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Introduction

|. INTRODUCTION

Alike many viral pathogens, influenza A viruses (IAV) are characterised by their constant evolution and
subsequent emergence of novel straifiy. Over the past decade, IAV have been the elicitor of four
pandemics and numerous epidemics, as well as hagiagtic impacts on the poultry and swine
production sectorg2, 3) In addition to the pronounced bearing on the livestock industry, the zoonotic
propensity of certain 1AV strains poses a threat to public hgdltl) 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 1AV
strains(5, 6) 1AV can belassified depending on the host of origin, accordingly termed avian influenza
virus (AlV), swine influenza A virus (swlAV), or elsewise conferring to the affected Sp@ed@gs
Further, AIV of subtypes H5 and H7 can be divided into two groups accdditite level of
pathogenicity: Low pathogenic AV (LPAIV) and highly pathogenic AIV (ERAIV)

Due to the broad diversity of 1AV, surveillance by full genomic evaluation has become indispensable.
In an outbreak scenario wholgenome sequencing (WGS) usilised to identify the emerging,
potentially zoonotic IA(10). Thereafter, genetic characterisation of the novel IAV assists in the
establishment of preventive measures. The nucleotigeel resolution of irdepth WGS permits
phylogenetic analysis andatecular epidemiology studies to achieve a detailed understanding of the
outbreak (11). Although WGS with expensive, stationary, slow and laborious segpemeration
devices produces high quality data, this thesis describes the establishment of a rapahlgo
inexpensive, redime 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 videspread HPAIV H5 lineage emerged in 1996, affecting geese in the Chinese Guangdong
province (goose/Guangdong lineage, gs/@GI2). Aided by the global spread via migratory birds and
unprecedented tendency for reassortment, a plethora of clades; and genotypes causing high
mortality as well as zoonotic strains have evolved from the respective H5 lig@aty@, 14)Since the

initial detection of the first gs/GD HPAI H5N1 virus in Germany, 2086 a recurring influx of
reassortant HPAIV H5 subtypéscluding H5N1, H5N8, H5N5 and H5N6 in assorted genotype
constellations have been identifigd6-20). 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 populatid8, 19, 21, 22)As curtailing

of novel pandemic threats is believed to be best accomplishyeeffectively controlling AlV 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 measurg3). The conducted idepth phylogenetic analyses of clade
2.2.3.4bHPAIV 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 H§ 202®
outbreaks.

Likewise, the introduction of clade 2.3.4.4b HPAI H5 virtss&gypt in 2016 led to the emergence of
multiple novel reassorted HPA(%4, 25) Again, the utilisation of WGS for genetic characterisation of
the novel strains allowed exact dissection of the genetic backbone and reassortment gasgras
describedin this thesis. Due to the endemic HPAIV situation in Egypt, precise identification and

classification of novel HPAIV H5 strains is of utmost importé2&,e27)

Collectively, this thesifbcusses on (i) the establishment and application of a rapid, portable,-third
generation nanopore sequencing workflow for 1AV, (ii) molecular epidemiology, zoonotic potential and
genetic evaluation of the 201§ 2020 HPAIV H5 outbreaks in Germany, angl tfie genetic

characterisation of novel HPAI H5 viruses in Egypt.
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II. LTERATURREVIEW

1. Whole-GenomeS:zquencing

Since the discovery of the structure of deoxyribose nucleic acid (DNA) in(286% multitude of
sequencing technigues have emerged. All pursuing the goal of obtaining the nucleic acid sequences of
entire (viral) genomes, this process is now referredsavholegenome 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 theize and growth of the international nucleotide sequence database shows the integral
role of sequencing in most scientific research applications, especially in the field of vi{2881).
Human history is abounding with viral disease outbreaks causingsthting repercussions for entire
populations, for instance the 1918 Spanish flu pandg@23and 2009 H1N1 influenza pandeni®3),
the ongoinchuman immunodeficiency virusllV) pandemi€34), and the recent 2012015 Ebola virus
(EBOV) epidemi@5). 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 diseasé y@ttcR A & 02 S NBE R X
- ¢3 Fftaz2 vyzal tA@Ste G2 06S 2F GANIE 2NRAIAY

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 anderaerginginfectious diseases by WGS has
become indispensable in outbreak scenari®g, 38) Full genomic evaluation facilitates nucleotide
level resolution, permitting phylogenetic and variant analyses to aid in establishing preventive and

therapeutic measureg39, 40)

In December 2019, reports of a novel respiratory disease in Wuhan, China, led to the detection of the
FTANBO a M4 &S5 Rapi@ WGS allowed the identification and classification of the causative
agent: Severe acute respiratory syndrome c@oirus 2 (SARS0V2) (42, 43) In addition to initial
metagenomic identification of SAR®V2, this pandemic has demonstrated the enormous capacity
and importance of WGS to study emerging infectious diseases by tracing outbreak origin and drivers,
estallishing transmission chains and monitoring virus evolu(d, 44) In light of the SARS0\2
pandemic, the employment of rapid, accessible and inexpensive WGS techniques in outbreak scenarios

is crucial.
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1.2. The Era oHighThroughput Sequencing
Before tte era of highthroughput sequencing (also called negdéneration sequencing, NGS), the first
generation chain termination method by Sanger was primarily used for sequencing ve(Mbies
Here, incorporation of radiolabelled dideoxynucleosidtriphosphatdN{TP) 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 firgleneration 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 detectioa lbhses
(46)

Although Sanger sequencing led to the discovery of many ground breaking sequences, including the
determination of the first human genom@l7, 48) the time consuming, expensive and laborious
approach called for a second generation of hHigtoughput, accurate and low cost sequencers.
Characterised by the simultaneous parallel generation of short sequences (reads), the first high
throughput seconejeneration sequencer, the 454 Genome Sequencer 20 developed by 454 Life
Sciences (now Roche), svintroduced in 2005. The highly competitive field of seegaderation
sequencers led to the discontinuation of the 454 platform in 2013 due to dated technology, and today
the Illlumina (lllumina Inc.) and lonTorrent (Thermo Fisher Scientific) platform@édte the second

generation market49).

Independent of the executing platform, secegdneration sequencing (SGS) comprises four steps:

Sample preparation, clonal amplification, sequencing and bioinformatic anédsi51) Initially, the
originatinggenetic material (bonucleic acidRNA/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 dependenthe

sequencing platform, typically #5600 base pairs, bp), known oligonucleotide adapters encompassing
aSljdzSy0Sa SaaSyidAalt F2N FYLXAFAOIGAZ2Y |yR LRfey
Clonal amplification is performed to boost thergerated sequencing signal. Based on sequeHrgojng

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 (lllumina) or electric potential changes (lonTai5&ht)

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 maskitesets, further bioinformatic

analysis calls for large processing capacities. In most cases, eithercwva¢overlapping reads are
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combined to produce larger sequences) or miageference (reads are mapped to a known reference

genome) approach is Uised to achieve whole genome sequen¢g3, 54)

1.3. Nanopore Sequencing Methodd.ongRead,RealTime S2quencing
Over the past 15 years, tremendous progress has been made in the development, employment and
commercialisation of NGS, including the achievemainthe US$1000 human genome and 1000
Genomes Project55-57). While shoriread, seconejeneration sequencers revolutionised scientific
research applications in terms of cost efficiency, throughput volume and speed, a demand for
technologies producing |lger reads in real time resulted in the advent of thgeneration sequencing
(TGS).

Major differences between SGS and TGS lie in the longer read lengti@Q Bp vs. dependent on the
sample molecule length), lack of need for clonal amplification anglesimolecule sequencin@8).

Pacific Biosciences (PacBio) introduced the first successful-sintgeule 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 bwith 5 ¢ 10 gigabytes (GB) of throughput per four hour run, but carries

significantly higher error rates (X015 %) than secongeneration sequencers (<1 ¥8-60).

A novel thirdgeneration nanopore sequencer was introduced to the market by Oxford paro
Technologies (ONT) in 2014. Dubbed MinION, the pesiketl, 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 MinlONiggles with high error rates ()15 %) especially

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

has considerably reduced this valueg(8 %) and improved homopolymer basecall{f§, 61, 62)

The bundation 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 bor(63). It took until 2012 for the first successfelgiencing reports, followed by the
commercialisation two years later in a largeale collaborative MinlON Access Program (MAR)

63). For sequencing, a MinlON Mk1B device is coupled with a flow cell and powered by USB connection
to a computer/laptop. e 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 transdithwicleic 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 applicatiespecificintegrated circuit (ASIC) microchip (Figure 1). Final data

processing and basecalling is subsequently conducted by the ONT MinKNOW s(@tw&re)
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Flowcell
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~ “‘.\\‘“ MInION MK
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N" USB port

Figure 1 The MinlON (Mk1B) sequencing dev{@® cm in length, rightand flow cell {3 cm in lengthright).

Sequencing is performed by adding the sample to the flow cell. The DNA molecule passes through the nanopore
(2 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 andgsd to the ASIQ €m in lengthbottom left) (61). For permission rights see Chapter

X, Supplementary MateridPermission for Reproduction.

ONT have introduced a wide array of novel and improved products over the past years. To help with
the large proessing capacities needed for data acquisition and basecalling, the MinIT was introduced
as a companion to the MinlON MKk1B in 2018, carrying multiple threading graphics processing units
(GPU), 8 GB randeatcess memory (RAM) and 512 GB ssitide drive (SI3), thus eliminating the

need for a dedicated laptop. In 2019, ONT announced the MinlON Mk1C. This sequencer syndicates
the original MinlON Mk1B and MinIT setup by combining the-tiead, portable sequencing of the
MinlON with a powerful integrated compait(preinstalled basecalling and analysis software) and a
highresolution touchscreen. Additionally, two larger, stationary Higtoughput sequencers are
available: The benchtop GridlON can run five flow cells at once (up to 150 GB of data) while the ultra
high throughput PromethlON device can run 48 flow cells at once to create up to eight terabytes (TB)

of data, especially suitable for populati@gale sequencin($2, 64)

The MinlON and GridlON flow cells contain 512 nanopore channels (ASIC measuretizeTs),n
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 wéiler&fore, the MinlON and GridlION flow cells carry

2048 wellsg 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 MinlON 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

10
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one short reader head, the R10.3 pores carry a dualleednead 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
researtt 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 shassémtial addition of a

specific ¥shaped sequencing adapter with motor protein by digdtion or transposase activity to

allow docking and transit of the sample through the nanopore. To reduce costs and increase
throughput, multiplexing is possible: $h I RRAGA 2y 2F (y26y 2t A2y dz0f S2
allows simultaneous sequencing of multiple libraries. Produced reads can later be allocated to their
respective barcode based on the oligonucleotide sequence (Figure 2). Library preparatiah iessu

time consuming than SGS protocols, with transpodazesed kits allowing sample preparation in only

10 minutes.

i

~

=) [\

T =
/<

KC /\//\ Y,

Barcode multiple samples Pool and sequence Demultiplex

Figure2. Barcoding/multiplexing of samples. The addition of a known oligonucleotide sequence (barcode) allows
pooling of samples for egjuencing. Subsequently, assignment of reads depending on the barcode

(demultiplexing) allows further analysis.

At an initial cost of US$1000 for the MinlON Starter Pack (including the MinlON Mk1B, two R9.4.1 flow
cells, one kit of choice and a flow celash kit), nanopore sequencing has become accessible and
affordable for many research groups. Lamgd technologies are enabling the exploration of genomes

at an unprecedented resolution, allowing de novo genome assemblies, the determination of structural
variants and insights into lorgfretch repetitive sequence5, 66) Additionally, unamplified direct

sequencing permits the observation of base modifications such as methyl&6ion€8)

11
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Although the main asset lies in the production of long reads, the ability oftireal portable and
inexpensive sequencing are irreplaceable in outbreak scenarios. Deployment of the MinlON to the
International Space Station, the Canadian High Arctic amdrking swine exhibition emphasises the
versatility and portability of the devic@9-71). Successful outbreak or surveillance sequencing has
been conducted fointer alia, sSwIAM(71), Zika virug72), EBO\(73, 74)und most recently, the SARS
Co\2 virus pandemi€75).

12
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2. Influenza A Yus

IAV are highly contagious, potentially zoonotic viral pathogens that cause subclinical, mild or severe
respiratory diseas€76, 77) The ability to adapt quickly to environmeni@ost) changes and the
continuous circulation of 1AV in waterfowl, the natural reservoir of 1AV, with spill over events into
several avian, animal and human hosts sustains the evolution of novel IAV strains. Alongside carrying
the potential for (human) epiemics or pandemics, IAV are of utmost importance in the livestock

industry, in particular the poultry and swine production sectdrs6, 77, 78)

2.1. Taxonomy, Host Range and Classification
IAV belong to thdamily Orthomyxoviridag(78). This family compriss six further genera including

influenza B, C, and D viruses, Thogotovirus, infectious salmon anemia virus, and Quardrif\eis

Depending on the host of origin, IAV can be classified as#l&Y 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 ordefmseriformegducks, geese and swans) aBHaradriiformes

(gulls, terns and waders) form the virus reservoir in ha{re81)

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 (HX; H18) and eleven subtypes of NA (@l11)have been identified to daté82). Subtypes H1

¢ H16 and NX N9 have been described in waterfov18, 81, 82)while HL7N10 and H18N11 have

only been found in bats and fail to reassort with conventional (B\\83)

In addition to classification based on the antigenic properties of HA, AlV can be classified according to
their pathogenic phenotype in chickens: LPAIV and HPAIV. The majority of AlV are LPAIV and cause
mild or subclinical disease in birds. In contras influenza subtypes (H5 and H7) have the potential

to occur as HPAIV with up to 100% morbidity and mortality within a few @ys

In 1980, a nomenclature system for influenza viruses was established by th€34H@cluded is the
influenza type (A, BC or D), host of origin (omitted for humderived viruses), geographical location,
strain or laboratory number, year of isolation and the HA/NA subtype (e.g. Alturkey/Germany
NI/AI00334/2020 (H5N8)).

2.2. Virus Structure and Genome Organisation
PleomorphidAV particles are spherical (approximately 0020 nanometres; nm, in diameter) or
filamentous (over 300 nm in length) in shaf@®) The IAV virion comprises a hasll derived lipid
bilayer membrane studded with HA and NA glycoprotein spikes in@aafour to one (Figure 3). A

further surface protein, the matri2 (M2) protein, forms a transmembrane ion channel to traverse the

13
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lipid envelope. Six internal proteins complete the virion, including polymerase basic protein 2 (PB2),
polymerase basic ptein 1 (PB1), polymerase acidic protein (PA), nucleocapsid protein (NP), matrix

protein (MP) and nosstructural protein (NS21, 81)

OO
S > -‘
(7 PA M2
PB1
‘ M1
Polymerase PB2
genes /)
,,,,,,,,,,,, L, HA
I 3 o . : ) S # NP
— NA

___________

e J

80-120nm

Figure 3. Structure of an influenza A virus partidlé8). For permission rights see Chapter X, Supplementary

Material, Permission for Reproduction.

Orthomyxoviridaeharbour a negative sense, singlfanded, encapsidated, eigfinld segmented

ribonucleic acid (RNA) genome of approximately 13,500 base pairs (bp). All genetic information
necessary for replication and asselybf progeny virions is encoded in the IAV gend8®. 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-ftrectaral proteins

identifiedin vitro(PB2S1, PBE2, PBAN40, PAX, and NS}, 6, 85, 86)Highly conserved regions can

0S F2dzyR G GKS 0Q GSNNAYydza o6mH ydzOft S2GARS&0 |y
Partially complementary, the consed regions form a short doubkgranded RNA structure known

Fd GKS daLI yKFEYRESeé FyR FTdzyQiA2y & (KSB7-8INB Y2 (2 NJ

Segments &, 3 encode the polymerase proteins: PB2, PB1 and PA. The PB2 protein is respansible
GKS NBO23yAlAz2y YR O0AYRAY3 2F pQ O LIThe @BlHzO( dzNB

14
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LINPGSAY O0AYRa GKS 0Q FYR pQ GSNYAYA 2F GANIf whb!
process of genome transcription and replication. Toée of the PA protein has yet to be fully
dissected. The three described polymerase subunits fatmeterotrimeric viral RNAependent RNA

polymerase (RARP) complex required for replication (Figui®, 8D, 82, 90, 91)

The viral surface glycoproteins HA and NA are encoded by segments 4 and 6, resg80livehe HA
protein is responsible for binding of sialic acids (viral host cell receptors) and fusion of viral and host
cell membranes ensuing endocyto$®?). For ativation of the HA protein, the initially synthesised
single polypeptide precursor protein (bJAindergoes posttranslational endoproteolytic cleavage into
subunits HAand HA by cellular protease£93). The NA protein, a sialidase, cleaves the sialicsacid

residue attached to newly produced virions, thus facilitating virus reléa&g

Segment 5 encodes the NP protein, responsible for binding vRNA with the amino terminbsidiNg
domain. Together with the heterotrimeric RARP complex, VRNA segmenexidoaNP protein form

the ribonucleoprotein (RNP) complex (Figure 3). The RNP complex plays a fundamental role in the
transcription, replication and intracellular transport of vVRNA as well as viral genome packaging into

progeny particle$95).

The MP prtein, 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 chammé&laverse 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 spmesses the host innate immune response and interferes with host gene
expression. NS2, alkmown as nucleic export protein (NEP), plays a role in the nuclear export of RNP

into the cytoplasm prior to virion assemi(§7, 98)

2.3. Genetic and Antigenic Viral Evolution
IAV exhibit rapid evolutionary dynamics, irrespective of host range and viraip®9). 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 vir@@g$our human flu pandemics
have been recorded over the past 108ays: 1918 H5N1 Spanish flu, 1957 H2N2 Asian flu, 1968 H3N2
Hong Kong flu and 2009 H1N1 swine(8u100103) Although not classified as a pandemic, the HPAI
H5N1 virus has caused more than 1000 deaths with mortality rates of about 55% since its emergenc
in 1996(2).
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Ongoing viral evolution is expedited by three mechanisms: Point mutations (genetic drift),

reassortment (genetic shift), and RNA recombina(ib®4)

Antigenic shift

Antigenic drift

Figure4. Antigenic drift (point mutations) anentigenic shift (reassortment), demonated bythe example of
the pandemic human H3N2 virus from 19G®8). 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 1®substitutions per site, per yed®9)), attributed to the errorprone RARP activity

and lack of a proofreading mechanism in IAV RNA replic@®rL05) Significant mutations affecting

the major surface glycoproteins (HA and NA) ebeit antigen migration and result in new antigenic
variants. This process is often referred toaigenicdrift (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;intection of one host cell with two varying parental influenza
viruses (suband/or genotype) can result in the exchange of complete gene segments during virion
assembly (Figure 4). Termeehssortmentthe genesis oprogeny viruses with gene segments from
both parental viruses alters the genotyf£07-109) 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 bur flu pandemics were linked to reassortant IAV of avian (1918, 1957, 1968) or
swine origin (2009(3).

RNArecombinationoccurs in many RNA viruses, yet is rarely detected in negsginsed, single
stranded RNA viruses like 1AV10) Two main mechanissof recombination can be distinguished:
Non-homologous recombination between two different RNA fragme(t41) and homologous
recombination with template switching during virus replicat{@i?2) In China, the circulating zoonotic
H7N9 AIV may carry a PBegment 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 Influenzaegirus
AEZ fa2 GSN¥YSR G0ANR FfdzwoANR LI | @ipbAsidedobn FA NR (
causing huge (economic) losses in both the poultry industry and wild bird population, some strains can
carry zoonotic potential with the possibility of using major worldwide pandemics as mentioned
above. The classification of AlV into two pathotypes, LPAIV and HPAIV, can be achieved depending on
the pathogenicity in chickens and the HA endoproteolytic cleavage site (KIAGE)

LPAIV are most frequentiietected in the natural reservoir, wild aquatic birds, in a wild array of HA/NA
subtype combinations and count for the vast majority of AlV. The widespread occurrence of LPAIV in
(migratory) wild birds cause an asymptomatic infection coyfsks, 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 poultty8, 119) Although generally no clinical signs

are visible, LPAIV play anportant role in the reassortment and emergence of novel AlV, potentially

carrying different antigenic and pathogenic propert(@47)

Of all HA subtypes, only subtypes H5 and H7 have the potential to evolve from LPAIV tGLHPZDY

121) The clasification of HPAIV builds on two conclusive characteristics: An intravenous pathogenicity
index of >1.2 in chickens and a multibasic HAR3) After infection of domestic poultry (especially
chickens and turkeys) with LPAIV from the wild bird reserhoisf adaptation is believed to be the
driver for the emergence of HPAIV variafit&3) Initially, the HA protein stands as a single polypeptide

precursor (H4). The monobasic HAleavage site of LPAIV allows cleavage into the subunitartA
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HA by trypsinlike proteases found in the respiratory and intestinal tract. In contrast, HPAIV carry a
polybasic HA cleavage site cleaved by ubiquitously expressed subtiliggncellular proteases,
resulting in systemic viral replication and lethal infectionhaitortality rates of up to 100% in birds

(93)

18



Literature Revievg Review: Genetics of Highly Pathogenic Avian Influenza H5 Viruses in Germany

2.5. Review:Genetics of Highly Pathogenic Avian InflueHsd/iruses 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 publicatidrhe reference sectiois presented in the style of the respective
journal and is not included at the end of this docurhemhe numeration of figures and tables

correspondswith the published form.
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Abstract

The H5 A/Goose/Guangdong/1/1996 (gs/GD) lineage emerged in China in 1996.
Rooted in the respective gs/GD lineage, the hemagglutinin (HA) gene of highly path-
ogenic avian influenza viruses (HPAIV) has genetically diversified into a plethora of
clades and subclades and evolved into an assortment of sub- and genotypes. Some
caused substantial losses in the poultry industry and had a major impact on wild bird
populations alongside public health implications due to a zoonatic potential of certain
clades. After the primary introduction of the HPAI H5N1 gs/GD lineage into Europe in
autumn 2005 and winter 2005/2006, Germany has seen recurring incursions of four
varying H5Nx subtypes (H5N1, HSN8, H5N5, H5N6) carrying multiple distinct reas-
sortants, all descendants of the gs/GD virus. The first HPAIV H5 epidemic in Germany
during 2006/2007 was caused by a clade 2.2 subtype H5N1 virus. Phylogenetic anal-
ysis confirmed three distinct clusters belonging to clades 2.2.1, 2.2.2 and 2.2, con-
curring with geographic and temporal structures. From 2014 onwards, HPAIV clade
2.3.4.4 has dominated the epidemiological situation in Germany. The initial clade
2.3.4.4a HPAIV H5NB8, reaching Germany in November 2014, caused a limited epi-
demic affecting five poultry holdings, one zoo in Northern Germany and few wild
birds. After November 2016, HPAIV of clade 2.3.4.4b have dominated the situation to
date. The most extensive HPAIV H5 epidemic on record reached Germany in winter
2016/2017, encompassing multiple incursion events with two subtypes (HSN8, HSNS5)
and entailing five reassortants. A novel H5Né clade 2.3.4.4b strain affected Germany
from December 2017 onwards, instigating low-level infection in smallholdings and
wild birds. Recently, in spring 2020, a novel incursion of a genetically distinct HPAI
clade 2.3.4.4b H5N8 virus caused another epidemic in Europe, which affected a small
number of poultry holdings, one zoo and two wild birds throughout Germany.

KEYWORDS
Clade 2.2, Clade 2.3.4.4, highly pathogenic avian influenza viruses, HPAIV, reassortment,
subtype H5
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1 | INTRODUCTION

Since the first detection of the A/Goose/Guangdong/1/1996 (gs/
GD) lineage in domestic geese located in the Guangdong prov-
ince of China, 1996 (Xu et al., 1999), highly pathogenic avian influ-
enza viruses (HPAIV) of the respective H5N1 gs/GD lineage have
caused devastating losses worldwide within both the wild bird and
the poultry population over the past 24 years (Alarcon et al., 2018:
Guan & Smith, 2013; Harfoot & Webby, 2017; Nunez & Ross, 2019;
Sutton, 2018; Yamaiji et al., 2020).

Initially, the identified HPAIV of subtype H5N1 was limited to
poultry species and geographically confined to Southeast China.
One year after its emergence, in 1997, a gs/GD-related HPAIV H5N1
reassortant caused outbreaks in poultry and zoonotic transmissions
to humans in Hong Kong (Claas et al., 1998; Shortridge et al., 1998).
Of the 18 human cases recorded in the particular epidemic, six
proved to be fatal, shining a light on the zoonotic potential and sub-
sequent serious public health implications of this lineage (Webby
& Webster, 2001; Webster, 2002). After several years of low level,
yet likely endemic circulation in aquatic poultry species in Southern
China, re-emergence of the HPAIV subtype H5N1 in 2003 caused
not only large-scale poultry outbreaks in several Asian countries
(Cauthen et al., 2000; Guan et al., 2002; Li et al., 2010; Webster
et al., 2002), but was also transmitted to the migratory aquatic wild
bird population (Chen et al., 2005; Ellis et al., 2004). From December
2003 to February 2004, HPAIV H5N1 outbreaks were detected
almost simultaneously in the Republic of Korea, Japan, Cambodia,
Indonesia and Thailand, affecting not only poultry, but also a
small amount of wild birds, felines and humans (Alexander, 2007;
WHO, 2012).

Over the course of eight years (1996-2004), the gs/GD lin-
eage was perceived as a problem confined to East Asia. However,
the situation dramatically transformed after the initial identifica-
tion of the respective virus in migratory wild birds in 2003 (Chen
et al., 2005; Ellis et al., 2004). Intercontinental dissemination of
the subsequently designated clade 2.2 HPAIV H5N1 gs/GD lin-
eage from Asia began in April 2005 after the respective virus was
detected as the cause of high wild bird mortality rates at Lake
Qinghai, Northwest China, affecting numerous species within the
orders Anseriformes (waterfowl, e.g. ducks, geese and swans) and
Charadriiformes (gulls and shorebirds; Chen et al., 2005, 2006:
Lvov et al., 2010; Zhou et al., 2006). From late 2005 onwards,
the gs/GD lineage rapidly spread westwards through Russia,
Mongolia, Kazakhstan and Turkey to reach Europe, the Middle
East, and Africa in 2005 and 2006 (Olsen et al., 2006; Takekawa
et al., 2010). Almost simultaneously within a one-week time
frame in February 2006, HPAIV H5N1 surfaced in several Central
European countries, including Greece, Italy, Bulgaria, Slovenia,
Austria and Germany (Brown, 2010; WHO, 2012). Multiple incur-
sion routes into Europe, including wild bird migration and illegal
domestic poultry and exotic bird trade, were discussed as poten-
tial drivers of the HSN1 epidemic (Serratosa et al., 2007; van den
Berg, 2009; Van Borm et al., 2005; Yee et al., 2009).
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The continuous and extensive circulation of descendants of
the HPAIV H5N1 gs/GD lineage in poultry and wild birds led to the
appearance of multiple individual genotypes achieved by reassort-
ment events; genetic drift by point mutations in the hemagglutinin
(HA) gene which is under considerable selection pressure led to
its diversification into 10 distinct genetic clades (0-9) and multiple
subclades (Guan & Smith, 2013; WHO/OIE/FAQ, 2008). To date,
over 80 countries in Asia, Africa, Europe and North America have
reported gs/GD lineage HPAIV H5Nx outbreaks, meriting the term
‘pandemic’ in birds due to the severity, size and geographic distri-
bution (Guan & Smith, 2013; Lee et al., 2017). Since the initial in-
troduction of the HPAIV H5N1 gs/GD lineage to Europe in autumn
2005 (Weber et al., 2007), the source of all HPAIV H5 epidemics
has been traced back to the East of Europe, mainly in Central and
Southeast Asia, while Central and West Europe have become a 'sink’
for gs/GD HPAIV infections, experiencing multiple novel incursions
from sources to the East: a model that is similar to the one proposed
for the ecology of seasonal human influenza virus strains (Rambaut
et al., 2008). The only subtype H5 HPAIV reported from Europe that
was not rooted in the gs/GD lineage recently had caused multiple
regional outbreaks in the duck-fattening industry of France (Briand
etal., 2017).

Germany has experienced a recurring influx of four HPAIV
H5MNx subtypes carrying multiple distinct reassortants, all clus-
tering as descendants of the primary gs/GD lineage (Harder
et al., 2015; King et al., 2020; Pohlmann et al., 2018, 2019;
Starick et al., 2008). This includes the 2006/2007 clade 2.2
H5N1 epidemic, the 2014/2015 clade 2.3.4.4a H5N8 epidemic,
the major 2016/2017 clade 2.3.4.4b H5N8 and H5N5 epidemic,
the 2017/2018 clade 2.3.4.4h H5Né events, and the recent 2020
clade 2.3.4.4b H5N8 scenario. For updates on the current HPAIV
situation in Germany, please check the risk assessment available
from the Friedrich-Loeffler-Institut website (https://www.fli.de/
en/publications/risk-assessments/).

To date, a comprehensive and conclusive genetic review of all
German HPAIV H5Nx occurrences has yet to be compiled. This
paper aims to assess and present the genetic evolution and molec-
ular epidemiology of all assorted HPAIV H5 outbreaks in Germany
since 2006 in a temporal manner.

2 | 2006-2007: CLADE 2.2—H5N1

As of December 2009, the respective clade 2.2 HPAI H5N1 virus
had caused poultry or wild bird outbreaks in 62 countries reach-
ing over three continents, including 24 European states (Cattoli,
Fusaro, et al., 2009). After the first European cases were identified
in Romania (Oprisan et al., 2006), Croatia (Savic et al., 2010) and the
Ukraine (Muzyka et al., 2019) in summer-winter of 2005, Germany
alongside 18 other European countries between Southern Sweden
and Italy recorded their first cases almost simultaneously in January/
February 2006 (Alexander, 2007; Cattoli, Fusaro, et al., 2009;
WHO, 2012).
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In Germany, the first cases confirmed on 14 February 2006,
comprised of multiple wild birds, predominantly swans (Cygnus sp.)
and geese (Anser sp.), geographically concentrated on the Baltic
Coast and with the Island of Ruegen as a small epicentre covering
46% of all German 2006 HPAIV H5N1 cases (Globig et al., 2009).
Two weeks after the initial outbreak in Northern Germany, a
second epicentre was established in Southern Germany at Lake
Constance (Baden-Wuerttemberg), followed by further wild bird
infections along the Danube River and in wetlands in Bavaria. The
HPAIV H5N1 spread rapidly in a radial manner within the following
weeks, affecting seven federal states in Germany and over 30 wild
bird species. Overall, in 2006, 343 HPAIV H5N1-infected wild birds

were diagnosed in Germany, alongside virus recovery from three
stray cats and one stone marten (Martes foina; Globig et al., 2009;
Harder et al., 2009). In addition, a single mixed commercial tur-
key/chicken/geese holding located in Saxony was affected in April
2006. The epidemic came to a preliminary halt on 12 May 2006,
when the final wild bird case involving two eagle owls (Bubo buba)
was detected in Bavaria. From this date on, only one maore isolated
case, involving a black swan (Cygnus atratus) held in captivity, was
recorded as HPAIV H5N1 positive in August 2006. Otherwise,
no further poultry outbreaks or wild bird cases were detected in
2006 (Figure 1a; Alexander, 2007; Globig et al., 2009; Hesterberg
et al., 2009).

(a) Case Count Germany 2006 - 2020
mTotal mWild =Poultry
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700 g
600 2
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3 w0
.
300
200
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O o0 2007 2008 2009 2010 2011 012 2013 014 2015 2016 2017 “018 2019 S0
mTotal 344 330 0 1 0 0 0 0 3 4 586 680 5 0 7
mWild 343 326 Q 1 0 ] (1] 0 0 Q 560 H06 3 0 p 3
= Poultry 1 4 a 0 i} 0 0 0 3 4 26 74 2 a 5
(b)
2006 2007 2014/2015 2016/2017 2017/2018 2020
H5N1 H5M1 H5M8 H5M8,H5N5 H5M6 H5N8
« Clade 2.2.1 + Clade 2.2 « Clade 2.3.4.4a « Clade 2.3.4.4b + Clade 2.3.4.4b « Clade 2.3.4.4b
+ Clade 2.2.2 «Ger-11-16 * Ger-12-17-N6 * Ger-01-20
+Ger-12-16.1
+Ger-12-16.2
+Ger-12-16-N5.1
+Ger-12-16-N5.2
FIGURE 1 (a)Case counts of all HPAIV H5 reports in Germany retrieved from the German animal disease notification system

(Tierseuchen-Nachrichtensystem, TSN, accessed 26.05.2020) with added wild bird cases from the German National Reference Laboratory
for Avian Influenza, 2006-2020. Numbers of cases are divided into total, wild bird and poultry reports. (b)Timeline of occurrence and genetic
background of HPAIV H5 viruses in Germany, 2006-2020. Details are given in the text
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In the following year, several European countries (Hungary, UK,
Czech Republic and the European region of Russia) reported novel
HPAIV H5N1 outbreaks in poultry (Brown, 2010; Irvine et al., 2007;
MNagy et al., 2009; Szeleczky et al., 2009). The HPAIV H5N1 virus
re-emerged in Southeast Germany in June 2007, identified in a mute
swan (Cygnus olor) on June 19, 2007, in Bavaria (Globig et al., 2009).
During this month, France and the Czech Republic also reported
further HPAIV H5N1 poultry and wild bird infections (Gall-Recule
et al., 2008; Nagy et al., 2009; WHO, 2012). To conclude, 2007
brought a further wave of wild bird cases similar in size to the pre-
vious year, counting 326 infected wild birds distributed through-
out the southern federal states of Bavaria, Thuringia, Saxony and
Saxony-Anhalt in June-August, 2007 (Figure 1a). In addition, two
large duck-fattening holdings, in Bavaria, reported outbreaks with
the respective subtype (Globig et al., 2009). The final HPAIV H5N1
outbreaks took place in December 2007, affecting three individual
backyard holdings in Brandenburg which were epidemiologically
linked to the one in fattening ducks in Bavaria in 2007 (Harder
et al., 2009).

The initial genetic evaluation revealed a high identity rate be-
tween all German outbreak sequences and Qinghai-like viruses, of
both bird and mammalian origin, but clearly distinct from other HPAI
H5N1 viruses of the gs/GD lineage (Cattoli, Fusaro, et al., 2009;
Chen et al, 2006; Shestopalov et al., 2006). All investigated
German and other European HPAIV H5N1 isolates shared charac-
teristics concurring with analogous HPAIV H5N1 strains of Asian
origin, for example the identical polybasic hemagglutinin cleav-
age site (PQGERRRKKR*GLF) and a typical 20 amino acid deletion
in the neuraminidase stalk region (Fink et al., 2010; Lee, Bertran,
et al., 2017; Smietanka et al., 2010; Starick et al., 2008), described
as a strong marker for increased virulence in galliform poultry (Li
et al., 2014; Munier et al., 2010).

According to the official nomenclature provided for the gs/
GD lineage by the WHO/OIE/FAO (2008) Evolution Working
Group, the allocated clade 2.2 HPAIV H5N1 epidemic was further
divided into two distinct subclades, 2.2.1 and 2.2.2 (WHO/OIE/
FAO, 2008, 2009, 2012). Nonetheless, Starick et al. reported a
third subclade 2.2.3 (2008), which was, however, only proposed
and so far not officially designated as a separate third degree clade
by the WHO/OIE/FAQ (2009) Evolution Working Group. The pro-
posed clade 2.2.3 is officially regarded as part of clade 2.2 (Figure
S3). Also often termed clade 2.2 A, B and C or in accordance with
the geographic origin European-Middle East-African (EMA) 1-3
(Salzberg et al., 2007), the German 2006/2007 epidemic encom-
passed all three clades, often coinciding with geographic and
temporal metadata. Within the German 2006/2007 HPAIV H5N1
epidemic, the phylogenetic clades were temporally divided, in-
cluding clades 2.2.1 and 2.2.2 in 2006 and the third clade 2.2 in
2007 (Figure 1b). Additionally, all cases from the primary 2006
German epidemic were not only geographically clustered into a
northern and southern type, but also revealed a genetic classifi-
cation, with few exceptions, allocating clade 2.2.2 to the north-
ern cluster and clade 2.2.1 to the southern cluster. Analyses of
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neuraminidase (NA) sequences equally mirrored the described
classification based on the HA sequences (Starick et al., 2008).

On closer inspection, the HA gene of clade 2.2.1 in Southern
Germany shared great sequence identity levels of >99% with other
European, yet also Asian, Middle East and African countries. Prior
to the initial German outbreak scenario, equally high identity lev-
els were established with sequences from Croatia, Russia, Mongolia
and China (Table 51). These findings highlight the potential initial
restriction of the clade 2.2.1 situation in Southern Germany, point-
ing towards an introduction from Asia via Mongolia and Central
Russia, followed by the Southern European country Croatia in 2005
(Coulombier et al., 2005; Gilbert et al., 2012; Lipatov et al., 2007;
Savic et al., 2010). During the epidemic in 2006, values of over 99%
identity were established with sequences from Southern Europe,
pinpointing the continuous circulation of clade 2.2.1 in the Southern
European countries concurring with the geographic dynamics of
the respective clade in Southern Germany (Brown, 2010; Fink
et al., 2010; Nagy et al., 2009; Szeleczky et al., 2009; WHO, 2012).
The additional identification of highly similar sequences in Turkey and
Nigeria indicates the further spread of clade 2.2.1 onto the African
continent (Table 51; Cattoli, Monne, et al., 2009; Fusaro et al., 2009;
Oner et al.,, 2006; Salzberg et al.,, 2007; Zhou et al., 2018). In the
federal state of Bavaria, two further genotypically distinct groups
(termed Bavaria 1 and Bavaria 2) of isolates were identified, both
clustering within clade 2.2.1 (Rinder et al., 2007). This also under-
lines the continuous circulation of clade 2.2.1 in the surrounding
European countries, potentially introducing Bavaria 1 and 2 into
Germany by separate entries (Fink et al., 2010; Haase et al., 2010;
Nagy et al., 2007; Rinder et al., 2007; Savic et al., 2010; Starick
et al., 2008).

In comparison with clade 2.2.1, outbreaks clustering within
clade 2.2.2, demonstrated here by the index strain A/Cygnus cyg-
nus/Germany/Ré5/2006 (R65/06), showed extreme homaogeneity
between singular cases. The shorter circulation time frame of clade
2.2.2 in comparison with clade 2.2.1 could be the reason for the high
similarity levels, and points towards a solitary introduction of the
clade 2.2.2 into the area and subsequent spread from the Island of
Ruegen into the surrounding regions (Harder et al., 2009; Starick
et al.,, 2008). All segments of R65/06 ranged between sequence
identity levels of 99% (polymerase basic 2 protein, PB2; polymerase
basic 1 protein, PB1; polymerase acidic protein, PA; HA; nucleopro-
tein, NP; NA; non-structural protein, NS) and 100% (matrix protein,
MP) when aligned with a HPAIV H5N1 strain from the Astrakhan re-
gion of Central Russia, indicating a novel introduction into Germany,
likewise from Asia (Brown, 2010; Coulombier et al., 2005; Lipatov
et al., 2007; Shestopalov et al., 2006; Starick et al., 2008; Takekawa
etal,, 2010; Zhou et al., 2016).

Further analyses of the respective HA segment allowed the
establishment of over 99% sequence identity between R&5/06
and sequences found in Eurasia (Table S1). In accordance with
the identified strains, the geographic distribution shows a dif-
fering circulation in comparison with clade 2.2.1. In agree-
ment with the northern occurrence of clade 2.2.2 in Germany
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predominantly along the Baltic Coast, the identified related strains
sampled in Northern Europe, affecting inter alia, Poland (Smietanka
et al, 2010), Denmark (Bragstad et al., 2007) and the Czech
Republic (Nagy et al., 2007, 2009). Additionally, Sweden reported
a range of cases or outbreaks, partly clustering within clade 2.2.2
(Kiss et al., 2008; Zohari et al., 2008). The analysed sequences of
three stray cats and one stone marten identified on the Island of
Ruegen all clustered within clade 2.2.2 (Harder et al., 2009). The
infection was highly likely a result of direct contact to HPAIV
H5N1-infected wild birds in the area, presumably by scavenging;
susceptibility of cats through the oral route was subsequently
proven experimentally (Harder & Vahlenkamp, 2010; Vahlenkamp
& Harder, 2006; Vahlenkamp et al., 2010). Sequence identity lev-
els between the R65/06 strain and a full-genome sequence of an
HPAIV H5N1-infected cat (A/cat/Germany/R606/2006) were ex-
ceedingly high, with only two varying amino acid substitutions: a
phenylalanine-to-leucine substitution in the PA protein (F4L) and
N110D substitution in the HA1 protein. None of the identified
substitutions had previously been described as an adaptive muta-
tion aiding infection in mammals (Harder et al., 2009).

The final clade 2.2 initially identified during June 2007 was
slightly more distinct in its composition compared to the previous
clades (Starick et al., 2008). By utilizing the index strain A/Cygnus
olor/Germany/R1359/2007 (R1359/07), the highest HA similarity
values between R135%/07 and an HPAIV H5N1 from the Krasnodar
region in Southern Russia were attained. In addition, identity levels
of over 99% were shared with sequences detected in Eurasia (Table
51; Chen et al., 2006; Gall-Recule et al., 2008; Lipatov et al., 2007,
Nagy et al.,, 2009; Shestopalov et al., 2006). Interestingly, a single
HPAIV H5N1 sequence from Italy identified in 2006 also clustered
within clade 2.2, yet formed a separate branch within the respective
clade and shares the closest relations to samples collected in Russia,
Iran and Dagestan in 2006 (Nagy et al., 2009). In this light, clade 2.2
was not entirely novel to Europe; however, the epidemic in Europe
in 2007 represented the first stable occurrence of the respective
clade. According to Haase et al. (2010), the ancestor of clade 2.2
viruses based on a set of 28 HA segments most likely resided in
Germany, independently spreading to France, Russia and the Czech
Republic. The final cases of the clade 2.2 outbreak in Germany took
place in Brandenburg during December 2007 (Harder et al., 2009).
Interestingly, no cases in the poultry or wild bird population were
detected after August 2007 until three backyard chicken holdings
experienced analogous clinical symptoms and mortality rates within
a 2-week period. Epidemiological and phylogenetic analyses es-
tablished a potential transmission pathway between the backyard
holdings and industrial duck-fattening farms in Bavaria, previously
identified with subclinical/silent clade 2.2 HPAIV H5N1 infections
in summer 2007 by analysis of retained slaughter batches from
the affected duck holding. All backyard holdings had access to un-
cooked offal from commercial deep-frozen duck carcasses prior to
the infection. The high identity levels of the HA sequences of the
backyard holdings and frozen duck carcasses brand an infection via
the food chain highly probable, although no direct connection was
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established in the concurring epidemiological investigations (Harder
et al., 2009).

After the final backyard cases in December 2007, no further
HPAIV H5N1 cases with the exception of a singular wild bird case
(common pochard duck—Aythya ferina) in 2009 were identified in
Germany to date (WHO, 2012).

3 | 2014/2015: CLADE 2.3.4.4a—H5N8
Germany was the first European country to report the incursion of a
novel Eurasian clade 2.3.4.4 HPAIV of subtype H5N8 in November
2014 (Figure 1b; WHQ, 2014). Within the succeeding months until
January 2015, a minor epidemic confined mostly to poultry hold-
ings occurred in Northern Germany, affecting the federal states
Mecklenburg-Western Pomerania and Lower Saxony. Overall,
five poultry holdings and one zoo were reported as HPAIV H5N8
positive, showing signs of increased mortality and severe illness
(Figure 1a; Conraths et al., 2016). In the same period, outbreaks
with the respective clade 2.3.4.4 HPAIV H5N8 were reported in
the Netherlands (Bouwstra et al., 2015), UK (Hanna et al., 2015),
Hungary and Italy (Adlhoch et al., 2014). Interestingly, intensified
surveillance of the wild bird population led to the identification of in-
fected, yet clinically healthy aguatic wild bird species (ducks, swans
and a gull) in Germany, the Netherlands and Sweden, proving the
presence of these viruses in the wild bird population (Globig, Starick,
et al.,, 2017; Harder et al., 2015; Verhagen et al., 2015).

Initial phylogenetic analyses of the German index case A/turkey/
Germany-MV/AR2472/2014 (AR2472/14) and all other European
outbreaks clustered the novel reassortant HPAIV H5N8 virus within
clade 2.3.4.4 (Lee, Bertran, et al., 2017; Smith, Donis, & WHO, 2015).
The precursor subtype H5N8 HPAIV most likely originated from
China, initially isolated in 2009-2010 (Wu et al., 2014; Zhao
et al.,, 2013). South Korea reported the first HSN8 epidemic out-
side China in January 2014, when two HPAIV H5N8 sister lineages
clustering within clade 2.3.4.4 were detected and subsequently
split into group A, termed Donglim-like, aka 2.3.4.4a and group B,
termed Gochang-like, aka 2.3.4.4b (Figure 54; Kang et al., 2015; Lee
et al., 2014). The genetic composition confirmed close relations of all
segments between the AR2472/14 and the described South Korean
HPAIV H5N8 clade 2.3.4.4a viruses (Harder et al., 2015). In turn, the
Donglim-like isolate is most likely a reassortant of the precursor A/
duck/Jiangsu/k1203/2010 from China and other Al viruses co-cir-
culating among birds in East Asia during 2009-2012 (Figure 51; Gu
et al., 2013; Kim et al., 2014).

Prior to the outbreak situation in Europe in late 2014, a further
highly similar clade 2.3.4.4a HPAIV H5N8 isolate sharing over 99%
identity with AR2472/17 for all genome segments was identified in
the Russian Far East, September 2014 (Marchenko et al., 2015), in an
areasituated at the intersection of several wild bird migration flyways
(Global Consortium for H5N8 & Related Influenza Viruses, 2016).
According to Hanna et al. (2015), the most recent common ancestor
for the European and Japanese HA segment cluster was calculated
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for June 2014 (95% highest posterior density level: April 2014~
September 2014), while the ancestor of viruses from Europe, Japan
and Korea was approximately estimated for October 2013 (95%
highest posterior density level: June 2013-January 2014).

Of the six outbreaks in captive birds recorded in Germany
in 2014-2015, genetic and geographic connections could be es-
tablished within Germany (Conraths et al., 2016; Globig, Starick,
et al., 2017). The first poultry outbreak in Mecklenburg-Western
Pomerania clustered with a wild gull found approximately one
month later in Lower Saxony, and further cases reported from the
Metherlands and England (Bouwstra et al., 2015; Hanna et al., 2015).
Two poultry outbreaks recorded during December 2014 (located in
close geographic proximity in Lower Saxony), and a backyard holding
affected in January 2015 (Mecklenburg-Western Pomerania) equally
shared high identity levels for all segments. All samples analysed
from the Rostock Zoo (Mecklenburg-Western Pomerania) presented
high identity levels, although several bird species were affected, for
example a white stork (Ciconia ciconia), scarlet ibis (Eudocimus ruber)
and hooded merganser (Lophodytes cucullatus). The respective out-
break in zoo birds shared close relations with mute swans identified
in Sweden, April 2015 (Globig, Starick, et al., 2017). Overall, for the
HA segment identity values of 99.5%-99.9% were established be-
tween all German and other European clade 2.3.4.4a HPAIV H5N8
outbreaks or cases from November 2014 to April 2015. Interestingly,
equal identity levels were recorded for the European datasets
in comparison with further Asian sequences and likewise for the
Russian Sakha/14 strain (Table S2). These findings, alongside the
most recent common ancestor dates previously mentioned (Hanna
et al., 2015), indicate the co-circulation of extremely similar clade
2.3.4.4a HPAIV H5N8 contemporaneously in East Asia and Europe
(Ozawa et al., 2015; Saito et al., 2015; Si et al., 2016), underlining the
great likelihood of virus dissemination via wild migratory birds after
congregation at bird nesting and moulting grounds in Russia and
subsequent dissemination to known wintering grounds in Europe,
North America and Asia (Global Consortium for HSN8 & Related
Influenza Viruses, 2016). In addition, North America reported fur-
ther clade 2.3.4.4a HPAIV H5N8 cases equally from November 2014
onwards, additionally emphasizing these findings (Ip et al., 2016; Lee
et al., 2015, 2018). In North America, the respective HPAIV H5N8
underwent reassortment with North American low pathogenic avian
influenza viruses (LPAIV), leading to the establishment of HPAIV
subtype H5N2 (dominating the 2014/2015 outbreak), H5N1 and ad-
ditional HSN8 (Lee et al., 2016; Lee, Bertran, et al., 2017).

To date, no further clade 2.3.4.4a HPAIV H5N8 cases have been
reported in Germany after the concluding outbreak in January 2015
(Figure 1h).

4 | 2016-2017: CLADE 2.3.4.4b—H5NS8,
H5N5

During 2016-2017, a novel HPAIV H5Nx clade 2.3.4.4, in this case
belonging to the cluster B Gochang-like lineage, caused the largest
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European HPAIV epidemic on record to date. Unprecedented in geo-
graphic distribution, spectrum of species affected and magnitude of
outbreaks, 30 countries in Europe reported 1,590 wild bird mortality
events and 24 European Union countries experienced 1,207 HPAIV
outbreaks in poultry holdings between October 2016 and August
2017 (Alarcon et al., 2018; Brown et al., 2017; Napp et al., 2018). All
genome segments of the novel clade 2.3.4.4b HPAIV H5Nx viruses
differed significantly from clade 2.3.4.4a detected in 2014-2015
(Harder et al., 2015; Pohlmann et al., 2017).

This event transpired to become the largest HPAIV epidemic
ever reported in Germany, peaking during the winter of 2016/2017
(Movember 2016-March 2017). Two H5Nx subtypes (H5N8, HSN5S)
and five reassortants (reassortant designation termed Ger-11-16,
Ger-12-16.1 and Ger-12-16.2, Ger-12-16-N5.1 and Ger-12-16-N5.2
as suggested by Pohlmann et al. (2018)) were identified within the
epidemic time frame, affecting over 1,100 wild birds, 92 poultry
holdings and 15 zoos/wildlife parks in Germany alone (Figure 1a,b).
All linked by a shared HA segment rooted in the HPAIV H5N8 clade
2.3.4.4b Gochang-like lineage, the individual reassortants distin-
guish themselves by distinct PB2, PB1, PA, NP, NA and NS segments
(Figure 2, Figure S4), shining a light on the 'promiscuous’ propensity
of this clade to form new sub- and genotypes, often capable of rapid
and global spread (Claes et al., 2016; Global Consortium for HSN8
& Related Influenza Viruses, 2016; Lee, Bertran, et al., 2017). By the
end of the epidemic, every federal state in Germany had reported
both wild bird and poultry cases (Globig, Staubach, et al., 2017).

Prior to the European 2016-2017 epidemic and alike the incursion
patterns of the previously described outbreaks, analogous HPAIV
H5N8 clade 2.3.4.4b reassortants were detected as the causative
agent for mass mortality in waterfowl at the Uvs-Nuur Lake located
between Mongolia and the Republic of Tyva (Russia) in late May-
early June 2016, followed by further reports in the Kurgan region
three months later and almost simultaneous reports from Tatarstan
and Lake Chany in October 2016 (Lee, Sharshov, et al., 2017; Li
et al., 2017; Marchenko et al., 2017; Voronina et al., 2018). Due to
the genetic characteristics of the novel clade 2.3.4.4b, the close re-
lations to Central Asian isolates described and the lack of identifica-
tion of other HPAIV H5NXx strains in wild birds from November 2014
to January 2016 in the Netherlands (Poen et al., 2016, 2018), the
2016-2017 epidemic most likely represents at least one new incur-
sion into Europe.

5 | 2016/2017: Reassortant Ger-11-16—
H5N8

The first HPAIV H5N8 reassortant of the unprecedented epidemic
was reported in diving duck species on November 7, 2016, almost
simultaneously in the Morth (Lake Pléon, Schleswig-Holstein) and
South (Lake Constance, Baden-Wuerttemberg) of Germany (Globig,
Staubach, et al., 2017). Comparable to the 2006/2007 HPAIV
H5N1 outbreak, the initial cases were reported in wild birds (Globig
et al, 2009), followed by poultry outbreaks shortly thereafter
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(Starick et al., 2008). Here, the majority of primary cases were re-
ported in wild birds along the Baltic Coast, before spreading further
west- and southwards affecting a wide variety of commercial and
non-commercial poultry holdings, and subsequently continuing to
spread throughout Europe (Globig, Staubach, et al., 2017).
Phylogenetic analysis of the novel German HPAIV H5N8 clade
2.3.4.4b isolate revealed the first described reassortant virus within
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the respective epidemic (Pohlmann et al., 2017). Termed Ger-11-16
in accordance with the initial detection date in November 2016,
the genetic backbone comprises of HPAIV H5N8 from the 2016
Russia-Mongolia 2.3.4.4b reassortant, however carrying differing
PA and NP segments (Figure 2; Lee, Sharshov, et al., 2017). In ad-
dition, all H5N8 reassortants show a C-terminal truncation of 13
amino acids in the NS1 protein in comparison with the formerly
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described Gochang-like lineage (Pohlmann et al., 2017), previously
observed in various Al viruses mainly identified in gallinaceous poul-
try (Abdelwhab et al., 2016). Unlike the previous 2006/2007 clade
2.2 HPAIV H5N1 lineage, where the genetic distinction coincided
with geographic distribution and the circulation in Europe was for-
merly detected in 2005 (Starick et al., 2008), only very few genetic
variances could be established between the northern and southern
outhreaks of Ger-11-16 and Europe saw an unprecedented, simul-
taneous influx of the novel clade 2.3.4.4b HPAIV H5Nx reassor-
tants during winter 2016 (Beerens et al., 2017; Napp et al., 2018;
Pohlmann et al., 2017).

On closer examination, the Ger-11-16 PA and NP segments are
of diverse Eurasian origin. The PA segment shares 97% identity with
LPAIV found in Asia. In comparison, the NP segment can be traced
back to varying Al viruses found in Central Europe and in Central/
Western Asia (Figure 2, Table 52). HPAIV H5N8 detected in wild birds
during August 2016 in Russia and an almost identical isolate reported
in Poland shortly before the primary German outbreak at the begin-
ning of November share over 99% identity throughout all segments
with the concurring Ger-11-16 reassortant (Beerens et al., 2017;
El-Shesheny et al., 2017; Lee, Sharshov, et al., 2017, Marchenko
etal., 2018, 2017; Poen et al., 2018; Pohimann et al., 2017; Souvestre
etal., 2019; Swieton & Smietanka, 2018). Further outbreaks with the
equivalent Ger-11-16 reassortant were reported in, inter alia, Italy
(Fusaro et al., 2017), the Netherlands (Beerens et al., 2017), Czech
Republic (Nagy et al., 2018), Switzerland (Meier et al., 2017), France
(Guinat et al., 2018) and Poland (Swieton & Smietanka, 2018).

Within the Ger-11-16 reassortant cluster, 9.0%-99.9% identity
was recorded for concatenated full-genome sequences. The final
cases of Ger-11-16 were reported in August 2017, affecting two
swans in Saxony-Anhalt. Thereafter, no further Ger-11-16 outbreaks
were recorded in Germany (Globig, Staubach, et al., 2017).

6 | 2016/2017: Reassortant Ger-12-16—
H5N8

From December 2016 onwards, two additional corresponding
HPAIV H5N8 reassortants were discovered during the epidemic,
termed Ger-12-16.1 and Ger-12-16.2. Both groups could genetically
be distinguished by their varying PB1 segment, presenting drasti-
cally differing outbreak progressions (Pohlmann et al., 2018).

After the primary detection of Ger-12-16.1 in a mute swan
in Bavaria, January 2017, this reassortant overall led to merely
eight cases or outbreaks in total during January-February 2017
(Figure 1a,b), of which two were reported from poultry holdings
(one commercial and one smallholding). Geographically, this reas-
sortant concentrated on Southern Germany, affecting the federal
states Bavaria, Baden-Wuerttemberg, Hesse, Thuringia and Saxony
(Globig, Staubach, et al., 2017).

In comparison, Ger-12-16.2 encompassed the largest case
count of all identified reassortants of the epidemic, also respon-
sible for the largest poultry HPAIV H5 hotspot located in Lower
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Saxony. Circulating from December 2016 to May 2017, Central
Germany was primarily affected with reports from the federal states
Lower Saxony, Brandenburg, North Rhine-Westphalia, Rhineland-
Palatinate, Saxony, Hesse, Thuringia, Saxony-Anhalt and Northern
Bavaria (Globig, Staubach, et al., 2017).

Both Ger-12-16 reassortants share the same genetic backbone
as the previously described Ger-11-16 reassortant: The 2016 HPAIV
H5N8 Russia-Mongolia 2.3.4.4b isolate, A/great crested grebe/
Uvs-Nuur Lake/341/2016 (Lee, Sharshov, et al., 2017). Varying PB2
and PA segments allow the differentiation of Ger-12-16 and Ger-11-
16, traced back to LPAIV detected in Asia (Pohlmann et al., 2018).
The PB2 segment clusters with LPAIV reported in Central Asia (El-
Shesheny et al., 2017; Marchenko et al., 2018). Correspondingly,
the PA segment shares 98% identity with additional LPAIV de-
tected in Central and Southeast Asia (Figure 2, Table S2; Pohlmann
etal., 2018).

The differentiation of both Ger-12-16 reassortants is based on a
unique PB1 segment carried by Ger-12-16.2 (Pohlmann et al., 2018).
Very highidentity levels of over $9% were obtained for LPAIV rooted
in Asia (Figure 2; Lee, Bertran, et al., 2017; Pohlmann et al., 2018).

The Ger-12-16 reassortants cluster separately with sequence
data from various countries. Ger-12-16.1 viruses were primar-
ily identified in Southern European countries (Nagy et al., 2018;
MNapp et al., 2018). This displays the concurrent circulation of Ger-
12-16.1 in neighbouring countries (Globig, Staubach, et al., 2017;
Pohlmann et al., 2018). In contrast, the Ger-12-16.2 reassortant clus-
ters with HPAIV H5N8 detected in Belgium, Poland, Hungary and
Southern Russia (Table 52). These established connections suggest
a divergent incursion route for Ger-12-16.2, introduced into Central
Germany after detections in Central/Northern Europe (Marchenko
et al., 2018; Swieton & Smietanka, 2018; Venkatesh et al., 2018).
This was supported by a spatial-temporal analysis of the 2016-2017
reassortants that suggested distinct entry routes for the different
reassortant (Lycett et al., 2020).

7 | 2016/2017: Reassortant Ger-12-
16-N5—H5N5

The 2016-2017 epidemic encompassed numerous subtypes and dis-
tinctive reassortants. Alongside the respective HPAIV HSN8, HPAIV
H5NS5 isolates were identified, further clustering into two novel
H5NS5 reassortant groups in Germany, Ger-12-16-N5.1 and Ger-12-
16-N5.2 (Figure 1b; Pohlmann et al., 2018).

The first Ger-12-16-N5.1 outbreak caused by this reassortant
was detected in a wild swan in Saxony, December 2016. In con-
junction with a small group of infected wild birds, a commercial
turkey holding in Northern Germany reported an outbreak with
the respective reassortant at the end of January 2017. Unlike the
majority of previously described outbreaks (Alarcon et al., 2018),
the first worldwide detection of a second H5N5 reassortant Ger-
12-16-N5.2 was within a turkey holding, surprisingly the identical
holding simultaneously infected with Ger-12-16-N5.1. After the
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concurrent poultry outbreak with both HPAIV H5NS5 reassortants
in January 2017, additional wild birds in the surrounding area in
Northern Germany tested positive for Ger-12-16-N5.2 (Pohlmann
etal., 2018).

In line with the previously analysed outbreaks, both HSNS re-
assortants share the same 2016 Russia-Mongolia 2.3.4.4 reassort-
ant backbone, differing by a novel N5 segment and a non-truncated
NS1 protein with several amino acid substitutions (Pohlmann
et al., 2018). The novel NA segment was previously identified in vari-
ous Central Asian isolates. Both HSN5 reassortants cluster with PB2
and PA segments of HSN8 Ger-12-6 viruses (Figure 2). Interestingly,
an environmental sample taken in October 2016 in the Kamchatka
Peninsula of the Russian Federation shares over 99% identity for all
segments of Ger-12-16-N5.1 (Table 52), suggesting Ger-12-16-N5.1
shares the same descendent with the reassorted H5N5 virus previ-
ously detected in Kamchatka, the Russian Federation (Bergervoet
et al., 2019; Fusaro et al., 2017; Marchenko et al., 2018; Pohlmann
et al., 2019; Swieton & Smietanka, 2018).

When inspecting the Ger-12-16-N5.2 reassortant, all but the
PB1 and NP segments are congruent with the findings of Ger-12-
16-N5.1. In the case of the PB1 segment, the highest identity levels
of 98%-99% were documented in LPAIV found in the Netherlands
in the years prior. Likewise, the closest relations of the NP segment
were established in viruses identified in the Netherlands (Figure 2).
These findings substantiate that LPAIV circulating in the European
wild bird population subsequently served as the source of the re-
assorted segments (Bergervoet et al., 2019; Pohlmann et al., 2019).

While the Ger-12-16-N5.1
European countries (the Netherlands, Poland, Italy, Croatia, Hungary
and Germany; Beerens etal., 2017, Fusaro etal., 2017; Nagy et al., 2018;
Napp et al., 2018; Pohlmann et al., 2019; Swieton & Smietanka, 2018),
only one further case with a virus genetically closely related to the Ger-

reassortant was identified in six

12-16-N5.2 reassortant has been detected worldwide, in a wild goose in
the Netherlands, May 2017 (A/Go/NL-Utrecht/17006881-001/2017,
Table S2) (Bergervoet et al, 2019; Brown et al., 2017; Pohlmann
et al., 2019). According to the genetic analysis, temporal course and
geographic distribution, the poultry holding in Northern Germany in-
fected with both HPAIV H5N5 reassortants is suggested as the most
likely location of reassortment vyielding Ger-12-16-N5.2. From there,
a consecutive spill over event from the poultry premises into the wild
bird population and subsequent limited spread in Northern Europe,
that is to the Netherlands, ensued (Bergervoet et al., 2019; Pohlmann
et al., 2018; Swieton & Smietanka, 2018).

8 | 2017/2018: CLADE 2.3.4.4b, H5N6—
REASSORTANT GER-12-17-Né

Initially emerging in December 2017 in Germany, a solitary HSN6 re-
assortant, Ger-12-17-Né, accounted for three wild bird cases and two
poultry outhreaks over a 9-month period, concluding with the final
case in late August 2018 (Figure 1b). Listed conferring to the infec-
tion date, the federal states Bavaria (common pochard—December
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2017), Schleswig-Holstein (chicken, turkey, goose and domestic
duck smallholding, March 2018), Lower Saxony (white stork—Ciconia
ciconia, April 2018), North Rhine-Westphalia (buzzard—Buteo buteo,
May 2018} and Mecklenburg-Western Pomerania (domestic duck
smallholding, August 2018) were affected. Although two poultry
outbreaks were recorded within the Ger-12-17-Né timeframe, both
classified as smallholdings and no larger commercial poultry farms
were recorded (Figure 1a; Pohlmann et al., 2019).

The conducted phylogenetic analyses of Ger-12-17-Né coincided
with previous studies (Beerens et al., 2018, 2019; Poen et al., 2019;
Pohlmann et al., 2019; Susloparov et al., 2019), highlighting the sim-
ilarity of the segments PB1, HA, NP, MP and NS with the aforemen-
tioned Ger-11-16 H5N8 virus. The NA segment of the respective
H5N6 reassortant derives from Eurasian LPAIV. In addition, the PA
segment showed a high identity of 99% to HPAI H5NB8 viruses de-
tected in the Netherlands in 2016, while the PB2 segment proved
to be alike LPAIV identified in Europe (Figure 2, Table 52; Pohlmann
et al., 2019).

These findings finally allow a definitive distinction between the
Ger-12-17-Né reassortant and a varying H5Né6 reassortant concur-
rently circulating in Europe (Greece) and East Asia (Taiwan, South
Korea, Japan), distinguishable mainly by their PA and PB2 genes
(Beerens et al., 2019; Poen et al., 2019).

9 | 2020: CLADE 2.3.4.4b, H5N8—
REASSORTANT GER-01-20

The most recent HPAIV H5 series of outbreaks and cases reported in
Germany was likewise caused by a novel clade 2.3.4.4b HPAIV H5N8
reassortant, termed Ger-01-20 (in accordance with suggested reas-
sortant designation; King et al., 2020). First identified in mid-January
2020, seven cases or outbreaks across Brandenburg (white-fronted
goose—Anser albifrons), Baden-Wuerttemberg (chicken smallhold-
ing), Saxony (steamer duck—Tachyeres (zoo), common buzzard, and
chicken smallholding), Lower Saxony (commercial turkey holding)
and Saxony-Anhalt (commercial turkey holding) have been recorded
(Figure 1a,b). Prior to the initial German case in Brandenburg, several
outbreaks of HPAIV H5N8 had been reported in Central and Eastern
Europe (OIE, 2020).

In comparison, Ger-01-20 comprises of eight segments, all with
the exception of PB1 and NP reverting to a HPAIV H5N8 backbone,
newly introduced to Germany and differing from previous German
H5 isolates and reassortants worldwide (Figure S4). Phylogenetic
analyses show 98% sequence identity of the segments PB2, PA,
HA, NA, MP and NS to a preceding H5N8 reassortant previously
detected on multiple continents during 2016/2017 (Figure 52,
Table S2). This includes Asia/Eurasia, Europe and Africa (Abolnik
et al., 2019; Fusaro et al., 2017; Kwon et al, 2018; MNagarajan
et al., 2017; Voronina et al., 2018; Yehia et al., 2018). Slightly higher
identity levels of 98.9%-99.6% were detected for the PB2, PA, HA,
MP and NS segments in combination with a Nigerian HPAIV H5N8
isolate detected in July 2019 (Adlhoch et al., 2020).
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LPAIV H3N8 detected in waterfowl carried PB1 and NP seg-
ments identified as closest related to the novel reassortant Ger-
01-20. A green sandpiper isolate sampled in the Kurgan region of
Central Russia, August 2018, shared, for example identity levels of
more than 99% with segment PB2. Equal identity values were estab-
lished for the NP segment from a LPAIV H3N8 detected in a gadwall
sampled at Lake Chany, Russia, October 2018 (Figure 52; Adlhoch
et al., 2020; King et al., 2020).

Phylogenetic analysis of the available European full-genome
HPAIV H5NB 2019/2020 sequencing data shows clustering of
three German cases in Saxony, March 2020, all located in close
geographic  proximity  (A/chicken/German-SN/AI00276/2020,
smallholding; A/buzzard/German-SN/AI00285/2020, wild bird; A/
steamer duck/Germany-SN/Al00346/2020, captive bird). Close re-
lations could likewise be established between Hungarian (A/turkey/
Hungary/1020/20VIR749-1/2020, commercial holding), Polish (A/
hawk/Poland/003/2020, wild; A/turkey/Poland/23/2019, commer-
cial holding), Czech (A/turkey/Czech Republic/3071/2020, com-
mercial holding) and German (A/white-fronted goose/Germany-BB/
Al00018/2020; A/turkey/Germany-ST/AI00352/2020, commercial
holding) sequences. A third cluster consisting of HPAIV H5N8 from
the Czech Republic (A/chicken/Czech Republic/1175-1/2020, small-
holding) and Germany (A/chicken/Germany-BW/AI00049/2020,
smallholding; A/turkey/Germany-NI/AI00334/2020, commercial
holding) was also detected (Figure 54; Adlhoch et al., 2020; King
et al., 2020). The incursion of the novel clade 2.3.4.4b HPAIV H5N8
into Europe in late 201%9/early 2020 most likely follows a similar
pattern to the previously described clade 2.3.4.4 situation (Lycett
et al., 2020). After the probable initial migratory bird dissemination
of the virus from Eurasia and/or Africa into East and Central Europe,
local dissemination and thus detached evolution of the reassortant
led to partitioning of the described clusters (Adlhoch et al., 2020).

10 | CONCLUDING REMARKS

Over the past 24 years, Germany has seen an influx of varying H5
reassortants, subtypes and clades rooted in the Asian 1996 H5 gs/
GD lineage. After the first introduction of the HPAIV clade 2.2 H5N1
subtype in 2006, evolving clade 2.3.4.4 viruses dominated outbreaks
from 2014 onwards. Ranging from outbreaks of minor scope to un-
precedented magnitude, immense wild bird mortality to the immersion
of poultry holdings, each novel outbreak situation conveyed a new as-
sortment of genetic and epidemiological characteristics. The vast
emergence of, in particular, clade 2.3.4.4 H5 reassortants underlines
the promiscuity of this clade and its tendency for reassortment. The
necessity of continued active and passive surveillance on all afflicted
continents in combination with real-time whole-genome sequencing
of identified positive samples and virus isolates to allow precise and
detailed phylogenetic analyses is apparent when regarding the dimen-
sions of the previous epidemics. Close monitoring and surveillance of
migratory birds along their migrations routes and networks is essen-
tial for the early detection of novel viruses. This would allow specific
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preparation and containment strategies in the ‘sink’ countries, possibly
avoiding further epidemics, as imminent introductions of novel HPAI
H5 viruses in Germany are highly probable in the future.
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