of DNA sequenced in each run (Table 1.1). 
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Table 1.1: Comparison of next generation sequencing platforms. Different attributes and key 

features of different sequencing platforms include company, sequencing platforms, run time, 

maximum output, and read length. 

 

SOLiD sequencing uses emulsion PCR and a dye-labelled oligonucleotide ligation 

approach (such as DNA ligase). The maximum read length of SOLiD sequencing is 75 

bases. 

Ion Torrent (Proton / PGM sequencing) measures the release of H+ (protons) during the 

incorporation of nucleotide by DNA polymerase. This technology differs from the previous 

two methods as it does not measure light intensity. As in other kinds of NGS, the input DNA 

or RNA is fragmented into ~200 to 400 bp in length.  

PacBio sequencing uses SMRT (Single Molecule Real Time) technology where single DNA 

molecule is sequenced by immobilized DNA polymerase inside a ZMW (Zero-Mode 

Wavelength). The fluorescent dNTPs releases a small amount of light during nucleotide 

base incorporation. The light signal is tracked in real time. PacBio reports an average read 

length of over 10,000 bp and can reach upto 60,000bp. 

Nanopore sequencing works by measuring the changes in the electric current as nucleic 

acids are passed through a protein nanopore. Oxford Nanopore technologies developed a 

portable nanopore DNA sequencer referred as the MinION. It is highly compact and efficient 

sequencer that connects to a computer via USB. The handheld device was first tested 

during Ebola virus outbreak in west Africa (Hoenen 2016, Hoenen et al. 2016). It rapidly 

sequenced Ebola samples on-site within 15-60 minutes. 
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All sequencing technologies offers raw sequence data in the form of reads (20 to 1000 bp) 

stored in FASTQ format which contains both nucleotide sequence and its corresponding 

quality scores. These reads can be either ‘single-ended’ or ‘paired-ended’. Paired end reads 

are produced when the fragment size is longer than 500 bp. 

iv. Quality control & Read Filtration: After sequencing is complete, the read data is in 

electronic form can be processed to generate whole genome or a specific gene sequence 

by using bioinformatics NGS pipeline. Although quality control and filtration is the fourth 

step in the generation of full analysable sequence, it is first step in the bioinformatics NGS 

pipeline. The quality control is a vital step in assessing the quality of the raw sequenced 

reads using FastQC (Andrews 2010) and produces a detailed report on the number, quality 

and coverage of reads. The read filtration involves identifying and  removing low confidence 

and erroneous reads, followed by clipping of adapters and truncating low quality bases from 

3’ and 5’ end of the reads (PHRED threshold <20) using software’s such as CutAdapt 

(Martin 2011), Trimmomatic (Bolger, Lohse, and Usadel 2014) etc. 

v. Alignment: Once the high read quality data is obtained, millions of raw sequence reads 

(single-end or paired-end) are mapped and aligned using either a reference based 

assembly (in which reference sequence is available) or denovo assembly (in the absence 

of a reference sequence). The sequence reads of variable lengths are aligned using 

different bioinformatics alignment tools such as BWA (Li 2013), Bowtie (Langmead et al. 

2009), and TopHat (Trapnell, Pachter, and Salzberg 2009). These heuristic based aligners 

allow fast sequence alignment and generate a consensus sequence from the alignment by 

searching the overlapping portions of the reads and merging them into longer reads in order 

to construct region of interest i.e. genes or whole genome. The main aim of this step is to 

generate a consensus sequence from the millions of reads, based on nucleotide base 

frequency in all mapped reads at each position. A consensus sequence shows the genetic 

make-up at the time of sample collection. This step marks the completion of sequence 

generation for part or whole genome. The following steps are important for in depth analysis 

beyond generation of only a single consensus sequence. 

vi. Variant identification: Next generation sequencing is not only time efficient, it can also 

provide the data for an in-depth sequence analysis. Variant analysis uses the read file to 

determine the conserved and variable nucleotides at specific positions across the length of 

entire gene of interest. As this process involves statistical calculations spanning over 

millions of reads, it is both time and computationally intensive process.  

The variations within the genomic sequences such as SNPs (single nucleotide 

polymorphism), SNV (single nucleotide variants) also known as single position diversity 

estimation, and indels (insertions and deletions) are detected using software’s such as 
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SAMtools (Li et al. 2009), Genome Analysis Toolkit (GATK) (McKenna et al. 2010) and 

VarScan (Koboldt et al. 2009, Koboldt et al. 2012). Both SAMtools and GATK uses the 

bayesian probabilistic approach to identify true variants from alignment errors, whereas 

VarScan uses heuristic approach. 

vii. Annotation: The detected genetic variants are annotated and interpreted based on the 

published peer-reviewed literature and number of public disease specific databases. The 

databases such as Human Gene Mutation Database (HGMD) (Cooper, Ball, and Krawczak 

1998, Cooper, Stenson, and Chuzhanova 2006, Krawczak et al. 2000), CliVar (Landrum et 

al. 2016), and locus-specific databases (LSDBs) (Fokkema, den Dunnen, and Taschner 

2005, Fokkema et al. 2011, Lanthaler et al. 2014) interpret genetic variants associated with 

different diseases. COSMIC, Catalogue of somatic mutations in cancer is a curated 

database encompassing somatic variants identified in human cancers (Forbes et al. 2011, 

Sachdev et al. 2013).  

viii. Interpretation of variants: Lastly, medical professionals will interpret these variants and 

obtain the patient’s clinical history in order to establish a link between the genetic variant 

and the disease to make an accurate diagnosis. This includes examining different disease 

pathways and gene network analysis and identifying actual mutations causing the disease. 

1.4.2  Applications of NGS in clinical practice 

The NGS technologies have several applications in various research fields to solve diverse 

range of biological problems. Applications of NGS include whole-genome sequencing, gene 

expression, transcriptome profiling, and epigenetics. NGS has enabled the researches to 

sequence large segments of the genome (i.e. whole-genome sequencing) and provide 

insights into identifying and understanding the genetic variants such as single nucleotide 

variants (SNVs), single nucleotide polymorphisms (SNPs), insertions and deletions of DNA, 

re-arrangements such as translocation and inversions associated with complex diseases 

such as cancers for further targeted studies (Peng et al. 2015).  

Recently, RNA sequencing (RNASeq) approach is used to uncover genome wide 

transcriptome characterization and profiling (Koh, Park, et al. 2015). Analysis involving 

genome wide gene expression (i.e. gene transcription, post-transitional modifications and 

translation), and molecular pathway analysis provide a deeper understanding of gene 

regulation in neurological, immunological and other complex diseases. Other applications 

include studying heritable changes in gene regulation that occur without a change in the 

DNA sequence. Epigenetics play a significant role in growth, development, and disease 

progression. The studies on epigenetic changes in cancer provide insight into important 

tumorigenic pathways (Kinsella et al. 2011, McPherson et al. 2011).  
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1.5 Phylogenetics 

Darwin‘s theory of evolution has been the most widely-accepted model of how set of 

different species have evolved from a common ancestor. In biology, the study of 

evolutionary history and relationship among organisms is called phylogenetics (originates 

from Greek word phyle meaning tribe or race and genesis meaning origin or birth).  

Next generation sequencing provides the sequencing depth and coverage for identifying 

genetic variants and generating distinct clusters of evolutionary related sequences. 

Phylogenetics can be used to compare two or more sequences, analyse gene families 

including functional predictions and estimate evolutionary relationships among different 

organisms or species based on inferences about patterns of characteristics inherited from 

common ancestor (Lemey et al. 2009). Constructing phylogenetic tree is a two-step process 

(1) sequence alignment (2) building a tree (Figure 1.5). 

1.5.1 Sequence alignment 

The first step in constructing a phylogenetic tree involves performing an alignment on set of 

DNA or protein sequences using multiple sequence alignment programs such as 

ClustaOmega, T-Coffee, MAFT or MUSCLE.  Sequence alignment is the most critical step 

in any phylogenetic analysis. The outcome of the analysis depends entirely on whether the 

sequences were accurately aligned.  

1.5.2 Building a tree 

These alignments are then employed by different phylogeny reconstruction programs to 

construct phylogenetic trees using different tree building methods. These methods are 

divided into two major categories: phenetic methods based on genetic distances and 

cladistic methods based on characters (Figure 1.5). 
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Figure 1.5: Process in constructing a phylogenetic tree. Step 1 create a multiple sequence 

alignment, Step 2 select a phylogenetic substitution model, Step 3 tree building and tree visualization. 

 

1.5.3  Distance-based Methods 

Neighbor Joining and unweighted pair group method (UPGMA) are one of the most 

common distance-based methods. These methods construct the evolutionary tree based 

on only pre-determined value for observed genetic distance value between the sequences 

being classified. 

1.5.4  Character-based Methods 

Character-based method assume that each individual substitutions among the sequences 

is independent of its neighbors. The most commonly used character-based methods are 

Maximum parsimony (minimum evolution) Maximum likelihood.  

Maximum parsimony searches for the tree with the minimum number of evolutionary 

changes required to explain (tree) the differences observed in the sequences. It is used to 

construct phylogenetic trees for similar set of sequences with small amount of variations. 

Whereas, Maximum likelihood build trees based on mathematical model. These methods 

find the tree based on calculating probability that best account for large amount of variations 

in the sequence. Some of the phylogenetic programs using both distance-based and 

character-based methods include PHYLIP (Felsenstein 1989), Paup (Wilgenbusch and 

Swofford 2003), Puzzle (Schmidt et al. 2002), and MEGA (Kumar et al. 2008). 
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1.5.5  Bayesian inference 

Bayesian inference refers to a probabilistic method based on Bayes Theorem developed 

by Reverend Thomas. The Bayesian inferences produce phylogenetic trees using similar 

approach to the maximum likelihood method. It assumes a prior probability distribution of 

all the possible trees to generate a phylogenetic tree. Bayesian methods uses Markov chain 

Monte Carlo (MCMC) algorithms. Some of the tools using Bayesian inference to construct 

phylogenies include MrBayes (Ronquist et al. 2012), PhyloWGS (Deshwar et al. 2015) and 

BEAST (Suchard et al. 2018). 

1.5.6 Nucleotide substitution models 

The use of maximum likelihood algorithm in developing phylogenetic hypotheses requires 

a model of evolution. Among the most widely used nucleotide substitution models with 

different combinations of parameters for DNA site substitutions include, Jukes-Cantor (JC): 

equal base frequencies, all substitutions equally likely (T.H and C.R 1969). Felsenstein 

1981 (F81): variable base frequencies, all substitutions equally likely (Felsenstein 1981). 

Kimura 2-parameter (K80): equal base frequencies, one transition rate and one 

transversion (Kimura 1980). Hasegawa-Kishino-Yano (HKY): variable base frequencies, 

one transition rate and one transversion rate (Hasegawa, Kishino, and Yano 1985). 

Tamura-Nei (TrN): variable base frequencies, equal transversion rates, variable transition 

rates (Tamura and Nei 1993). Kimura 3-parameter (K3P): variable base frequencies, equal 

transition rates, two transversion rates (Kimura 1981). 

1.5.7 Statistical assessment 

Once the phylogenetic tree is constructed. Bootstrapping is a well-known and most 

frequently used method for estimating the reliability of statistical methods. During the 

bootstrap method, the authenticity of the resulting tree topology is confirmed by creating a 

new sequence alignment by random sampling and building a tree based on the new 

alignment. This process is repeated several times (usually 1000 pseudoreplicates)  to 

generate a probability for particular branch point that occurred in all the trees built 

(Felsenstein 1985). Higher the bootstrap value (90-100) the more statistically significant are 

the branch points. 

1.5.8 Applications of Phylogenetics 

Phylogenetics is widely used to compare genetic sequence of different organisms (plants, 

animals, bacteria, and viruses) and identify new clusters and estimate their evolutionary 

relationships. Several phylogenetic methods have been used to study rapidly evolving 

populations such as viruses causing various infectious diseases. Phylogenetic analysis of 

viral population also estimates the mutation rate to understand the viral evolution which 
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might lead to the identification of new species or group referred as quasispecies. The 

International Committee on the Taxonomy of Viruses (ICTV) uses phylogenetic analysis for 

the taxonomic classification of various viruses. 

1.6 Motivation 

Among the viruses, the two viruses i.e., Hepatitis D virus and Hepatitis B virus which belong 

to group V and VII, are the main focus of this thesis. The first part of thesis is dedicated to 

Hepatitis B virus with focus on deep sequencing analysis of HBV S region in HBeAg positive 

chronic patients under REP 2139 antiviral therapy. In this study we addressed the following 

aims: 

I- Characterization of HBV S protein (376bp) quasispecies in patients from different 

phases of treatment to better understand its outcome. 

II- Investigate possible sequence differences among the quasispecies between the 

Responder and Nonresponder patients, which could help understand mechanism of 

the drug action. 

III- Investigate to what extent the accumulation of mutations in HBsAg region may be 

responsible for resistance. We need to investigate whether the patients who are low-

responder have quasispecies population, as in patients having an early reduction of 

viremia and HBsAg. 

IV- Explore and identify the mutations within the “a” determinant region which results in 

reduced detection of HBsAg by standard diagnostic assays.  

The second part of thesis is dedicated to Hepatitis D virus, revisiting the taxonomical 

classification of Hepatitis D based on 116 HDV sequences from our cohort together with 

publicly available data from the GenBank. In particular, we focused on the subtyping of 

European HDV genotype-1 isolates based on new approach which employs non-redundant 

HDV sequences to: 

I. Identify new subtypes within HDV genotype 1 and other HDV genotypes (2-8) 

II. Classify these subtypes with unique evolutionary distances and distinct 

geographical distribution.  

III. Estimate the genetic heterogeneity based on nucleotide differences across 

genotypes and subtypes. 

IV. Identify amino acid specific signatures for the proposed subtypes. 

The third part of thesis is dedicated to development of a novel database, Hepatitis Delta 

Virus database (HDVdb: (http://hdvdb.bio.wzw.tum.de/). The aim of the study was to: 

I. Present all the publicly available Hepatitis D virus sequences under one platform i.e. 

Hepatitis Delta Virus Database (HDVdb). 
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II. View and retrieve HDV sequences i.e. HDV complete genome, L-HDAg, S-HDAg 

and partial sequences. 

III. Identify genotypes of HDV 

IV. Provides sequence analysis services such as building a phylogenetic tree, 

predicting primers and constructing multiple sequence alignments.  

V. Access to external research tools and software’s to facilitate sequence analysis. 
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2 Methods and Materials 

The methodology section is divided into three major parts. The first part focuses on the 

techniques and approaches involved to process and analyse deep sequencing data from 

chronic HBV patients under REP 2139 therapy using Next generation sequencing 

technology, whereas, the second part focuses on methods involved in performing 

phylogenetic analyses to understand evolution of HDV genes. Lastly, the third part focuses 

on the methods involved in the creation and development of the database for Hepatitis D 

Virus. 

2.1 Longitudinal Evolution of HBV quasispecies  

2.1.1 HBV samples 

Twelve chronically infected HBV patients with different clinical diagnosis were enrolled in 

REP 102 study (REP 2139-Ca therapy) at Farabi General Hospital (Dhaka, Bangladesh). 

For each patient, three samples were withdrawn over the course of treatment with interim 

times between 35 and 447 days. In addition to these 12 patients, 3 control patients were 

also included in the study. 

2.1.2 Read Statistics 

The Illumina sequencing technology generated raw read files in FASTQ format for each 

sample. A FASTQ file is text-based file contain biological data (nucleotides) along with 

quality scores. Each sample corresponds to two read files with -R1.fastq.gz and -

R2.fastq.gz extensions suggesting paired-end sequencing run. As for the reference 

sequence, a nucleotide sequence coding only small surface Hepatitis B Antigen protein 

(157-837bp in length) with accession number NC_003977 was selected for the analysis. 

The reference sequence NC_003977 belongs to Hepatitis B strain ayw. 

2.1.3 Filtering and Trimming 

For each sample, quality of the raw sequence reads were analysed using FastQC (version 

0.10.1). Upon visualization, we observed a slight quality decline towards the end of the 

reads, illustrating the need to perform quality filtering and trimming. We, furthermore, filtered 

all the reads with possible contamination of adapter or primer sequences using 

Trim_Galore. Trim_Galore uses Cutadapt to remove adapters and performs quality clipping 

from either the 5’ or 3’ end of the reads with a PHRED threshold of 20. The use of Q20 

filtering was addressed to recover sequencing errors and eliminate all false-positive variants 

generated by PCR errors during the sequencing process so that these sequence reads 

could be used to detect viral variants in low abundance with great level of confidence.  
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2.1.4 Read Mapping  

After filtration, the sequence reads were mapped to a reference sequence NC_003977 

using a read alignment tool known as Burrows-Wheeler Aligner (BWA). At first the reference 

sequence has to be converted into a format usable by the BWA. For this purpose, bwa 

provides the tool BwaIndex. In the next step every paired read archive is aligned to the 

given reference with the Bwa tool Bwa Aligner. The output of the program is a sam-file for 

every paired read archive that can then be further examined. 

2.1.5 Coverage 

To get an overview of the distribution of the aligned paired reads, we decided to plot the 

number of aligned reads per reference position. Therefore, we used the mpileup command 

of the samtools program version 0.1.18. Beforehand, the sam files created by Bwa had to 

be sorted and indexed into bam file using Picard software. Once the bam files were created, 

we checked the mapping information for each of the sample using flagstat command of 

samtools. 

2.1.6 Quasispecies Reconstruction 

The reconstruction of viral HBV quasispecies performed with the quasispecies assembly 

tool QuasiRecomb 1.2 (Topfer et al. 2013). QuasiRecomb implements a hidden markov 

model (HMM) to infer a viral quasispecies from deep-coverage NGS data using an 

expectation maximization (EM) algorithm for maximum a posteriori (MAP) parameter 

estimation. QuasiRecomb requires mapped read bam files as an input. It also implements 

many option commands allowing flexible analysis. In our study, the flag –conservative was 

not employed because our interest was to consider minor variants. The region of interest 

was specified using the -r command (-r 227-602). To reflect the nature of quasispecies 

variants in the major hydrophilic region (MHR) as accurately as possible in relation to clinical 

diagnosis; we analysed the viral variants with frequencies as low as 1% in a population. 

2.1.6.1  Genetic analysis of HBsAg quasispecies diversity  

Quasispecies sequence analysis was performed by estimating quasispecies diversity and 

complexity. Shannon entropy was used to explain quasispecies complexity by calculating 

the distribution of different sequences occurring within a population at a particular time point 

using the following formula(Eriksson et al. 2008): 

Sn = i[A,T,C,G,-] (pi lnpi)/lnN 

Where pi is the frequency of nucleotide or deletion (ATGC or -) at a particular position i, and 

N corresponds to number of species analysed in a given population 

Moreover, genetic distances (d), ratio of nonsynonymous substitution (dN) to synonymous 

mutation (dS) were calculated to analyse quasispecies complexity. Distances between pairs 
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of nucleotide sequences and protein sequences were calculated by using the DNADIST 

and PRODIST modules in the PHYLIP package version 3.572(Felsenstein 1989). The 

proportion of nonsynonymous substitution per nonsynonymous site (dN) and synonymous 

substitution per synonymous site (dS) were computed using Nei‐Gojobori method. 

2.2 Taxonomic classification of HDV 

2.2.1 Dataset 

In this study, we used a novel approach of classifying HDV sequences by employing 

redundancy reduction method such as CD-HIT (Li and Godzik 2006). The data set 

comprised of sequences from our experimental cohort (i.e. 116 L-HDAg nucleotide 

sequences) together with the HDV sequences extracted from public repository GenBank 

(621 nucleotide sequences), were reduced to representative sequences (98 nucleotide 

sequences) by removing highly identical sequences.  

2.2.2 Phylogenetic and Nucleotide sequence analysis 

Phylogenetic analysis was performed using Neighbor Joining (NJ) and Maximum Likelihood 

(ML) methods with Tamura-Nei nucleotide substitution model (Tamura, Nei, and Kumar 

2004). The authenticity of the resulting tree topology was confirmed by performing bootstrap 

method (at 1000 psuedoreplicates) which generated the bootstrap probability for each 

interior branch in the tree (Felsenstein 1985). A bootstrap value >70% for internal branch 

node was considered significant. To validate our taxonomic classification, we performed 

phylogenetic analysis based on Bayesian Inference approach (Mr Bayes) (Ronquist et al. 

2012).  

To estimate nucleotide diversity across different genotypes and subtypes pairwise genetic 

distances between the sequences were calculated using Kimura 2 parameter method. 

Based on the pairwise differences, inter-genotype and inter-subtype differences were 

estimated.  

2.2.3 Specificity determining positions 

Amino acid variations specific to HDV genotypes 1, 2 and 4 were predicted using SDPpred 

method (Kalinina et al. 2004). SDPpred takes multiple sequence alignment of protein 

sequences and uses mutual information (MI) to calculate the differences between the amino 

acid distribution at the given multiple sequence alignment.  

MI score is given by: 

𝑀𝐼𝑝  =  ∑ ∑ 𝑓𝑝(𝛼, 𝑖) log
𝑓𝑝 (𝛼, 𝑖)

𝑓𝑝(𝛼)𝑓(𝑖)
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𝑁
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Where 𝒇𝒑(𝜶, 𝒊) correponds to frequency of an amino acid α in group i at position p,  𝒇𝒑 (𝜶) 

is the frequency of an amino acid α at position p in the entire alignment, and f (i) is the 

fraction of proteins belonging to group i.  

Following MI calculation, Z-scores are estimated for each position in the MSA.  

𝑍𝑖
𝐼  =  

𝐼𝑖−(𝐼𝑖
𝑒𝑥𝑝

)

𝜎 (𝐼𝑖
𝑒𝑥𝑝)

 

SDPpred sets a threshold using Bernoulli estimator to determine if the Z-score calculated 

for every position in the multiple sequence alignment is significantly high to indicate a SDP.  

A high value of Z score indicates that the specific position is most likely to be a SDP.  

2.3  HDV database 

To facilitate the researchers with the analysis of HDV evolution and variability. We have 

established a database comprising of all the nucleotide and protein sequences available 

publicly at GenBank. The database contains all partial, S-HDAg, L-HDAg and complete 

HDV genome sequences.  

2.3.1 Data retrieval 

The sequences from GenBank were retrieved using the keyword “hepatitis delta virus” and 

all entries for taxon “Hepatitis delta virus (taxid :12475)” were selected. In total 2621 HDV 

sequences deposited at GenBank were downloaded which contained both complete 

genome sequences and subgenomic sequences (S-HDAG, L-HDAg) and partial cds 

sequences. Only sequences shorter than 90 bp were discarded from the dataset for the 

database.  

Then, we used a parser script written in Java to extract additional sequence information for 

the downloaded GenBank entries such as Accession number, genotype. strain name, 

country, and date of isolation. Moreover, a local BLAST was performed to determine the 

genotype for sequences that lacked this information. 

2.3.2 Database interface 

The HDVdb has a static and dynamic part. The static part provides user with general 

information of HDV whereas the dynamic part allows analysis of software’s and user related 

queries. Database provides several analytical tools and software’s such as genotype 

identification, phylogenetic tree reconstruction, multiple sequence alignment generation, 

primer design prediction. The user can interactively analyse and visualize the phylogenetic 

trees. In addition, external links to several other database and software’s are also provided. 
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2.3.3 Database structure 

The database was created and runs on PHP Laravel framework. It is hosted using Apache 

HTTP server. As part of the project, update scripts written in JAVA were used to perform 

automatic updates of the database. We primarily used Bash scripting to handle these scripts 

and run HDVdb creation workflow. Also, the database provides a search option for user to 

search sequences based on accession number, genotype, date, and type of sequence (i.e. 

protein, nucleotide, complete genome, and partial sequence). 
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3 Summary of Article 1 

Title: Kinetics of hepatitis B surface antigen quasispecies during REP 2139-

Ca therapy in HBeAg positive chronic HBV infection 

Hepatitis B is a global health problem affecting millions of individuals each year. Although 

effective vaccines have been available since the 1980s. Over past decade, efforts have 

been made to treat hepatitis B by developing several new antiviral drugs. However, still 

there are no effective antiviral drugs available that could cure both acute and chronic HBV 

infection. Recently, REP2139-Ca which is nucleoside analogue polymer (NAP) have been 

under clinical trial to treat chronically infected HBV patients. 

In this publication, we wanted to contribute to the ongoing research to understand the 

mechanisms involved in HBV diversity and shed light on dynamics of HBV quasispecies in 

chronically infected HBV patients under REP2139-Ca treatment. A longitudinal study is 

effective way to investigate and trace mutational patterns occurring within HBV genome in 

a patient over different lengths of time. Temporally spaced samples from HBeAg+ 

chronically infected patients obtained from the Farabi General Hospital (Dhaka, 

Bangladesh) were analysed to estimate the efficacy of REP 2139-Ca in these patients 

against HBV.  

By means of next generation sequencing (NGS) and the acquisition of viral samples from 

chronic HBV patients present a great opportunity to understand selective pressures acting 

on the Hepatitis B virus genome during the infection that influence viral diversity. Our study 

was conducted to obtain insight into the evolution of immune escape mutations within the 

major hydrophilic region (MHR) of the “pre-S/S” open reading frame including the “a” 

determinant in viral populations during the period and after removal of antiviral REP 2139 

therapy (Usman et al. 2019).  

A very high degree of sequence coverage for a target region of interest achieved by NGS 

makes it possible to identify several viral variants that make up only a small fraction of the 

entire virus population. Thus, we are able to trace back the genetic mutations occurring 

within the viral population, providing a distinct explanation to quasispecies dynamics and 

the fitness associated to different variants in response to environmental treatment. 

In this study, we estimate the genetic variation (i.e. quasispecies complexity and genetic 

diversity) of the HBsAg in the viral populations of chronically infected patients to evaluate 

the long term behaviour of parenterally administered REP 2139. We were able to identify 

several mutations within the MHR of HbSAg in both responder and non-responders. 

However, no accumulation of mutations were observed within the “a” determinant region 

which may interfere with the detection of HBsAg by diagnostic assays. Additionally, 
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quasispecies dynamics among the responders suggest selective pressure on the viral 

populations of HBsAg within the MHR.  

Authors Contribution 

Zainab Usman designed the NGS workflow, performed the bioinformatics and statistical 

analyses. Zainab Usman analysed the data and interpreted the results. Dmitrij Frishman 

and Michael Roggendorf supervised the project. Zainab Usman and Michael Roggendorf 

wrote the manuscript. All author contributed to final version of the manuscript. 

.
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4 Summary of Article 2 

Title: Genetic diversity of hepatitis D virus genotype‐1 in Europe allows 

classification into subtypes 

Hepatitis D is a rare form of viral hepatitis that causes liver infection in individuals already 

infected with HBV. Over the past few years, the discovery of new viral sequences presents 

an opportunity to revisit the taxonomy of Hepatitis Delta Virus. In this publication, we re-

evaluate the sequence classification of HDV by employing sequences from our 

experimental cohort (116 L-HDAg and 13 complete genome sequences) together with 

publicly available sequences (i.e. 621 L-HDAg) from GenBank NCBI into existing known 

eight genotypes (HDV-1 to -8). 

In this study, we performed phylogenetic analyses using Neighbor joining, Maximum 

likelihood and Bayesian approach and identified five new subtypes within the HDV-1 

genotype and 2 new subtypes for both HDV-2 and HDV-4. Furthermore, we performed 

pairwise sequence comparisons between HDV complete genome, Large Hepatitis delta 

Antigen protein (L-HDAg) and Small Hepatitis Delta Antigen protein (S-HDAg) and 

characterized the sequence differences within and across the known HDV genotypes and 

subtypes. We estimated that the genotypes exhibit an inter-genotypic difference ≥10%, 

whereas, the subtypes within a known genotype show an inter-subtype difference ≥3% to 

<10% (Karimzadeh et al. 2019b) .  

Additionally, we identified sequence variations in the nucleotide sequences of L-HDAg for 

different genotypes and subtypes. These sequence variations include site-specific amino 

acid preferences associated with genotypes and subtypes distributed across different 

geographic regions. These specificity determining positions appear within the functional 

domains of L-HDAg which might be helpful in understanding the adaptation processes to 

different hosts, genotype or subtype-related pathogenesis, clinical symptoms, response to 

antiviral therapy, replication capacity and transmission efficiency. 

Authors Contribution 

Zainab Usman designed and created the computational framework of the study. Zainab 

Usman extracted the raw sequence data, performed bioinformatics analysis and analysed 

the data. Dmitrij Frishman and Michael Roggendorf supervised the project. Zainab Usman 

and Michael Roggendorf interpreted the results and wrote the manuscript. All authors 

contributed to the final manuscript. 
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5 Summary of Article 3 

Title: HDVdb: a comprehensive hepatitis D virus database  

In the past few years, massive amount of HDV sequences have been deposited in publicly 

available resources such as GenBank, DDBJ, EMBL, Uniprot etc. This presents a growing 

need to develop an exclusive webserver for Hepatitis delta virus, enabling the researchers 

to view, retrieve as well as perform various sequence analysis tasks much more efficiently 

and conveniently. 

In this publication, we have developed a comprehensive Hepatitis delta virus database 

HDVdb Webserver (http://hdvdb.bio.wzw.tum.de/hdvdb/) hosted on the server of 

Department of Bioinformatics, Technical University Munich. The database comprises of all 

complete genome, L-HDAg, S-HDAg and partial sequences available at GenBank, together 

with 116 L-HDAg and 13 complete genome sequences from our previous study 

(Karimzadeh et al. 2019b). The user can easily download the data of interest from the 

database. The database also provides a range of analytical tools for sequence analysis, 

such as identifying HDV genotypes, predicting primers, constructing multiple sequence 

alignments and phylogenetic trees. In addition, links to several external tools and resources 

are also available (Usman et al. 2020).  

The main objective of HDVdb is to provide a service to researchers to facilitate new 

discoveries about hepatitis D virus virulence, host range and pathogenesis. This could 

eventually help to develop effective anti-retroviral vaccines and new therapeutic 

approaches to treat chronic HDV infections. 
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6 General Discussion 

This discussion covers all the three main dissertation topics including a review of relevant 

literature. The first part of the section focuses on Hepatitis B. The second part focuses on 

the taxonomic classification of Hepatitis D and third part covers the importance of HDV 

webserver. 

Despite the availability of Hepatitis B vaccines and mass immunization schemes, hepatitis 

B still remains global health problem with more than 291 million people infected around the 

globe (Polaris Observatory 2018), some of them are at a risk of developing liver cirrhosis 

and hepatocellular carcinoma (HCC). Over the past few years, several anti-retroviral drugs 

have been under clinical trials for the treatment of hepatitis B. The main goal of discovering 

new anti-retroviral drugs is to improve the drug safety, adherence, and its efficacy to cure 

the disease. The ultimate cure of hepatitis B infection depends on the clearance of Hepatitis 

B surface antigen (HBsAg) from the blood stream of infected individual.  

With the increasing awareness and understanding of chronic hepatitis B, several novel drug 

therapies have shown improvements in the disease prognosis. Among the most commonly 

used antiviral agents include immunomodulatory agents (pegylated interferons-alpha) 

(Micco et al. 2013, Sun et al. 2014) and long-term oral nucleos(t)ide analgoues (NUCs) 

(Buster et al. 2008, Lau et al. 2005). The exact mechanism by which interferons interfere 

with the replication mechanism of hepatitis B virus is unclear. However, nucleoside 

analogues have been known to exert its antiviral effect by inhibiting the HBV polymerase 

activity which results in decrease in the viral replication (Gish et al. 2013, Zoulim and 

Locarnini 2009). Currently, five approved NUCs are used in the treatment of chronic HBV 

infection. These include three nucleos(t)ide analogues (lamivudine, telbivudine and 

entecavir) and two nucleotide analogues (adefovir and tenofovir) (Yuen and Lai 2011). 

These agents have shown great progress in reducing disease progression to cirrhosis, liver 

failure and hepatocellular carcinoma (Terrault et al. 2018, Terrault et al. 2016). 

Recently, Nucleic acid polymers (NAP) which are nucleic acid based antiviral compounds 

developed for the treatment of chronic hepatitis B and HBV/HDV co-infection with REP 2139 

in combination with PegIFN have shown promising results in clinical trials (Al-Mahtab, 

Bazinet, and Vaillant 2016, Bazinet et al. 2017, Vaillant 2016). A significantly reduced levels 

or complete loss of surface proteins (HBsAg), followed by seroconversion to anti-HBs and 

decline in HBV DNA levels were observed. Hence, indicating functional control of chronic 

HBV infection mediated by humoral immune response as a result of reduction in HBsAg. 

Elevated levels of HBsAg are known to have immunosuppressive effects in HBV infection 

and elimination of HBsAg from the liver and the circulation re-establishes the host immune 

response (Aillot et al. 2018, Dembek, Protzer, and Roggendorf 2018, Kondo et al. 2013, 

Lebosse et al. 2017). Several in-vivo studies have reported that NAPs REP 2139 inhibits 
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the HBV subviral particle (SVP) assembly and secretion (Noordeen et al. 2015, Quinet et 

al. 2018), however the molecular mechanisms underlying SVP assembly and release is not 

clearly understood and the process by which NAP inhibits SVP assembly and secretion is 

currently being investigated. 

The genetic heterogeneity of HBV quasispecies is known to influence the clinical outcomes 

and prognosis of HBV infection. (Chevaliez, Rodriguez, and Pawlotsky 2012). In the present 

study, we used NGS technology to examine whether evolutionary patterns of HBV 

quasispecies within the MHR correlates with the antiviral response to REP 2139 therapy 

among the responders and non-responders. In order to compare the complexity and 

diversity of HBV quasispecies during the course of REP 2139, 3 control samples, 3 non-

responder samples and 12 responder samples were collected, and various statistical tests 

were performed. The dynamics of HBV quasispecies in the responders and non-

responders, showed that the responders experienced high genetic complexity and diversity 

as compared to non-responders. This change may suggest REP 2139 exerts selective 

targeting of viral quasispecies by host immune response during profound declines in HBV 

DNA, HBsAg levels and detection of anti-HBs. 

During the course of HBV infection, mutations causing amino acid change continuously 

accumulate within the ‘a’-determinant of HBsAg (Cao 2009), altering the antigenicity of 

HBsAg protein which leads to viral neutralization failure by anti-HBs and may cause the 

virus to escape the host immune response (Cooreman, Leroux-Roels, and Paulij 2001, 

Fortuin et al. 1994, Kay and Zoulim 2007). In our study, no mutations were observed among 

the responders and non-responders that occurred within the ‘a’-determinant region (i.e. 76-

123 aa; 148-200 aa) during the REP-2139 therapy which could impair the detection of 

HBsAg. No discernible differences in HBsAg mutation patterns were observed in 

responders and non-responders that would suggest direct interaction of REP 2139 with 

HBsAg proteins. According to recent studies, REP 2139 doesn’t not directly target HBsAg 

clearance from the blood circulation (Bazinet et al. 2017, Beilstein et al. 2018). However, it 

is believed that REP 2139 interacts with the cellular proteins of the host involved in the 

assembly and release of viral particles.  

The dynamics of HBV quasispecies and the mutations observed within HBsAg during the 

course of REP 2139 needs to be explored further by conducting clinical studies on larger 

population with similar clinical characteristics, disease severity and underlying medical 

conditions to understand clinical response and establish methods to determine which 

patients will respond to the treatment. This will help in understanding the underlying 

mechanism via which NAPs REP2139 interacts and inhibits the release of HBsAg. 
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The HDV genome is a small RNA molecule (1.6kb) which requires surface antigen protein 

of HBV (HBsAg) to cause an infection (Rizzetto et al. 1977). Decades after the discovery of 

HDV in 1970, hepatitis D still remains a major health problem in regions where HBV is most 

prevalent. To date, the HDV has been classified into eight different genotypes (Le Gal et al. 

2006), each genotype associated with distinct geographical distribution (Hughes, 

Wedemeyer, and Harrison 2011, Wedemeyer and Manns 2010).  

Overall, HDV-1 represents a major genotype and is found worldwide, whereas HDV-2 and 

HDV-4 are found in North Asia (Russia) and East Asia (Taiwan and Japan) (Ivaniushina et 

al. 2001, Lee et al. 1996, Marino et al. 2019, Sakugawa et al. 1999). HDV-3 is found in 

South America (Brazil, Venezuela, Peru, Colombia, Argentina and Ecuador) (Casey et al. 

1993, di Filippo et al. 2012, Gomes-Gouvea et al. 2009, Quintero et al. 2001, Scarponi et 

al. 2019), and HDV-5 to HDV-8 clades are prevalent in Africa. (Makuwa et al. 2008, Radjef 

et al. 2004) However, in a recent study HDV-8 isolates found in state of Maranhão (Brazil) 

are thought to be as a result of migration process during 16-18 centuries (Santos et al. 

2016). In 1990s, the incidence of HDV significantly reduced in European countries as a 

result of increased HBV vaccination regimen (Gaeta et al. 2000). However, in the last 

decade there has been increasing number of HDV incidence because of influx of people 

migrating from HDV and HBV endemic countries (Wedemeyer 2011, Wedemeyer and 

Manns 2010). 

Recently, an increasing number of HDV isolates have been identified and sequenced. In 

our study, we revisited the scheme of HDV classification by performing HDV nucleotide 

sequence comparisons and phylogenetic analysis of sequences available at GenBank 

together with HDV isolates (116 L-HDAg, 13 HDV complete genome) from our European 

cohort. To our knowledge, for the first time a comprehensive bioinformatics analysis was 

performed where the sequence dataset was subjected to redundancy reduction using CD-

HIT (Li and Godzik 2006). As a result, highly identical sequences were reduced to a set of 

unique sequences representing the entire dataset.  

The phylogenetic analysis was performed using three methods; Neighbor-Joining, 

Maximum Likelihood (MEGA) (Li and Godzik 2006) and Bayesian Inference (Mr Bayes) 

(Kumar et al. 2008). These analyses, involving both complete genome sequences and L-

HDAg confirmed the known eight genotypes and allowed us to propose five new subtypes 

for HDV-1, and two subtypes each for HDV-2 and HDV-4 respectively. Recently, several 

studies have proposed different HDV classification models based on the genetic 

heterogeneity of HDV and geographical distributions (Delfino et al. 2018, Le Gal et al. 2006, 

Miao et al. 2018). 

Based on the nucleotide sequences analysis we propose an inter-genotype difference 

(≥10%) and inter-subtype difference (<10%) for genotypes and subtypes respectively. In 
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support of the new proposed HDV subtypes, amino acid analyses involving identification of 

specific amino acid signatures confirmed the existence of new subtypes. Sequence analysis 

of HDV genome reveals highly conserved nucleotide and protein sequences indicating a 

strong selection pressure and evolutionary constraints on conserving the gene function and 

the structure of the protein. Despite the high sequence conservation, the delta proteins (S-

HDAg and L-HDAg) experience several amino acid substitutions across different 

genotypes. These amino acid substitutions appear within the functional domains of HDV 

such as RNA binding domain, coiled coil domain (CCD), nuclear localization signal (NLS), 

helix-loop helix motif (HLH) and proline/glycine rich region (PGRS) and nuclear export 

signal (NES) (Alfaiate, Deny, and Durantel 2015, Pascarella and Negro 2011). According 

to a recent study, amino acid heterogeneity was explored across the HDV proteins, and the 

presence of amino acid at position 202 in genotype HDV-1 was shown to reflect 

geographical background (Le Gal et al. 2017). The amino acid “Serine” was found at high 

concentrations (90%) in isolates belonging to African strains as compared to non-African 

isolates having ‘Alanine’ (>70%) at position 202. Similarly, amino acid substitution of Proline 

at position 205 with Alanine or Arginine located within NES of L-HDAg have shown varying 

efficiencies of HDV virion assembly and secretion across different genotypes (Shih et al. 

2010). These amino acids specificities across different genotypes also suggest how HDV 

virus have evolved and adapted to new host environments. 

Several studies have shown that different HDV genotypes exhibit different clinical course of 

infection and disease outcome. HDV-1 is associated with severe form of hepatitis, whereas 

genotype HDV-2 and HDV-4 causes mild course of liver infection. HDV genotype 3 causes 

severe form of fulminant hepatitis (Hughes, Wedemeyer, and Harrison 2011). However, the 

clinical outcomes of genotype 5-8 are not clearly understood. Thus, we believe that the 

identification of new HDV subtypes may be important in understanding different virological 

responses and resistance to different anti-retroviral treatment. In addition, a correlation can 

be established between various subtypes and specific clinical conditions and outcomes. For 

instance, several studies indicate that different HBV genotype responds differently to 

Interferon treatment, HBV genotypes A and B response to IFN treatment is greater than 

genotype C and D, whereas genotype D exhibits the worst response (Boglione et al. 2013, 

Moura et al. 2013, Shi 2012). In another study, HBV subtype adw showed significantly 

higher lamivudine resistance as compared to subtype ayw (Kao 2002). A study focusing on 

HCV subtype distribution across Germany showed a notable variation in the distribution of 

subtypes 1a and 1b in different age groups. The subtype 1b was more frequently prevalent 

in individuals older than 50 years. Over a period of 20 years, subtype 1a gradually 

substituted the subtype 1b (Ross et al. 2000). Hence, the genetic shifts in subtype 
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prevalence within a population may help in understanding the future epidemiology and 

clinical pattern of HDV infection.  

 

In recent years, the advancements in the sequencing technologies have resulted in 

enormous amount of sequence data deposited in public repositories such as EMBL, DDBJ 

and GenBank (Tateno 2008). The flood of raw sequence data in these repositories has led 

to the development of various small specialized databases. These databases facilitate 

research as they provide researchers the access to all the relevant information and tools 

under one platform to perform various sequence analysis. Several established databases 

have been known for known viruses, such as  HBV (Hayer et al. 2013), HIV (Kuiken, Korber, 

and Shafer 2003) , HCV (Kuiken et al. 2008).    

Over the past decade, HDV genomic data both nucleotide and protein sequences have 

increased exponentially. Given this situation, we have developed a comprehensive 

database HDVdb webserver (http://hdvdb.bio.wzw.tum.de/hdvdb/), for HDV genes, 

genomes and proteins. The webserver is managed and hosted on a server at Department 

of Bioinformatics, Technical University Munich. The database offers an efficient retrieval of 

sequence data together with various user-friendly analytical tools for performing 

comparative sequence analysis, such as identifying HDV genotype, performing multiple 

sequence alignments, constructing phylogenetic trees, and predicting primers. HDVdb 

webserver aims to be a resource for scientists’ community working on HDV genomics, 

pathogenicity and drug design. It allows the researchers to study HDV genetic variability by 

facilitating retrieval and performing comparative sequence analysis using all the publicly 

available HDV sequences.  

The HDVdb webserver was made public in May 2020. The database contains the HDV 

sequences by downloading all the submitted GenBank entries along with additional 

information such as GenBank accession numbers, country, sampling year, genotypes. The 

entries lacking the genotype details were manually assigned by performing BLAST 

searches and phylogenetic analysis. In addition, we also provide this opportunity to 

integrate sequence data from various collaborators worldwide.  

In future, we plan to develop a predictor for identifying HDV subtypes. In recent years, 

several studies have reported new subtypes emerging within the known eight genotypes 

(Delfino et al. 2018, Le Gal et al. 2017, Miao et al. 2018). The studies by Le Gal and Miao 

not only confirmed the eight major HDV genotypes but also identified several new subtypes. 

In accordance with these studies, we have also proposed new subtypes for genotype 1 , 2 

and 4 (Karimzadeh et al. 2019a). The identification of new HDV subtypes is a crucial step 

towards understanding the variations associated with disease prevalence geographically 

and identifying key factors affecting the treatment response across populations.  

http://hdvdb.bio.wzw.tum.de/hdvdb/
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