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I. INTRODUCTION  

Alike many viral pathogens, influenza A viruses (IAV) are characterised by their constant evolution and 

subsequent emergence of novel strains (1). Over the past decade, IAV have been the elicitor of four 

pandemics and numerous epidemics, as well as having drastic impacts on the poultry and swine 

production sectors (2, 3). In addition to the pronounced bearing on the livestock industry, the zoonotic 

propensity of certain IAV strains poses a threat to public health (1, 4). Concomitant circulation of IAV 

in waterfowl, the natural reservoir of IAV, rapid adaptation to environmental changes and frequent 

spill over events into animal hosts and the human population upholds the advancement of novel IAV 

strains (5, 6). IAV can be classified depending on the host of origin, accordingly termed avian influenza 

virus (AIV), swine influenza A virus (swIAV), or elsewise conferring to the affected species (7, 8). 

Further, AIV of subtypes H5 and H7 can be divided into two groups according to the level of 

pathogenicity: Low pathogenic AIV (LPAIV) and highly pathogenic AIV (HPAIV) (9). 

Due to the broad diversity of IAV, surveillance by full genomic evaluation has become indispensable. 

In an outbreak scenario whole-genome sequencing (WGS) is utilised to identify the emerging, 

potentially zoonotic IAV (10). Thereafter, genetic characterisation of the novel IAV assists in the 

establishment of preventive measures. The nucleotide-level resolution of in-depth WGS permits 

phylogenetic analysis and molecular epidemiology studies to achieve a detailed understanding of the 

outbreak (11). Although WGS with expensive, stationary, slow and laborious second-generation 

devices produces high quality data, this thesis describes the establishment of a rapid, portable, 

inexpensive, real-time third-generation sequencing approach to improve outbreak response and WGS 

availability. In addition, application of the proposed protocol in a recent HPAIV H5 outbreak in 

Germany, 2020, is included in this thesis.  

The most widespread HPAIV H5 lineage emerged in 1996, affecting geese in the Chinese Guangdong 

province (goose/Guangdong lineage, gs/GD) (12). Aided by the global spread via migratory birds and 

unprecedented tendency for reassortment, a plethora of clades, sub- and genotypes causing high 

mortality as well as zoonotic strains have evolved from the respective H5 lineage (3, 13, 14). Since the 

initial detection of the first gs/GD HPAI H5N1 virus in Germany, 2006 (15), a recurring influx of 

reassortant HPAIV H5 subtypes including H5N1, H5N8, H5N5 and H5N6 in assorted genotype 

constellations have been identified (16-20). Recurring clade 2.3.4.4b HPAIV H5 outbreaks have been 

repeatedly detected in Germany since 2016. The most severe HPAIV clade 2.3.4.4b epidemic was 

recorded in Germany during winter 2016/2017, affecting an unprecedented number of (commercial) 

poultry holdings and triggering high mortality in the wild bird population (18, 19, 21, 22). As curtailing 

of novel pandemic threats is believed to be best accomplished by effectively controlling AIV in poultry, 
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precise understanding of the role of poultry in outbreak scenarios by phylogenetic analysis can aid in 

the establishment of prevention measures (23). The conducted in-depth phylogenetic analyses of clade 

2.2.3.4b HPAIV H5 outbreaks by WGS included in this thesis cast a light on the genetic relations, 

outbreak dynamics, and zoonotic propensity of the German clade 2.3.4.4b HPAIV H5 2016 ς 2020 

outbreaks.  

Likewise, the introduction of clade 2.3.4.4b HPAI H5 viruses to Egypt in 2016 led to the emergence of 

multiple novel reassorted HPAIV (24, 25). Again, the utilisation of WGS for genetic characterisation of 

the novel strains allowed exact dissection of the genetic backbone and reassortment pattern (26), as 

described in this thesis. Due to the endemic HPAIV situation in Egypt, precise identification and 

classification of novel HPAIV H5 strains is of utmost importance (26, 27).  

 

Collectively, this thesis focusses on (i) the establishment and application of a rapid, portable, third-

generation nanopore sequencing workflow for IAV, (ii) molecular epidemiology, zoonotic potential and 

genetic evaluation of the 2016 ς 2020 HPAIV H5 outbreaks in Germany, and (iii) the genetic 

characterisation of novel HPAI H5 viruses in Egypt.
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II. LITERATURE REVIEW  

1. Whole-Genome Sequencing 

Since the discovery of the structure of deoxyribose nucleic acid (DNA) in 1953 (28), a multitude of 

sequencing techniques have emerged. All pursuing the goal of obtaining the nucleic acid sequences of 

entire (viral) genomes, this process is now referred to as whole-genome sequencing (WGS). Knowledge 

of the full genome allows genetic characterisation, molecular epidemiology studies and classification 

of novel and known pathogens. 

1.1. Employment and Value of Sequencing in Viral Outbreak Scenarios 

A glance at the size and growth of the international nucleotide sequence database shows the integral 

role of sequencing in most scientific research applications, especially in the field of virology (29-31). 

Human history is abounding with viral disease outbreaks causing devastating repercussions for entire 

populations, for instance the 1918 Spanish flu pandemic (32) and 2009 H1N1 influenza pandemic (33), 

the ongoing human immunodeficiency virus (HIV) pandemic (34), and the recent 2014-2015 Ebola virus 

(EBOV) epidemic (35). Highlighting the significance of viral pathogens, the 2019 annually reviewed list 

of diseases recommended for prioritised research and development by the World Health Organization 

(WHO) included seven viral diseases and an unknown, emerging disease yet to ōŜ ŘƛǎŎƻǾŜǊŜŘΣ ά5ƛǎŜŀǎŜ 

·έΣ ŀƭǎƻ Ƴƻǎǘ ƭƛƪŜƭȅ ǘƻ ōŜ ƻŦ ǾƛǊŀƭ ƻǊƛƎƛƴ (36).   

Although epidemiological methods (contact tracing, mathematical modelling) and molecular biology 

tools (genotypic and phenotypic methods) have successfully assisted in disease control, rapid 

identification of the causative agent of emerging and re-emerging infectious diseases by WGS has 

become indispensable in outbreak scenarios (37, 38). Full genomic evaluation facilitates nucleotide-

level resolution, permitting phylogenetic and variant analyses to aid in establishing preventive and 

therapeutic measures (39, 40). 

In December 2019, reports of a novel respiratory disease in Wuhan, China, led to the detection of the 

ŦƛǊǎǘ ά5ƛǎŜŀǎŜ ·έ (41, 42). Rapid WGS allowed the identification and classification of the causative 

agent: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (42, 43). In addition to initial 

metagenomic identification of SARS-CoV-2, this pandemic has demonstrated the enormous capacity 

and importance of WGS to study emerging infectious diseases by tracing outbreak origin and drivers, 

establishing transmission chains and monitoring virus evolution (43, 44). In light of the SARS-CoV-2 

pandemic, the employment of rapid, accessible and inexpensive WGS techniques in outbreak scenarios 

is crucial.  
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1.2. The Era of High-Throughput Sequencing  

Before the era of high-throughput sequencing (also called next-generation sequencing, NGS), the first-

generation chain termination method by Sanger was primarily used for sequencing ventures (45). 

Here, incorporation of radiolabelled dideoxynucleosidtriphosphates (ddNTP) led to random chain 

termination during elongation. For the determination of the base order, the resulting fragments of 

varying lengths were visualised by radiography after electrophoresis on a polyacrylamide gel. 

Optimisation of the respective first-generation sequencing method involved different fluorescently 

labelled ddNTP to allow chain termination in one tube (instead of four for each radiolabelled ddNTP), 

and subsequent automated separation by capillary electrophoresis and optical detection of the bases 

(46).  

Although Sanger sequencing led to the discovery of many ground breaking sequences, including the 

determination of the first human genome (47, 48), the time consuming, expensive and laborious 

approach called for a second generation of high-throughput, accurate and low cost sequencers. 

Characterised by the simultaneous parallel generation of short sequences (reads), the first high-

throughput second-generation sequencer, the 454 Genome Sequencer 20 developed by 454 Life 

Sciences (now Roche), was introduced in 2005. The highly competitive field of second-generation 

sequencers led to the discontinuation of the 454 platform in 2013 due to dated technology, and today 

the Illumina (Illumina Inc.) and IonTorrent (Thermo Fisher Scientific) platforms dominate the second-

generation market (49).  

Independent of the executing platform, second-generation sequencing (SGS) comprises four steps: 

Sample preparation, clonal amplification, sequencing and bioinformatic analysis (50, 51). Initially, the 

originating genetic material (ribonucleic acid, RNA/DNA) is prepared for sequencing. While DNA can 

be directly employed, RNA must be transcribed into complementary DNA (cDNA) by reverse 

transcription. After random fragmentation of the DNA/cDNA (fragment size dependent on the 

sequencing platform, typically 75 ς 500 base pairs, bp), known oligonucleotide adapters encompassing 

ǎŜǉǳŜƴŎŜǎ ŜǎǎŜƴǘƛŀƭ ŦƻǊ ŀƳǇƭƛŦƛŎŀǘƛƻƴ ŀƴŘ ǇƻƭȅƳŜǊŀǎŜ ōƛƴŘƛƴƎ ŀǊŜ ƭƛƎŀǘŜŘ ǘƻ ǘƘŜ оΩ ŀƴŘ рΩ ǘŜǊƳƛƴƛΦ 

Clonal amplification is performed to boost the generated sequencing signal. Based on sequencing-by-

synthesis, integrated nucleotides are registered during elongation of the synthesised chain conferring 

to the template sequence. Contingent on the sequencing platform, the integrated nucleotides are 

detected by fluorescence signals (Illumina) or electric potential changes (IonTorrent) (52).  

Data processing (basecalling) of the amassed sequencing signals can result in billions of output reads 

per sequencing run. Due to the challenges of working with massive datasets, further bioinformatic 

analysis calls for large processing capacities. In most cases, either a de-novo (overlapping reads are 
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combined to produce larger sequences) or map-to-reference (reads are mapped to a known reference 

genome) approach is utilised to achieve whole genome sequences (53, 54).  

1.3. Nanopore Sequencing Methods ς Long-Read, Real-Time Sequencing 

Over the past 15 years, tremendous progress has been made in the development, employment and 

commercialisation of NGS, including the achievement of the US$1000 human genome and 1000 

Genomes Project (55-57). While short-read, second-generation sequencers revolutionised scientific 

research applications in terms of cost efficiency, throughput volume and speed, a demand for 

technologies producing longer reads in real time resulted in the advent of third-generation sequencing 

(TGS).  

Major differences between SGS and TGS lie in the longer read lengths (75-500 bp vs. dependent on the 

sample molecule length), lack of need for clonal amplification and single molecule sequencing (58). 

Pacific Biosciences (PacBio) introduced the first successful single-molecule real time (SMRT) platform 

in 2011. To date, the stationary, costly and large PacBio Sequel sequencer can achieve mean read 

lengths of up to 15,000 bp with 5 ς 10 gigabytes (GB) of throughput per four hour run, but carries 

significantly higher error rates (10 ς 15 %) than second-generation sequencers (<1 %) (58-60).  

A novel third-generation nanopore sequencer was introduced to the market by Oxford Nanopore 

Technologies (ONT) in 2014. Dubbed MinION, the pocket-sized, portable device is capable of producing 

long reads limited only by the length of the sample molecule and can produce up to 30 GB of data in 

48 hours. Alike the PacBio platform, the MinION struggles with high error rates (10 ς 15 %) especially 

in homopolymer regions, although the rapid evolution of new chemistries and bioinformatic workflows 

has considerably reduced this value (5 ς 8 %) and improved homopolymer basecalling (58, 61, 62).  

The foundation for nanopore sequencing was laid in the 1980s when the idea of sequencing a single 

strand of nucleic acid by employing electrophoresis to draw it through a nanoscopic pore in a 

membrane was born (63). It took until 2012 for the first successful sequencing reports, followed by the 

commercialisation two years later in a large-scale collaborative MinION Access Program (MAP) (62, 

63). For sequencing, a MinION Mk1B device is coupled with a flow cell and powered by USB connection 

to a computer/laptop. The flow cell contains multiple protein nanopores set in an electrically resistant 

polymer membrane. By setting a voltage across this membrane, an ionic current flows through the 

nanopores and nucleic acid strands are driven through the pores. The transition of nucleic acid through 

the pores disrupts the current and changes in pattern or magnitude can be measured and 

characterised. A sensor measures the ionic current several thousand times per second and relays the 

accumulated data to an application-specific integrated circuit (ASIC) microchip (Figure 1). Final data 

processing and basecalling is subsequently conducted by the ONT MinKNOW software (61, 64). 
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Figure 1. The MinION (Mk1B) sequencing device (15 cm in length, right) and flow cell (13 cm in length, right). 

Sequencing is performed by adding the sample to the flow cell. The DNA molecule passes through the nanopore 

(1 nm, top left) set in a channel (middle left), resulting in a change of current in the nanopore. The change is 

measured by a sensor and passed to the ASIC (1 cm in length, bottom left) (61). For permission rights see Chapter 

X, Supplementary Material, Permission for Reproduction.  

ONT have introduced a wide array of novel and improved products over the past years. To help with 

the large processing capacities needed for data acquisition and basecalling, the MinIT was introduced 

as a companion to the MinION Mk1B in 2018, carrying multiple threading graphics processing units 

(GPU), 8 GB random-access memory (RAM) and 512 GB solid-state drive (SSD), thus eliminating the 

need for a dedicated laptop. In 2019, ONT announced the MinION Mk1C. This sequencer syndicates 

the original MinION Mk1B and MinIT setup by combining the real-time, portable sequencing of the 

MinION with a powerful integrated compute (preinstalled basecalling and analysis software) and a 

high-resolution touchscreen. Additionally, two larger, stationary high-throughput sequencers are 

available: The benchtop GridION can run five flow cells at once (up to 150 GB of data) while the ultra-

high throughput PromethION device can run 48 flow cells at once to create up to eight terabytes (TB) 

of data, especially suitable for population-scale sequencing (62, 64). 

The MinION and GridION flow cells contain 512 nanopore channels (ASIC measurement notions), 

allowing the simultaneous sequencing of 512 independent DNA/RNA molecules. Each channel is 

connected to four wells, from which one well at a time can provide data. Every well can contain zero 

to several pores, ideally carrying one pore per well. Therefore, the MinION and GridION flow cells carry 

2048 wells ς four wells for each of the 512 channels, and ideally 2048 pores with one pore per well. 

Conversely, some wells can carry no pores, several pores, blocked or damaged pores (Figure 1). Quality 

criteria by ONT call for >800 pores per new flow cell. The MinION and GridION flow cells are available 

in two different pore chemistries, the standard R9.4.1 and novel R10.3. While the R9.4.1 pores have 
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one short reader head, the R10.3 pores carry a dual reader head and longer reading barrel. This 

drastically improves the read accuracy (achieving on average 95% accuracy), especially in 

homopolymer regions.  

As with SGS, the samples must undergo library preparation prior to sequencing. Dependent on the 

research aim, ONT offers 14 assorted preparation kits for whole genome or targeted DNA and RNA 

sequencing. The samples can be fragmented or directly employed to sequence direct RNA, cDNA, 

genomic DNA or polymerase chain reaction (PCR) amplicons. All kits share the essential addition of a 

specific Y-shaped sequencing adapter with motor protein by end-ligation or transposase activity to 

allow docking and transit of the sample through the nanopore. To reduce costs and increase 

throughput, multiplexing is possible: ThŜ ŀŘŘƛǘƛƻƴ ƻŦ ƪƴƻǿƴ ƻƭƛƎƻƴǳŎƭŜƻǘƛŘŜǎ όάōŀǊŎƻŘŜǎέύ ǘƻ ǎŀƳǇƭŜǎ 

allows simultaneous sequencing of multiple libraries. Produced reads can later be allocated to their 

respective barcode based on the oligonucleotide sequence (Figure 2). Library preparation is much less 

time consuming than SGS protocols, with transposase-based kits allowing sample preparation in only 

10 minutes.  

Figure 2. Barcoding/multiplexing of samples. The addition of a known oligonucleotide sequence (barcode) allows 

pooling of samples for sequencing. Subsequently, assignment of reads depending on the barcode 

(demultiplexing) allows further analysis.  

At an initial cost of US$1000 for the MinION Starter Pack (including the MinION Mk1B, two R9.4.1 flow 

cells, one kit of choice and a flow cell wash kit), nanopore sequencing has become accessible and 

affordable for many research groups. Long-read technologies are enabling the exploration of genomes 

at an unprecedented resolution, allowing de novo genome assemblies, the determination of structural 

variants and insights into long-stretch repetitive sequences (65, 66). Additionally, unamplified direct 

sequencing permits the observation of base modifications such as methylations (67, 68).  
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Although the main asset lies in the production of long reads, the ability of real-time, portable and 

inexpensive sequencing are irreplaceable in outbreak scenarios. Deployment of the MinION to the 

International Space Station, the Canadian High Arctic and a working swine exhibition emphasises the 

versatility and portability of the device (69-71). Successful outbreak or surveillance sequencing has 

been conducted for inter alia, swIAV (71), Zika virus (72), EBOV (73, 74) und most recently, the SARS-

CoV-2 virus pandemic (75).  
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2. Influenza A Virus 

IAV are highly contagious, potentially zoonotic viral pathogens that cause subclinical, mild or severe 

respiratory disease (76, 77). The ability to adapt quickly to environmental (host) changes and the 

continuous circulation of IAV in waterfowl, the natural reservoir of IAV, with spill over events into 

several avian, animal and human hosts sustains the evolution of novel IAV strains. Alongside carrying 

the potential for (human) epidemics or pandemics, IAV are of utmost importance in the livestock 

industry, in particular the poultry and swine production sectors (1, 6, 77, 78).  

2.1. Taxonomy, Host Range and Classification 

IAV belong to the family Orthomyxoviridae (78). This family comprises six further genera including 

influenza B, C, and D viruses, Thogotovirus, infectious salmon anemia virus, and Quaranjavirus (79, 80).  

Depending on the host of origin, IAV can be classified as AIV, swIAV or other types of animal influenza 

viruses (7). Human, swine, equine, feline, canine and marine mammals have been reported to carry 

IAV, yet wild aquatic birds of the orders Anseriformes (ducks, geese and swans) and Charadriiformes 

(gulls, terns and waders) form the virus reservoir in nature (1, 81).  

IAV are highly variable. The antigenic variation based on the surface glycoproteins hemagglutinin (HA) 

and neuraminidase (NA) allows the theoretical classification into 154 subtypes, as eighteen subtypes 

of HA (H1 ς H18) and eleven subtypes of NA (N1 ς N11) have been identified to date (82). Subtypes H1 

ς H16 and N1 ς N9 have been described in waterfowl (78, 81, 82), while H17N10 and H18N11 have 

only been found in bats and fail to reassort with conventional IAV (8, 83).  

In addition to classification based on the antigenic properties of HA, AIV can be classified according to 

their pathogenic phenotype in chickens: LPAIV and HPAIV. The majority of AIV are LPAIV and cause 

mild or subclinical disease in birds. In contrast, two influenza subtypes (H5 and H7) have the potential 

to occur as HPAIV with up to 100% morbidity and mortality within a few days (9).  

In 1980, a nomenclature system for influenza viruses was established by the WHO (84). Included is the 

influenza type (A, B, C or D), host of origin (omitted for human-derived viruses), geographical location, 

strain or laboratory number, year of isolation and the HA/NA subtype (e.g. A/turkey/Germany-

NI/AI00334/2020 (H5N8)).  

2.2. Virus Structure and Genome Organisation 

Pleomorphic IAV particles are spherical (approximately 100 ς 120 nanometres ς nm, in diameter) or 

filamentous (over 300 nm in length) in shape (80). The IAV virion comprises a host-cell derived lipid 

bilayer membrane studded with HA and NA glycoprotein spikes in a ratio of four to one (Figure 3). A 

further surface protein, the matrix-2 (M2) protein, forms a transmembrane ion channel to traverse the 
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lipid envelope. Six internal proteins complete the virion, including polymerase basic protein 2 (PB2), 

polymerase basic protein 1 (PB1), polymerase acidic protein (PA), nucleocapsid protein (NP), matrix 

protein (MP) and non-structural protein (NS2) (1, 81). 

Figure 3. Structure of an influenza A virus particle (78). For permission rights see Chapter X, Supplementary 

Material, Permission for Reproduction. 

Orthomyxoviridae harbour a negative sense, single-stranded, encapsidated, eight-fold segmented 

ribonucleic acid (RNA) genome of approximately 13,500 base pairs (bp). All genetic information 

necessary for replication and assembly of progeny virions is encoded in the IAV genome (80). The eight 

gene segments of IAV are numbered in order of decreasing length, holding coding capacities for nine 

structural proteins (PB2, PB1, PA, HA, NP, NA, M1, M2, and NS2) and up to five non-structural proteins 

identified in vitro (PB2-S1, PB1-F2, PB1-N40, PA-X, and NS1) (1, 6, 85, 86). Highly conserved regions can 

ōŜ ŦƻǳƴŘ ŀǘ ǘƘŜ оΩ ǘŜǊƳƛƴǳǎ όмн ƴǳŎƭŜƻǘƛŘŜǎύ ŀƴŘ рΩ ǘŜǊƳƛƴǳǎ όмо ƴǳŎƭŜƻǘƛŘŜǎύ ƻŦ ŀƭƭ ƎŜƴŜ ǎŜƎƳŜƴǘǎΦ 

Partially complementary, the conserved regions form a short double-stranded RNA structure known 

ŀǎ ǘƘŜ άǇŀƴƘŀƴŘƭŜέ ŀƴŘ ŦǳƴŎǘƛƻƴ ŀǎ ǘƘŜ ǇǊƻƳƻǘƻǊ ŦƻǊ ǾƛǊŀƭ wb! ǊŜǇƭƛŎŀǘƛƻƴ ŀƴŘ ǘǊŀƴǎŎǊƛǇǘƛƻƴ (87-89).  

Segments 1 ς 3 encode the polymerase proteins: PB2, PB1 and PA. The PB2 protein is responsible for 

ǘƘŜ ǊŜŎƻƎƴƛǘƛƻƴ ŀƴŘ ōƛƴŘƛƴƎ ƻŦ рΩ ŎŀǇ ǎǘǊǳŎǘǳǊŜǎ ƻŦ Ƙƻǎǘ ŎŜƭƭ ǾƛǊŀƭ ƳŜǎǎŜƴƎŜǊ wb! όƳwb!ύΦ The PB1 
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ǇǊƻǘŜƛƴ ōƛƴŘǎ ǘƘŜ оΩ ŀƴŘ рΩ ǘŜǊƳƛƴƛ ƻŦ ǾƛǊŀƭ wb! όǾwb!ύ ŀƴŘ ŎƻƳǇƭŜƳŜƴǘŀǊȅ wb! όŎwb!ύΣ ƛƴƛǘƛŀǘƛƴƎ ǘƘŜ 

process of genome transcription and replication. The role of the PA protein has yet to be fully 

dissected. The three described polymerase subunits form a heterotrimeric viral RNA-dependent RNA 

polymerase (RdRP) complex required for replication (Figure 3) (1, 80, 82, 90, 91). 

The viral surface glycoproteins HA and NA are encoded by segments 4 and 6, respectively (80). The HA 

protein is responsible for binding of sialic acids (viral host cell receptors) and fusion of viral and host 

cell membranes ensuing endocytosis (92). For activation of the HA protein, the initially synthesised 

single polypeptide precursor protein (HA0) undergoes posttranslational endoproteolytic cleavage into 

subunits HA1 and HA2 by cellular proteases (93). The NA protein, a sialidase, cleaves the sialic acids 

residue attached to newly produced virions, thus facilitating virus release (94).  

Segment 5 encodes the NP protein, responsible for binding vRNA with the amino terminus RNA-binding 

domain. Together with the heterotrimeric RdRP complex, vRNA segments coated in NP protein form 

the ribonucleoprotein (RNP) complex (Figure 3). The RNP complex plays a fundamental role in the 

transcription, replication and intracellular transport of vRNA as well as viral genome packaging into 

progeny particles (95).  

The MP protein, encoded by segment 7, includes the viral matrix structural protein M1 and the ion 

channel protein M2. A matrix of M1 protein encloses the virion core as a major structural component 

of the viral envelope. M2 protein forms a transmembrane ion channel to traverse the lipid envelope 

(96).  

Segment 8 encodes for two major NS proteins, NS1 and NS2. As an antagonist of interferon expression 

of infected cells, NS1 suppresses the host innate immune response and interferes with host gene 

expression. NS2, also known as nucleic export protein (NEP), plays a role in the nuclear export of RNP 

into the cytoplasm prior to virion assembly (97, 98).  

2.3. Genetic and Antigenic Viral Evolution 

IAV exhibit rapid evolutionary dynamics, irrespective of host range and viral subtype (99). Driven by 

large host populations, short generation intervals and high mutation rates, IAV pose the risk of 

zoonotic infection, host switch and the generation of pandemic viruses (3). Four human flu pandemics 

have been recorded over the past 100 years: 1918 H5N1 Spanish flu, 1957 H2N2 Asian flu, 1968 H3N2 

Hong Kong flu and 2009 H1N1 swine flu (3, 100-103). Although not classified as a pandemic, the HPAI 

H5N1 virus has caused more than 1000 deaths with mortality rates of about 55% since its emergence 

in 1996 (2).  
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Ongoing viral evolution is expedited by three mechanisms: Point mutations (genetic drift), 

reassortment (genetic shift), and RNA recombination (104).  

Figure 4. Antigenic drift (point mutations) and antigenic shift (reassortment), demonstrated by the example of 

the pandemic human H3N2 virus from 1968 (78). For permission rights see Chapter X, Supplementary Material, 

Permission for Reproduction. 

Gradual evolution of the IAV genome results from high rates of synonymous and nonsynonymous point 

mutations (>1 x 10-3 substitutions per site, per year (99)), attributed to the error-prone RdRP activity 

and lack of a proofreading mechanism in IAV RNA replication (99, 105). Significant mutations affecting 

the major surface glycoproteins (HA and NA) can elicit antigen migration and result in new antigenic 

variants. This process is often referred to as antigenic drift (Figure 4). The host immune protection 

(neutralising antibodies acquired by previous infection or immunisation) might subsequently be no 

longer effective against the novel antigenic virus. Every mutation can potentially lead to evasion of the 

host immune system, positive selection and thus, wider and more effective distribution and infection 

(106). 
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Due to the segmented genome of IAV, co-infection of one host cell with two varying parental influenza 

viruses (sub- and/or genotype) can result in the exchange of complete gene segments during virion 

assembly (Figure 4). Termed reassortment, the genesis of progeny viruses with gene segments from 

both parental viruses alters the genotype (107-109). Involvement of the HA and NA gene segments 

results in subtype change and differing antigenic properties, and is consequently referred to as 

antigenic shift. All four flu pandemics were linked to reassortant IAV of avian (1918, 1957, 1968) or 

swine origin (2009) (3). 

RNA recombination occurs in many RNA viruses, yet is rarely detected in negative-sensed, single 

stranded RNA viruses like IAV (110). Two main mechanisms of recombination can be distinguished: 

Non-homologous recombination between two different RNA fragments (111), and homologous 

recombination with template switching during virus replication (112). In China, the circulating zoonotic 

H7N9 AIV may carry a PB1 segment recombined with a highly pathogenic fragment from a HPAI H5N1 

virus, potentially the reason for the high fatality rate among patients infected with the respective H7N9 

strain (113).  

2.4. Highly Pathogenic and Low Pathogenic Avian Influenza Viruses 

AI±Σ ŀƭǎƻ ǘŜǊƳŜŘ άōƛǊŘ ŦƭǳκōƛǊŘ ǇƭŀƎǳŜέ ǿŀǎ ŦƛǊǎǘ ŘŜǎŎǊƛōŜŘ ƛƴ ǇƻǳƭǘǊȅ ƛƴ LǘŀƭȅΣ муту (114). Aside from 

causing huge (economic) losses in both the poultry industry and wild bird population, some strains can 

carry zoonotic potential with the possibility of causing major worldwide pandemics as mentioned 

above. The classification of AIV into two pathotypes, LPAIV and HPAIV, can be achieved depending on 

the pathogenicity in chickens and the HA endoproteolytic cleavage site (HACS) (115).  

LPAIV are most frequently detected in the natural reservoir, wild aquatic birds, in a wild array of HA/NA 

subtype combinations and count for the vast majority of AIV. The widespread occurrence of LPAIV in 

(migratory) wild birds cause an asymptomatic infection course (116, 117). Sporadic transmission to 

gallinaceous poultry commonly induces either no clinical symptoms or mild disease. LPAIV infections 

with H7 and H9 are most frequently detected in poultry (118, 119). Although generally no clinical signs 

are visible, LPAIV play an important role in the reassortment and emergence of novel AIV, potentially 

carrying different antigenic and pathogenic properties (117).  

Of all HA subtypes, only subtypes H5 and H7 have the potential to evolve from LPAIV to HPAIV (1, 120, 

121). The classification of HPAIV builds on two conclusive characteristics: An intravenous pathogenicity 

index of >1.2 in chickens and a multibasic HACS (122). After infection of domestic poultry (especially 

chickens and turkeys) with LPAIV from the wild bird reservoir, host adaptation is believed to be the 

driver for the emergence of HPAIV variants (123). Initially, the HA protein stands as a single polypeptide 

precursor (HA0). The monobasic HA0 cleavage site of LPAIV allows cleavage into the subunits HA1 and 
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HA2 by trypsin-like proteases found in the respiratory and intestinal tract. In contrast, HPAIV carry a 

polybasic HA0 cleavage site cleaved by ubiquitously expressed subtilisin-like cellular proteases, 

resulting in systemic viral replication and lethal infection with mortality rates of up to 100% in birds 

(93).  
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2.5. Review: Genetics of Highly Pathogenic Avian Influenza H5 Viruses in Germany 

A conclusive summary of the genetics of HPAI subtype H5 viruses in Germany from 2006 to 2020 is 

presented here as a review publication. The reference section is presented in the style of the respective 

journal and is not included at the end of this document. The numeration of figures and tables 

corresponds with the published form.  
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