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List of abbreviations and symbols 

AA Amino acid 

AAF Amnio-allantoic fluid 

AIV Avian influenza virus 

B.C.  Before Christ  

cDNA Complementary DNA 

CRM1 Cellular chromosome region maintenance 1 

cRNA Complementary RNA 

DNA Deoxyribonucleic acid 

ECE Embryonated chicken eggs 

Etc. et cetera 

ELISA Enzyme-linked immunosorbent assay 

H (= HA) Haemagglutinin  

HA Haemagglutination assay  

HI Haemagglutination inhibition assay 

HP High pathogenicity  

ICTV International Committee on Taxonomy of Viruses 

i.e. id est, that is 

IVPI Intravenous pathogenicity index 

L Liter 

LP Low pathogenicity  

mRNA Messenger Ribonucleic acid  

M Matrix protein, consits out of two (1 and 2) subunits 

M1 Matrix protein 1 

M2 Matrix protein 2 

M2e Matrix protein 2 ectodomain 

MDCK Madin Darby canine kidney (Cell line) 

mL Milliliter  

N (= NA) Neuraminidase  

Nm Nanometer 

NP Nucleoprotein 

PB Polymerase basic protein 

PB1-F1 Polymerase basic protein, alternate frame-1 
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PB1-F2 Polymerase basic protein, alternate frame-2 

PCR Polymerase chain reaction  

PEG Polyethylene glycol 

pH Potentia hydrogenii (pH-value) 

ppm Parts per million 

RdRp RNA dependent RNA-Polymerase 

RITA Riems Influenza a Typing Array 

RNA Ribonucleic acid 

RT-qPCR Reverse transcribed semi-quantitative PCR 

SIA Sialic acid (used as receptor molecule for influenza viruses) 

U.S.A. United States of America  

UV Ultraviolet  

UV-A Ultraviolet A 

UV-B Ultraviolet B 

UV-C Ultraviolet C 

vRNA Virus RNA 

WHO World health organization 

Α, α alpha 

°C Degree Celsius  

-ss Single stranded RNA with negative polarization 

% Percentage 

< Smaller 

> Greater  

≤ Less than or equal to 

≥ Greater than or equal to 
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Table 1: Amino acids in their one- and three letter code abbreviation 

The table gives an overview of the different amino acids as well as their abbreviations in one or three 
letters, according to [1]. 

 

Name of the amino acid Three letter code One letter code 

Alanine ala A 

Arginine arg R 

Asparagine asn N 

Aspartic acid asp D 

Asparagine or aspartic acid asx B 

Cysteine cys C 

Glutamic acid glu E 

Glutamine gln Q 

Glutamine or glutamic acid glx Z 

Glycine gly G 

Histidine his H 

Isoleucine ile I 

Leucine leu L 

Lysine lys K 

Methionine met M 

Phenylalanine phe F 

Proline pro P 

Serine ser S 

Threonine thr T 

Tryptophan trp W 

Tyrosine tyr Y 

Valine val V 
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1 Introduction 

1.1 The avian influenza virus (AIV) 

1.1.1 Historical background of avian influenza (AI) 

Diseases likely attributable to influenza viruses are known for quite a long time. Already in 412 

B.C., HYPOCRATES described symptoms as seen today with human influenza virus infections. 

[2] However, it was not until 1878 that AI was described in poultry by PERRONCITO in Italy; 

PERRONCITO distinguished this disease from other diseases attributed to bacterial infections 

[cited after 3,4]. Because the initial naming of the disease as “fowl plaque” lead to confusion 

with the clinically distinguishable bacterial infection causing “fowl cholera”, RIVOLTA and 

DELPRATO renamed the disease in 1880 into Typhus exudatious gallinarum [5]. Already in 1901 

CENTANNI and SAVUNZZI provided experimental evidence, that the disease was transmissible 

through a filterable infectious agent [5]. Later on, in 1955, SCHÄFER described that the causative 

virus showed sero-immunologic similarities with human influenza viruses [6] and in 1967 

PEREIRA, TUMOVA and WEBSTER claimed that the human H2N2 might arose from an avian 

origin [7]. Shorebirds as well as wild waterfowls are the natural host of low pathogenicity AI 

(LPAI) [8]. It is considered, that influenza A viruses circulated in ducks well before their 

domestication [9]. An infection with high pathogenicity AIV (HPAIV) still ranges among the 

most feared infectious diseases of wild birds and poultry [10]. Until today, several major and 

minor AI epidemics have been described [11]. Some were associated with viruses crossing 

species barriers including spill over events to human hosts. These include epidemics with 

HPAIV H5N1 since 1997 [12], LP and HPAIV H7N9 since 2013 [13] or HPAIV H5N8 since 

2017 [14].  

1.1.2 Taxonomy 

According to the International Committee on Taxonomy of Viruses (ICTV) the 

Orthomyxoviridae family consists of seven genera so far of which four are assigned to influenza 

viruses (Alpha, Beta, C-Gamma and Delta) [15]. Additionally, the genera of Isavirus, 

Quaranjavirus and Thogotovirus also belong to the Orthomyxoviridae family [15]. The sub-

classification of the influenza viruses within their genera is based on the viral nucleo- (NP) and 

matrix-1 (M1) proteins, particularly on the antigenic differences [16,17]. The designation of 

new isolates within those genera follows the scheme outlined in Figure 1. 
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Figure 1: Schematic description of the features of designation of new influenza 
virus isolates 

The schematic shows in a) the main inter species transmission pathways and in b), the correct naming 

of a new influenza isolate is shown schematically, according to [18–20]. 

 

1.1.2.1 Virus morphology and genome organisation 

The influenza virus particles, the individual virions, are variable in shape from spherical to 

pleomorphic with a rough size of 80 – 120 nm in diameter [21]. There also exist filamentous 

forms that can achieve a length of several µm but show a consistent diameter of 80 - 100nm 

[22]. The single stranded (-ss) RNA genome of negative polarity [23] with a total size of about 

14,000 nucleotides [24] is octo-segmented in influenza A and B viruses [25], or spread over 

seven segments in influenza C and D viruses [23,25,26]. These genes encode non-structural 

(N=2) and structural virus proteins (N=8) [23,27]. The structural proteins include the 

polymerase basic protein 1 and 2 (PB1, PB2), and the polymerase acid protein (PA) which form 

the RNA-depended-RNA polymerase (RdRp) sub-units. The RdRp together with the 

nucleoprotein (NP) and the viral RNA forms a helical viral ribonucleic complex (RNP) [18]. 

The matrix proteins (M1, M2), the nucleoprotein (NP) and the two surface glycoproteins 

haemagglutinin (HA) and neuraminidase (NA) further shape the virion architecture [17]. The 
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remaining proteins (NS1 and or NEP) are non-structural virus proteins [17]. Despite one 

publication [28], NS1 does not seem to be present in virions [29]. Furthermore, there are 

additional proteins originating from inter alia mRNA splicing, that are also referred to as 

accessory proteins like, e.g. PB2-S1, PB1-F2 and PA-X [30]. The HA precursor protein HA0 

[17] undergoes a host protease-depending cleavage into the subunits HA1 and HA2 [25]. This 

cleavage is essential to allow HA-directed fusion of the viral and endosomal membranes during 

the second step of replication [25]. Without this step, the virus can attach to but cannot replicate 

in permissive host cells [31].The disulphide-linked subunits HA1 and HA2 assemble to form a 

trimer embedded in the lipid virion envelope [32], amounting to about 80% of the protein 

content in the virion envelope [17]. The neuraminidase forms a tetramer [33] representing 17% 

envelope protein content [17]. There are 18 different HA-subtypes as well as 11 NA-subtypes 

known so far [34], of which HA1-16 as well as NA1-9 can be found in aquatic wild birds [35]. 

H17 and H18 as well as N10 and N11 have been found in a few bat species only [25]. Based 

on the phylogenetic relationship the HA-subtypes can be further sub-classified into group one 

(H 1, 2, 5, 6, 8, 9, 11, 12, 13, 16, 17, and 18) and group two (H 3, 4, 7, 10, 14 and 15) [36]. The 

different NA subtypes can be divided in three groups in total of which only group one (N1, N4, 

N5 and N8) and group two (N2, N3, N6, N7 and N9) contain influenza A related NA-subtypes 

while group three harbours NAs of influenza B [37]. Additionally, the matrix protein 2 (M2), 

an ion channel protein, is integrated with a few copies (up to 3% of envelope protein content) 

into the virion envelope [17]. The virion envelope is derived from lipid raft and non-lipid raft 

areas of the host cell’s plasma membrane [24,31]. 

1.1.3 Replication 

HA in the viral envelope binds to cellular surface receptors [32] composed of a sialic acid (SIA) 

with an α2,3-linkage to penultimate galactose [34] in case of AIV, or an α2,6-linkage in human 

influenza viruses [24]. The major histocompatibility complex class II molecule (MHC-II) 

serves as a receptor for bat influenza viruses [38] as schematically shown in Figure 2.  
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Figure 2: Influenza-specific cellular receptors in different host species.  

The figure, partly created with BioRender.com, shows the host species-specific differences of the 

influenza virus receptors. For SIA receptors the linkage to penultimate galactose is important for affinity. 

Several host species, e.g. the pig, express different types of SIA receptors. 

 

Upon receptor binding endocytosis, mostly clathrin-depending, is mediated; probably 

microcytosis is also possible [24,25]. After entry into a cellular endosome the M2 ion channel 

is activated due to a decreasing pH-value within the endosome [25] and also lowers the pH-

value inside the virion. Furthermore, the HA proteins at lowered pH undergo a conformational 

change to expose the fusion peptide which mediates fusion of virion and endosomal membranes 

[25]. Through these pores in the fused viral-endosomal membrane the ribonucleoprotein 

complexes (vRNPs), disassembled from M1 protein are released into the host cytoplasm [25,39] 

By active transport via cellular importins the RNPs are translocated into the nucleus where 

transcription by the RdRp in association with further cellular proteins is initiated [40]. The 

elapsed time between virion attachment until nucleus entry is about one hour. Surface binding 

is rapidly achieved but the nucleus entry step, which is mainly regulated by adaptor importin-α 

proteins [17], requires more time [25]. The virus genome replication itself takes place inside 

the host cell nucleus [25]. Firstly, the vRNA is transcribed into a positive sensed complementary 
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RNA (cRNA) via RdRp [25]. The 5’ methylated cap of a host cell mRNA is cleaved via the 

viral PB2-endonuclease (cap-snatching). The cap-snatching is essential for the further viral 

transcription via the RdRp. The host cellular splicing machinery is used to generate different 

mRNAs from M and NS genome segments to produce M1 and M2, and NS-1 and NEP proteins, 

respectively. [41] Other accessory proteins, such as PB1-F2, are generated by utilizing alternate 

initiation codons [42]. Accumulating NP proteins are probably associated with a switch from 

mRNA to vRNA synthesis [43]. The newly transcribed vRNAs are full length copies which are 

enwrapped in NP proteins and terminally decorated with a single copy of the three RdRp 

proteins [25]. The vRNPs leave the nucleus, mediated by the viral nuclear export protein (NEP, 

leucine-rich-nuclear-export-signal). M1 proteins connect with the C-terminus of the negative 

sensed vRNPs and the NEP [41,44,25]. The NEP in turn binds on the cellular chromosome 

region maintenance 1 (CRM1 [45]) and guides the vRNPs out of the nucleus into the cytoplasm. 

HA and NA surface proteins as well as M2 are transferred to the apical plasma side of polarized 

cells, where the virus budding takes place [41]. Both M protein splice variants play an important 

role during the virus budding: M2 is responsible for the viral genome packing and assembly 

whereas M1 mediates the virus budding [41,46]. The NA aids during the virion release from 

the cell by cleaving off the SIA receptors [41,46,47]. 

1.1.4 Genetic flexibility of influenza A viruses  

The genetic changes being the motor of influenzaviral evolution are driven by two main 

mechanisms: (i) replication errors leading to genetic and, if HA and/ or NA proteins are 

affected, to antigenic drift and (ii) reassortment of genome segments promoting the creation of 

new genotypes and, if HA and/ or NA genome segments are affected, antigenic shifts [24].  

1.1.4.1 Replications errors 

The low fidelity (one point mutation per segment and replication round [48]) of the viral RdRp 

introduces several point mutations within each multiplication round per genome. In theory, 

from a single virion genome several thousand replicated genomes result that may differ from 

each other and from the parental genome by one to several mutations. A population of such 

virions is called a quasispecies [48]. Non-synonymous point mutations in viral proteins that are 

under selective immunological pressure lead to antigenic drift [49]. 

The interplay between the virus and the host’s immune system induces a protective immune 

response of which neutralizing antibodies targeting mostly the HA protein are an essential part. 

Antigenic drift, firstly addressed as such in 1965 [50], describes accumulating non-synonymous 

mutations within antibody binding sites either in the HA or NA or both surface glycoproteins. 
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Depending of the nature and location of amino acid (AA) mutations within such functional 

regions neutralizing antibodies may lose affinity to binding these sites and, thus, lose their 

protective function. Reciprocally, the virus regains replication capacity by escaping these 

effectors of the host immune system [51–53]. This phenomenon has been detected in influenza 

A and B viruses and was shown to drive the seasonal pattern of human influenza epidemics 

[49]. 

1.1.4.2 Reassortment  

RNA-segments exchanges are the result of a co-infections event of one cell by two different 

influenza A viruses and are defined as reassortment [18]. Reassortment events pose the risk of 

exchanging different vRNPs from viruses of different host species. This has repeatedly led to 

new influenza virus strains with human pandemic potential as reassortants with exchanges of 

either HA, NA and further genome segments were at the basis the major human IAV pandemics 

in 1957 (H2N2), 1968 (H3N2) and 2009 (H1N1) [18,54]. Reassortments affecting HA subtypes 

H1 - H3 cause a shift in the antigenic make-up of the virus and have a higher risk for pandemic 

spread in humans. Other HA subtypes, such as H5, H7 as well as H6, H9 and H10, are causing 

sporadic infection in humans but have not yet caused extensive human-to-human spread. The 

latter subtypes are derived from avian sources and need to cross the species barriers to infect 

humans [55].  

1.1.5 Avian influenza disease 

1.1.5.1 Clinical signs, infection and transmission routes 

Clinical sequelae of an AIV infection in avian hosts can be observed in the respiratory tract as 

well as in the digestive-, urinary-, and reproductive tracts of avian hosts [56]. LPAIV infections 

are mostly limited to the respiratory tract but may affect, in laying poultry, the reproductive 

tract resulting in a drop of egg production [56]. The main clinical signs depend on the viral 

pathotype as shown in Figure 3.  
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Figure 3: Main clinical signs of avian influenza infections of different 
pathogenicity 

Illustration is created with BioRender.com according to [56,57].  

 

The morbidity as well as the mortality rate seems to depend on the virus strain and the infected 

species [10,58,59]. However, the AA sequence at the HA endoproteolytic cleavage site has a 

direct influence on the mortality and on the tissue tropism [60]. It is known that LPAIV 

infections in gallinaceous species might lead to a high morbidity in combination with a low 

mortality [58]. However, in rare instances, the flock mortality can also reach up to almost 70% 

for LP (H4N8) virus strains, as reported in the U.S.A. in 1975 [10]. 

Apart from viral pathogenicity further factors modulate the range of clinical manifestations of 

AIV infections including co-infections [10], age, species and constitution of the host [56]. 

Chickens are more vulnerable to an HP infection than ducks [61]. Not all HPAI strains are 

virulent to all bird species and the morbidity and mortality rate is species-depending [10]. 

However, in gallinaceous poultry massive mortality reaching up to 100% is the most significant 

clinical sign in the affected flock. In waterfowl, symptoms can be milder and range from 

respiratory symptoms and decline in egg production to haemorrhages of the skin. Sometimes 

neurological signs can also be observed [10]. 
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Mostly, virus shedding occurs via the cloacal route [9]. However, depending on viral strain and 

host species virus is shed also via oropharyngeal/ respiratory secretions [9]. The main mode of 

transmission among avian hosts is via feco-oral chains [62]. 

1.1.6 Low pathogenicity avian influenza virus (LPAIV) 

LPAIV can be defined and characterized via the intravenous pathogenicity index (IVPI). The 

IVPI is the mean of the categorized clinical signs over 10 days (0 – normal, 1 – sick, 2 – severely 

sick, 3 – dead) of each of 10 intravenously inoculated 4. 8-week-old chickens. An IVPI of 0 

means that no animal was ill at any time, and a value of 3 means that all animals died within 24 

hours [59]. LPAIV is defined by an IVPI < 1.2 [63,59]. Furthermore, LPAIVs of the subtypes 

H5 and H7 are characterised by an endoproteolytic cleavage site within the HA that is accessible 

only by trypsin-like host proteases and, hence, is built with a monobasic AA motif [59,64]. 

Previously, LPAIVs have been isolated from at least 105 different bird species within 26 

different families [65] and were ubiquitously detected in all types of bird husbandry [35]. It is 

still unclear if all bird species are susceptible to AIV [65].  

1.1.7 High pathogenicity avian influenza virus (HPAIV) 

HPAIVs reveal an IVPI of > 1.2 or induce mortality of at least 75% within ten days in 4 - 6 

weeks old intravenously inoculated chickens [59, 63]. Until today, in nature, only some virus 

strains of subtypes H5 and H7 showed HPAI properties. Their HA endoproteolytical cleavage 

site is characteristically altered in that it is presenting multiple basic AA that form a furin-

accessible cleavage site [67]. The cleavage site sequence depends on the sub-type and the clade. 

Eurasian origin H5 LPAIVs usually express the sequence PQRETR/GLF whereas HPAIVs of 

the goose/Guangdong lineage revealed PQREGRRKKR/GLF in clade 1 and 

PLRERRRKR/GLF for clade 2.3.4 [68]. The bold letters highlight the basic AA that represent 

the cleavage site motif. LPAIV monobasic cleavage sites are processed by trypsin like proteases 

only [31]. Multibasic cleavage sites, in contrast, can be cleaved by several cellular host 

proteases such as furin and other subtilisin-like proteases [68]. The availability of the necessary 

proteases in different tissues differs: Trypsin-like proteases are confined to the respiratory-, 

intestinal and reproductive tracts. Whereas furin proteases can be found anywhere in tissues 

including brain, heart muscle etc. [31]. Thus, replication of LPAIV is confined to tissues where 

the fitting proteases are expressed, and, hence, a mild clinical picture emerges from replication. 

In contrast, HPAIV will cause systemic infections and tissue damage with often lethal outcome.
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1.2 Diagnosis of AI infections  

In 1902, CENTANNI [69] already described that embryonated chicken eggs are a suitable 

substrate for AI virus growth but it was not before the 1930s that BURNET and FERRY [70] used 

embryonated chicken eggs for virus cultivation [3]. Building on the discovery of agglutination 

of chicken red blood cells by AIV of LUSH in 1943 [71], the haemagglutination (HA) test was 

established [3,72]. Since then, there have been many further new developments of diagnostic 

methods, assignable to roughly three categories (Figure 4): detection of virus growth, serology 

(detecting humoral immunity of infected hosts) and detection of viral nucleic acids [73,74].  

 

Figure 4: Virus detection methods 

The figure, created with BioRender.com, shows the main targets of AI-directed laboratory diagnosis. 

 

1.2.1 Virus isolation  

1.2.1.1 Embryonated chicken eggs 

Embryonated chicken eggs (ECE) are an excellent matrix for influenza A virus isolation and 

cultivation. Usually, the allantois sac of 9 - 11-day old specific pathogen-free ECEs is 

inoculated with supernatant of clinical swabs or homogenized tissues sample material. The 

injection hole in the egg shell is then sealed with glue to minimize the risk of contamination. 

The ECEs are incubated for up to seven days at 37°C and 60% humidity. The ECEs are candled 
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daily to detect eggs with dead or dying embryos. The eggs are stored at 4°C (at least for four 

hours or overnight) after death of the embryo or after the incubation period. Amnio-allantoic 

fluid (AAF) is then extracted from the ECEs and tested for the presence of IAV by HA, or RT-

PCR. [75,66]  

1.2.1.2 Cell culture  

In the late 1940s, ENDERS and colleagues first described the successful cultivation of 

poliomyelitis as well as the mumps virus in cell cultures [73,76,77]. Today, A549, Madin Darby 

canine kidney (MDCK), and monkey kidney cells are the main cell types for isolation of 

infectious human influenza viruses [78]. The sensitivity cell culture virus isolation versus ECE 

depends on the virus and the cell type [78]. For AIV, no highly sensitive cell culture system is 

available to date and, consequently, ECE remain the most frequently used system for AIV 

isolation. 

1.2.2 Serology 

Due to the high degree of antigenic conservation of NP and M proteins of different IAVs, these 

proteins are used as the main targets of serological methods aiming at detection of generic 

humoral immune responses [66]. The enzyme-linked immunosorbent assay (ELISA) is most 

commonly used for detection of generic antibodies [79]. The system is fast but rather costly 

[80]. Competitive ELISAs are suitable to analyse samples from different bird species as well 

as mammals since the antibodies in the sample compete with monoclonal antibodies which are 

detected species-independently [66]. However, no protective function is assigned to NP- or M-

specific antibodies. The majority of antibodies mediating protection is directed against the HA. 

The haemagglutination inhibition assay (HI) is used to detect such antibodies and can also be 

used for AIV subtyping purposes [66,79,80]. [80]. Due to the high specificity of the HI, 

insensitivity might ensue, if badly matching antigens are used [66]. Likewise, the species origin 

of erythrocytes, used as an indicator system in haemagglutination technologies, can influence 

assay sensitivity due to varying density and specificity of receptors on the red blood cell 

membrane [81].  

1.2.3 Molecular detection of IAV genome fragments 

1.2.3.1 Polymerase-chain-reaction, PCR 

PCRs and particularly real time RT-PCRs (RT-qPCR) targeting highly conserved regions of 

IAV are now routinely used to identify the presence of IAV in clinical and field samples [82]. 

RT-qPCR was shown to be more sensitive than cell culture [83]. The general principle of each 

PCR is the repetition of three steps: denaturation, annealing and elongation. During the 
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denaturation the double stranded deoxyribonucleic acid (DNA) will be melted at high 

temperature (90 – 97°C). After that, the specific primers (and probe in case of RT-qPCRs) can 

anneal to the separated DNA-strains at lower temperatures. In the last step, elongation, the heat-

stable Taq-DNA-Polymerase duplicates the DNA. [84–86]. For detection of viral RNA, an 

initial reverse transcription step is required to produce complementary DNA (cDNA) as starting 

material for the PCR. 

Using sub- and pathotype specific primers further rapid sub- and pathotyping can be achieved 

with RT-qPCRs; these include arrayed sets of RT-qPCRs covering the whole variability of AIV 

[87].  

1.2.3.2 Influenza detection in environmental samples 

There are two intrinsic problems with various environmental samples: (i) Presence of biotic 

(bacteria) and abiotic factors (PCR inhibitors) that interfere with sensitive virus detection 

systems (RT-qPCR and virus isolation). (ii) Low concentration of viral material requires 

enrichment, but in parallel to virus enrichment also interfering factors are concentrated in the 

sample. 

Virus detection in large fluid volumes such as surface and sewage water samples poses 

particular problems. Negatively charged epoxy fiberglass disk filters have frequently been used 

in virus adsorption-elution methods [88–91]. Virus precipitation or flocculation methods follow 

a different principle: Viruses suspended in water are forced to accumulate/ flocculate with a 

precipitation agent into larger pieces, which then fall out of the suspension and can be recovered 

[92]. Polyethylene glycol (PEG), ion-based agents such as Al2(SO4)3 or FeCl3 or skimmed milk 

flocculation are used for precipitation. However, the recovery rate is highly variable and 

processes may require pH shifts that inactivate virus infectivity [93–97]. Increased use is now 

made of tangential or dead-end ultrafiltration. In tangential, also called cross-ultrafiltration, the 

virus suspension flows in parallel to the membrane surface but the virus-free water is drawn off 

at an angle of 90° to the general direction. Due to the prevailing pressure in the system, an 

increased turbulent flow velocity is generated, which prevents particles from adhering to the 

membrane and clogging it. Rather such particles are collected in the concentrated sample fluid 

[98–101]. In dead-end ultrafiltration, the virus suspension flows across a porous surface, where 

the virus particles are retained at the pores due to their larger diameter. Therefore, virus particles 

attached to the membrane need to be released by washing the membrane, generating an eluate. 

[98–101] The recovery rates of both methods ranged from 66 to 95%, depending on the 

microorganism being purified [90].  
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Examples of systematic studies of purification of IAV from environmental water samples are 

scarce: A field study detected in 4.8% of water samples collected from natural and artificial 

lakes, surface waters and wetland from the south of Michigan, U.S.A. [98] This study used 

filtration through a cation (Al3
+)-charged filter and an additional ultracentrifugation step. 

Finally, IAV was detected by PCR targeting the M-gene [102]. In the same range, other studies 

were able to detect AIV in 0 - 6% of the water samples tested [103–105]. By using 2L water 

samples collected from locations all over Spain (winter 2007 until autumn 2009) and by 

precipitating virus particles using PEG6000 AIV was not found by RT-qPCR in any sample 

[103,105]. On the other hand, a Japanese group managed to detect AIV in six out of 100 50 mL 

water samples from the Kagoshima prefecture (winter 2012/13). They used the chicken red 

blood cells precipitation approach. Virus co-precipitated with the erythrocyte were released 

using neuraminidase treatment and supernatant was inoculated into ECEs. and subtypes H3N8, 

H4N6, and H4N8 were finally isolated [104,105]. 

1.2.4 Prevention of AIV infection by biosecurity 

Incursion of notifiable AIVs into poultry holdings may occur directly by introducing infected 

wild birds or poultry. In addition, and maybe more importantly [106], indirect transfer of virus- 

contaminated fomites, feed or drinking water is important to consider. Several cascades of 

biosafety measures preventing incursions are described in the legal framework governing 

notifiable AIV infections of subtypes H5 and H7. [67] 

1.2.5 Prevention of AIV infections by vaccination 

Vaccination against HPAI can be used to complement biosafety measures where HPAIV is 

endemic [107]. Prevention by vaccination of clinical signs and economic losses is a main goal 

of poultry keepers. Prevention of infection and subsequent virus spread is the main 

epidemiological goal. Successful vaccination programs require careful planning and can be 

costly [107]. A close antigenic match between the circulating virus in the field and the vaccine 

strains used is pivotal to ensure high efficacy of the vaccine [108]. 

1.3 Epidemiology of avian influenza 

1.3.1 Importance of the reservoir hosts 

AI can be divided into two main lineages: the Eurasian and the American. The two lineages are 

the result of ecological and geographic separation of hosts over a long time. However, 

connections via overlapping flyways exist across the Bering strait and via Iceland and 

Greenland in the northern Atlantic [65,109]. Thus, AIV genes with an Asian-Australian origin 

have already been found in wild bird samples in the U.S.A. [110]. Recently, HPAIVs of subtype 
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H5N8 have been introduced to North America, in 2014 via the Bering strait and H5N1 in 2021 

across the Atlantic, causing in both instances devastating outbreaks in American poultry 

holdings [111–113]. Wild birds can act not only a long distance vector for AIV but also for 

other viral or bacterial pathogens like the west Nile virus, drug-resistant enteric bacteria as well 

as the Lyme disease inducing bacterium Borrelia burgdorferi [114]. 

The highest AIV infection rates within wild bird populations was found in geese and ducks 

[115]. There may be further important reservoirs and species-specific pools as was shown for 

the subtypes H13 and H16 which are found in shorebirds such as gulls but not in anseriforme 

wild birds like geese and ducks [115]. 

As shown in Figure 1, AIV transmission from wild birds to domestic poultry, so-called spill-

over infections lead to primary outbreaks. Onward transmission between holdings can start 

endemic cycles of infections in poultry populations in a region. Virus can of course be 

transmitted back from poultry to wild bird populations which is referred to as spillback [20]. 

1.4 Impact of environmental factors on the epidemiology of avian influenza  

1.4.1 Viral tenacity and dispersion in surface water 

Release and dispersion of AIV with avian feces in surface waters is considered a main 

mechanism to establish transmission chains within the reservoir host populations of AIV. Little 

is known about the fate of water-dispersed AIV particles. At least one study succeeded in 

detecting and even isolating an H1N8 virus in environmental drinking water samples [116]. 

A plethora of abiotic factors will influence viral tenacity in the environment. Ultraviolet 

radiation (UV-A and UV-B) does not seem to have a major influence on the viral infectivity in 

experimental settings as long as the exposure time is less than 30 minutes [117]. However, other 

studies indicate that (far-)UV-C radiation is able to reduce the infectivity of IAV in aerosols 

almost completely within seconds of exposure [118–120]. The reduction impact of UV-C-light 

also depended on the humidity level.  

Furthermore, biotic factors, such as microbes, protozoa, and higher animals (mussels, worms 

etc.) can have a direct influence on the viral dispersion and tenacity in water. For example, 

water fleas, zebra mussels and snails were found to accumulate influenza virus in their tissues 

and reduce net viral loads in water; the effect was mostly attributed to filtering enrichment of 

viral particles [55,121–123]. At least zebra mussels were able to release virus back into fresh 

water [124]. On the other hand, and for as yet unknown reasons, the presence of shrimps had a 

prolonging effect on viral tenacity [55]. 
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In the following the focus is on the influence of abiotic factors temperature, pH, salinity and 

matrix-specific influences [119]. 

1.4.2 Temperature 

Already in the late 1970s WEBSTER and colleagues [125] noted that influenza A virus remains 

infectious for more than 30 days if virus-contaminated avian feces or untreated water was stored 

at 4°C. The viral tenacity decreased to 7 days at 20°C (feces) and to 4 days at 22°C (water) 

[125]. Further experiments of other groups revealed similar results with some strain-specific 

variations [91]. HPAIV H5N1 was shown to be stable for more than 100 days at 4°C, if virus-

containing protein-stabilized water was used but only for 24 h at 28°C [117].  

Temperatures above 70°C are deemed sufficient to fully inactivate viral infectivity within less 

than a minute [126,127]. 

1.4.3 Salinity 

At fixed pH and temperature values, salinity was found to have an impact on viral tenacity. 

Tenacity decreased when the salinity concentration increased [123,128]. Strain-specific 

differences may be attributed to the host cell origin of the virus [128]. 

1.4.4 pH-value 

As already mentioned in 1.1.3, the HA undergoes conformational changes depending on pH 

value to achieve fusion of endosomal and viral membranes to initiate replication. The pH shift 

induces refolding of the HA protein and exposure of its fusion domain. Refolding is irreversible. 

Refolded HA cannot be utilized for receptor binding. Thus, virions exposed to low pH values 

before attaching to and being endocytosed into host cells are rendered non-infective, i.e. 

inactivated. The optimal pH value achieving conformational changes ranges from pH 4.6 

(lysosomes 4.6 – 5.0) to 6.5 (early endosomes 6.0 – 6.5; late endosome 5.0 – 5.5) and is 

depending on the host species [129]. Point mutations within the H5N1-HA protein, such as 

N114K and Y23H (pH optimum increases) or H24Q and K58I (pH optimum decreases) modify 

the pH optimum for refolding of HA [129,130]. These mutations may also lead to modified 

environmental perseverance, as described for H5N1 [129]. Higher environmental stability of 

virions at a temperature of 28°C was shown to be linked with a point mutation in the H5N1 HA 

(H24Q and K58I) which led to a lower HA activation pH value in the endolysomal cell 

environment [129,130]. Due to the fact that the optimal HA activation pH value differs between 

human (lower pH), swine and avian (higher pH) there is a hint that the avian-origin HA needs 

to undergo an intermediate stabilisation step in swine before jumping to humans [131]. Results 
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from [117] indicated that the pH-value itself and not the contact time has the main influence on 

the infectivity of H5N1. H5N1 kept its infectivity at pH 5,7 and 9 regardless of the exposure 

time of 6, 12, 18 or 24 hours but outside this range infectivity is irreversibly inactivated. An 

overview of the impact of some specific abiotic factors is given in Table 2.  

Table 2: Impact of abiotic factors on IA 

Factor Best conditions 

 

Impact Reference 

Temperature [°C] 4 - 17°C 

(Diluted AAF) 

Higher Temperature 

(> 28°C) have a 

negative impact 

[132] 

Salinity [ppm] Low; no general 

information 

available for the 0 - 

20,000 ppm range 

≥ 25,000 ppm 

negative impact for 

all virus strains 

(Diluted AAF) 

Higher ppm values 

have a negative 

impact on the viral 

persistence 

[132] 

Relative Humidity 

[%] 

17-25% Low relative 

humidity and low 

temperatures are 

better than higher 

[133] 

pH-value 7.4 - 8.2 

(Diluted AAF) 

HA conformation 

change 

[132] 

 

However, in summary, and as shown in Figure 5, virus infectivity significantly depends on 

temperature, pH-value and water salinity [91]. 
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Figure 5: Tenacity of AIV in surface water with respect to dif ferent environmental 
factors 

According to [91] created with BioRender.com.  

 

1.5 Air born transmission of avian influenza virus 

Bioaerosols (< 5 µm [48]) comprise all particles of biological origin which are able to be 

suspended in air [134]. That means that bioaerosols include, among other infectious agents, 

viruses as well [134]. Due to the fact that livestock production and corresponding farms grow 

in size and numbers, possible risks of bioaerosols become more aware [134]. The European 

Union average number of chickens per commercial holding in 2013 was about 43,500 [135]. 

AIV-RNA could be measured in poultry dust outside of AIV-infected poultry stables [136]. 

However, some IAV strains were found not to be able to form infectious aerosols [137,138]. 

If the temperature is under 20°C the AIV-RNA detection rate increases [139]. It is animal 

experimental proved that IV in general are better transmitted via droplets at 5°C than at 30°C 

and when the humidity is middle or high [48]. Already between 1983 and 1984 air samples 

were collected on farms which were coming down with HPAIV in Pennsylvania to investigate 

epidemiological aspects [140]. Field experiments showed that AIV is present as bioaerosols in 

the air. The researchers sampled at Hanoi’s biggest live poultry market in October 2017 on 10 
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days (within three weeks) a total air volume of 1200 L per sampler (in total three aerosol 

samplers). The filtered air as well as the filter cassettes itself were then further treated for RNA 

extraction and detection. Furthermore, the researchers took swap samples from poultry animals 

from the market to compare the results. The analysis showed that there is a 90% link between 

a positive air sample result and a positive swap sample result.[141] 

1.5.1.1 Presence and tenacity of AIV in sediments and soils 

Although investigations of lake sediments for AIV have been rarely conducted they have shown 

that virus material can be detected in some sediments and that tenacity of viruses deposited 

there might be higher than in feces or meat [142]. Sediment analyses could be interesting 

because excretions from many water bird species over longer period of times are being archived 

there [142,143]. However, soil and sediments are considered difficult matrices for molecular 

diagnostic analysis: They have a high density, may contain substances like heavy metal ions, 

polyphenols and humins which would interfere with RNA isolation and/or PCR enzyme 

activities [143,144]. Experiments with three (H4N6, H5N1 and H6N8) different LPAIV strains 

showed, that the viral tenacity, the time span of presence of virus infectivity, depends on the 

matrix (lake sediment with pH 7.9 ± 0.5 versus duck faeces or duck meat) as well as on the 

matrix temperature (0, 10, 20 or 30°C) [145]). The results showed that the viruses, with some 

influence of the specific virus strain, lose up to 90% (T90) of their infectivity at 30°C between 

2 (duck faeces or meat) to 11 (sediment) days. Lowering the temperature by about 10°C will 

increase viral perseverance to 3 (H4N6 and H6N8, duck meat) or 7 (H6N8 duck faeces) and up 

to 18 days (H4N6, sediments). At a temperature of 10°C the T90 time increases up to 12 (H6N8, 

meat), 21 (H4N6, faeces), and 54 (H6N8, sediments) days. At the lowest temperature (0°C), 

tenacity was the highest: 81 (H6N8, meat), 75 (H5N1, faeces) and up to 394 days in sediments 

for H6N8 [145]. 

1.6 Avian influenza as a zoonotic infection 

In principle, IAVs cover a huge host species spectrum, although specific adaptations exist for 

viruses infecting birds versus mammalian species and human hosts. Host species jumps 

between the avian and the mammalian world of hosts are regularly encountered as sporadic 

events. However, only rarely have such events led to the establishment of an adapted, 

independently circulating lineage in the new host species. In order for an AIV virus to 

successfully enter and establish itself within the human population, the virus must undergo 

several changes and adaptations. As shown in Figure 2 avian SIA receptors differ from those 

of humans. IAV have to be able to access the specific receptors to initiate infection in the 
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respective host species. The pig, and also some avian species such as quails and turkeys, possess 

both (human- and avian-like) SIA receptors, which enable these species to act as mixing vessel 

of IAVs from avian and mammalian hosts. A possible outcome of such mixing leading to new 

reassortant viruses are influenza pandemics in humans, like the most recent one of 2009 

[146,34]. In addition, there are epithelial cells in the lower human respiratory tract that carry 

α2-3 SIA receptors which is why they support AIV replication [147]. Thus, human hosts can 

be directly infected with AIV, provided an exposure against a large dose of virus, so that some 

particles reach the lower respiratory tissues.  

Moreover, the viruses must adapt to different host body temperatures: While waterfowl has a 

body temperature of 40°C, humans have a body temperature ranging between 32 (proximal 

airways) and 37°C (distal airways) [148,149]. A specific AA position in the PB2 protein has 

been found to regulate the optimum replication temperature of IAV: E627 promotes replication 

at temperatures above 40°C and is mainly found in avian IAV. K627 in contrast is found 

predominantly in human IAV and mediates replication at temperatures lower than 37°C [150]. 

In general, the PB1, PB-2 as well as PA protein forming the RNA-dependent RNA polymerase 

of IAVs was found to influence virulence and host range [20]. For example, the nuclear import 

factor importin α 1 regulates binding and transport of IAV RNPs into the cell nucleus in a 

species-specific way. Mutation D701N of PB2 promotes stronger binding to importin in 

mammalian cells than in avian cells [151,152].  

The antivirally active MxA GPTase poses another obstacle of IAV replication in cells. In 

humans, MxA effectively prevents replication of non-human IAV. All pandemic IAVs had 

mutations, mainly in the NP protein, that circumvented the MxA block [153]. Mutations in non-

structure protein 1 (NS1) causes the virus to develop resistance to antiviral agents, such as 

interferon or tumor necroses factor α [154,147].  

The increasing number of (HP) AIV outbreaks increases the risk of species crossing 

transmission events of H5, H7 and H9 viruses because of a high concentration of virus at the 

poultry-human interface [55]. Although these viruses are also detected in wild birds, until today, 

the vast majority of all human-associated infections with HPAIV started via contacts to infected 

poultry [155,156]. Between 2003 and 2022 (by 22.04.2022), there are at least 863 laboratory-

confirmed human cases of HPAIV H5N1 infections reported to the World Health Organization 

(WHO) [157]. Of these 53% died due to the infection. [157] Until today, there are eleven AIV 

subtypes which are able to spill over sporadically to humans [17]. 
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1.6.1 Recent HPAI epidemics in Europe 

During the last decade (2012 - 2022), there were several large waves of HPAI outbreaks 

sweeping through Europe as outlined in Table 3. Most of these waves were due to HPAIV of 

the goose/Guangdong lineage of H5 viruses originating in southern China in domestic geese in 

1996 [7,158] . Incursion to Europe was predominantly with migratory wild birds during autumn 

migration along the East Atlantic flyway. Since summer 2021, a trend toward increased 

detection of HPAIV in wild birds during summer months became visible [159]. This raised 

fears of an annual entrenchment of these HPAIVs in metapopulations of European wild birds. 
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Table 3: Overview of some recent avian influenza epidemics of clade 2.3.4.4b in 
Europe 

 

Year/ 

Season 

Strain Affected 

countries 

Affected wild 

bird species 

Human 

infection 

References 

2016/ 

2017 

HPAIV 

H5N8 

29 European 

countries (most 

effected country: 

France with 484 

poultry 

outbreaks) 

At least 12 

different species 

were affected 

(among others: 

Common 

pochard, Tufted 

duck, Great 

crested grebe, 

Eurasian teal, 

Eurasian wigeon) 

Not reported  [11,106,160] 

2020/ 

2021 

HPAIV 

H5N8, 

H5N1, 

H5N3, 

H5N4, 

H5N5 

31 European 

countries, 

approx. 

22,900,000 heads 

of poultry were 

culled from 

October 2020 

until September 

2021. 

At least 33 

different species 

(mute swans, 

barnacle geese, 

red knots, various 

birds of prey. 

Furthermore, a 

few harbour seals 

and scavenging 

terrestrial 

mammals (foxes, 

otters, mustelids) 

7 Russian 

poultry 

workers (HP 

H5N8),  

[14,20,161,162] 

2021/ 

2022 

HPAIV 

H5N1  

At least 33 

European 

countries 

affected, France 

and Hungary 

most heavily hit 

Same range as 

2020/21. In 

summer 2022 

colony-breeding 

sea birds affected 

for the first time 

One each in 

the UK and the 

U.S.A.: HP 

H5N1 

[163,164] 
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2 Study objectives  

2.1.1 Questions and approach  

AIV has the ability to cross species barriers and may infect human hosts. Highly pathogenic 

variants of AIV induce severe disease and high mortality in many poultry species leading to 

substantial economic losses. Due to the reservoir function of wild bird populations no final 

eradication of these agents is feasible. As such, preventive measures are key to protect poultry 

as well as wild bird populations from reciprocal spill-over infection events. A full understanding 

of epidemiological features and, in particular, spreading mechanisms of these viruses is 

mandatory to optimize preventive measures. 

Until today, the role of surface water for AIV transmission is not fully explored. This is partly 

due to the fact that appropriate techniques for concentrating and purifying viruses from water 

sources are lacking. 

This study was designed to address  

(i) improved diagnostic RT-qPCRs for detection of AIV, 

(ii) the design and operation of a filtering system to enrich AIV from natural water 

sources as a means of active surveillance in order to assess the role of surface and 

drinking water for virus transmission in infection experiments and in the field, 

(iii) the minimum AIV concentration in surface water to initiate infection of aquatic wild 

birds. 
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Supplemental Material 

Supplemental figure 1. Clinical scores of “seeder” ducks (black squares) inoculated with 

LPAIV H4N6 (a, b) or HPAIV H5N8 (c, d) and of exposed contact mallards (open circles) 

housed in the presence of a small swimming pool (a, c) or of a bell drinker only (b, d). 
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Supplemental figure 2. Clinical scores of mallard ducks exposed to pool water artificially 

loaded with HPAIV H5N8 at (a) 102, (b) 103 or (c) 104 TCID50 L
-1 or to a “carrier duck” with 

virus-contaminated plumage (d). 
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4 Summarizing discussion 

Until today, and with an increasing impact, high pathogenicity avian influenza represents one 

of the most feared infectious diseases of poultry with a huge economic impact and a potential 

zoonotic risk for humans. HPAI viruses are recruited from subtypes H5 and H7 and initially are 

generated, most oftenly in galliform poultry, by spontaneous mutation from low pathogenicity 

precursor viruses. Once emerged, they can be spread horizontally like any LPAIV among 

poultry and by spill-over infections into wild bird populations.  

Most avian species are known to be susceptible to AIV infection. Aquatic bird species 

compared to Galliformes are less likely to develop severe signs of disease upon infection. This 

is the reason why aquatic wild birds are acting as a natural LPAIV reservoir. On basis of this 

situation the question arose, if or which role does water play in the infection cycle of AIV? Is 

the water the main transmission reservoir that is fed by infected aquatic wild birds and where 

naïve birds pick up the virus again? In extrapolation from there: Can surface water be used a 

matrix for active AIV surveillance delivering useful data in terms of outbreak predictions or 

spread? In order to tackle some of these questions, the presented project was divided into three 

parts: 

(i) To improve the diagnostic RT-qPCRs for detection of AIV,  

(ii) To design and validate a filtering system to enrich AIV from natural water sources as a 

means of active surveillance in order to assess the role of surface and drinking water for virus 

transmission in infection experiments and in the field,  

(iii) To explore the minimum AI virus concentration in surface water required to initiate 

infection of aquatic wild birds.  

Objective (i) is dealt within paper I where an up-dated version of the previously introduced 

Riems Influenza A Typing Array, version 1 (RITA1)-approach [87] , an array of RT-qPCRs, 

was designed and validated. Due to the high error rate of IAV genome replication, detection of 

RNA of different AIV strains can be compromised if primer and probe binding sites are affected 

by random mutations. Loss of sensitivity will be inevitable in these cases. Therefore, the 

RITA1-primer and probes have been updated to provide an array with improved specificity and 

sensitivity. Additionally, the system has been modified to occupy a lower number of wells in 

the array by compacting reactions into duplex assays. For use with poultry samples, targets for 

important viral differential diagnoses such as Newcastle virus and Avian infectious bronchitis 

virus have been included as well. As a response to the increasing numbers of wild bird cases 
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and poultry outbreaks, a reduced version of RITA-2 has been established. Only eight parallel 

PCR reactions are required to test for H5 or H7 AIV and their corresponding pathotypes. All 

samples run at the same temperature profile which saves material, time and RT-qPCR-cycler 

resources. Within the next years, the system should be updated regularly to maintain the 

performance levels for diagnosis of then circulating AIV. Compared to the classical assays 

including virus isolation in ECE, serological and biological virus characterization, PCR in 

general and the RITA method in particular can provide a much more sensitive result in 

significantly shorter time. Compared to nucleotide sequencing methods, including next and 

third generation methods, that analyse the exact viral sequence of a sample, the RITA method 

can only differentiate between subtypes and high and low pathogenicity using the previously 

known HA cleavage site motifs as a probe target sequence. Furthermore, the RITA method does 

not give any indication of possible mutations of the currently circulating subtypes. However, 

RITA is much faster, cheaper and suitable for investigation of a larger sample size. New 

methods for detection include biosensors providing a very high sensitivity, and analyses are 

possible in 5 minutes [165]. The RITA method is not as sensitive and is also much slower. 

Nevertheless, the RITA method allows a much more comprehensive analysis than the 

biosensor-based analyses introduced so far [165]. The costs of such methods also play a 

considerable role with a large number of samples. In summary, the PCR method, and especially 

the RITA method, is currently regarded as the most suitable technology for rapid and accurate 

AIV analyses.  

Obtaining and analysing individual wild bird samples for AIV surveillance is a cumbersome 

and laborious process. Sampling, in particular, may be difficult and limited, if highly protected 

wild birds are encountered [166]. Therefore, surrogate samples, i.e. environmental matrices, are 

an enticing subject to improve active surveillance of AIV. 

In an approach to objective (ii) we tackled surface water and sediments as such surrogate 

matrices (paper II). Two different ultrafiltration approaches were validated to enrich virus 

particles from large water volumes (10 L). As an internal validation marker, the bacteriophage 

Φ6, an enveloped virion with a segmented double stranded RNA genome, was used. 

Appropriate detection systems for Φ6 infectivity and RNA were established. The analyses show 

that AIV RNA can be detected, at least at low loads, in water as well as in other environmental 

matrices such as sediments or environmentally deposited avian feces. For water and sludge, 

only few samples contained high enough virus loads that subtyping was possible. Interestingly, 

the AIV subtypes detected in the water column and in the corresponding sediments of the same 



 

86 

 

site did not fully match each other or the presently circulating AIV subtypes according to 

passive surveillance in the same region. This could indicate that the sediments act as a kind of 

long-term AIV store. However, it is questionable whether and if so how long AI viruses 

deposited in sediments remain stable and infectious. In this study, no infectious AIV could be 

isolated from any of the environmental samples. This could be caused by the low viral load 

considering that virus isolation is less sensitive compared to RT-qPCR [167,122]. Additional 

post-filtration methods aiming to increase the RNA yield did not lead to higher RNA-levels. In 

contrast, some of these methods such as SPE-DOM filtration led to a loss of RNA. Nevertheless, 

compared to other studies, like [103,104], we were able to detect AIV in a substantial number 

of samples from shallow water bodies and corresponding sediments obtained in areas with a 

large population of aquatic wild birds. However, the effort, costs and the AIV RNA yield are 

disproportionate to the result. When compared to passive surveillance in the same area, 

investigations of environmental samples did not succeed as an alternative surveillance or early 

warning system. 

While in paper II the more technical features of virus detection in surface water were explored, 

paper III focussed on functional aspects of water as a transmission medium of AIV. 

In fact, data in paper III show, for the first time according to our knowledge, that a very low 

level of viral infectivity suspended in water were sufficient to initiate an HPAIV infection in 

mallards. Productively infected mallards generally did not develop clinical symptoms showing 

that this species likely acts as a useful vehicle for widely spreading HPAIV of clade 2.3.4.4b. 

The data further indicated that the type of drinking water source, e.g. in poultry holdings, does 

play an important role during infection and for the inter-animal-infection spread. In the run of 

the infection experiments we also showed that AIV-RNA can be extracted from the breast 

plumage of infected mallards [168]. However, RNA levels on the bird’s breast plumage always 

were lower compared to oropharyngeal or cloacal swab. YAMAMOTO and colleagues previously 

showed presence of infectious AIV keeps in feathers [169]. In addition, results from [170] 

indicated that higher RNA levels are detectable in the quills than in the classical oral or cloacal 

swabs, speculating that infectious AIV may also be transferred between water bodies in the 

plumage of waterbirds. [171] as they were able to isolate AIV from wild bird plumage swabs.  

Our data (paper II and III), in contrast, indicated that feathers and plumage swabs are not best 

suited for monitoring approaches due to virus loads lower than in other sampling sites of the 

bird (oral, cloacal swabs). By using feathers alone as sampling targets, the false-negative rate 

is probably quite high. 



 

87 

 

Taken together, this study provided a deeper insight into the AIV ecology in surface waters and 

sediments. Data were partly obtained in highly artificial experimental setting (paper III) where 

interfering effects (biotic or abiotic) have largely be excluded and, thus, results and 

interpretation can be compromised [55,121,122,132,133].  

 

Figure 6: Schematic overview of the putative role of water and sediments for AIV 
epidemiology 

 

Experimental and surveillance data obtained in this study provide evidence for the important 

role of surface waters as an efficient transmission medium. The effects of AIV deposition in 

the water column (Figure 6, No. 2), in sediments (Figure 6, No. 3, 4) and on grazing grounds 

close to such water bodies (Figure 6, No. 5) has been demonstrated in papers II and III. 

However, there are several questions unsolved yet, which should be investigated in further 

experiments to deepen the insights: such as the influence of various abiotic but also full biotic 

factors, some of which can accumulate AIV in themselves. Or the maximum detection period 

of genomic material in the different matrices. It also needs to be determined whether climate 

change has already interfered with AIV epidemiology due to influencing the annually bird 

migration patterns; birds may migrate earlier and stay longer in areas with endemic exposure 

of HPAIV [172]. The current wave of HPAIV infections in colony-breeding seabirds in the 

German Wadden Sea may be an indication of such mechanisms.  
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5 Summary 

Until today, more than 100 years after its first description in Italy, the highly pathogenic avian 

influenza virus (HPAIV) has not lost its fearsome character for wild birds, poultry and humans. 

On the contrary, the number of outbreaks with high casualty rates in wild birds and poultry has 

multiplied in recent years and cases of zoonotic infections are also increasingly reported from 

HPAI endemic areas. The epidemiology of these infections is complex and also involves surface 

water and possibly sediments of shallow standing waters, which could play a role as a vector 

medium and/or virus reservoir. The goal of this project was to expand current knowledge of the 

influence of water on the spread of AIV. As part of this project, we were able to ... 

1. ...improve AIV detection methods using real time RT-PCR in terms of sensitivity and breadth 

of viruses detected. In addition, we succeeded in economizing the procedure so that fewer 

resources are required and results are obtained faster (publication I: [173]).  

2. ...develop an ultrafiltration-based enrichment method for AIV from surface water and 

evaluate it with field samples from HPAI outbreak areas in wild bird habitats (Wadden Sea 

coast of Schleswig-Holstein) and previously unaffected regions (Antarctic Weddell Sea) 

(publication II: [174]). Furthermore, protocols for testing different environmental sample 

matrices for AIV screening were tested and compared to results of passive monitoring by 

dabbing diseased or dead wild birds. AIV was detected in more than half (61%) of 44 water 

samples. We received additional sediment samples from 36 of the 44 water samples. In 18 of 

36 of the sediments tested, as well as in 4.16% of 1705 fecal samples tested AIV was detected. 

However, the studies of the environmental samples mostly yielded only generic AIV detections, 

with viral loads in the range of the detection limit. This massively hampered further 

investigations for sub- and pathotyping. In contrast, 79.41% of 68 samples from passive 

monitoring showed high to very high HPAIV viral loads which also allowed sub- and 

pathotyping. 

3. ...demonstrate in animal experiments that even very low titers (0.1 TCID50 ml-1) of HPAI 

viral infectivity in water can induce productive infection in susceptible but clinically largely 

resistant mallard ducks (publication III: [175]). Furthermore, we were able to develop evidence 

that there is a difference in virus spread that depends on the type of (contaminated) water source. 

This means that infections on poultry farms with inverted or nipple drinkers may follow a 

different course than infections in the wild, which are mediated via larger surface waters.  
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Overall, the results of this project highlight the important role of surface and drinking water, as 

well as aquatic sediments, in the spread of AIV. The methods developed here for AIV detection 

extend the possibilities for surveillance of AIV infections; however, passive remains superior 

to active surveillance of HPAIV infections in several aspects. Examination of various 

environmental samples did not yield a significant advantage in terms of an early warning system 

that would indicate the presence or spread of HPAIV in wild bird habitats prior to the 

occurrence of lethal infections in wild birds. 
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6 Zusammenfassung 

Bis heute, mehr als 100 Jahre nach seiner Erstbeschreibung in Italien, hat das hoch pathogene 

aviäre Influenzavirus (HPAIV) seinen furchterregenden Charakter für Wildvögel, Geflügel und 

Menschen nicht verloren. Im Gegenteil, die Zahl der Ausbrüche mit hohen Opferzahlen bei 

Wildvögeln und Geflügel hat sich in den letzten Jahren vervielfacht, und auch Fälle von 

zoonotischen Infektionen werden zunehmend aus HPAI-Endemiegebieten gemeldet. Die 

Epidemiologie dieser Infektionen ist komplex und bezieht auch Oberflächenwasser und 

möglicherweise Sedimente flacher stehender Gewässer mit ein, die als Überträger und/oder 

Virusreservoir eine Rolle spielen könnten. Ziel dieses Projekts war es, das derzeitige Wissen 

über den Einfluss von Wasser auf die Verbreitung von AIV zu erweitern. Im Rahmen dieses 

Projekts konnten wir… 

1. …AIV-Nachweisverfahren mittels Echtzeit-RT-PCR in Bezug auf Empfindlichkeit und 

Breite der nachgewiesenen Viren verbessern. Darüber hinaus ist es uns gelungen, das Verfahren 

zu rationalisieren, so dass weniger Ressourcen benötigt werden und schneller Ergebnisse erzielt 

werden (Publikation I: [173]). 

2. …eine auf Ultrafiltration basierende Anreicherungsmethode für AIV aus Oberflächenwasser 

zu entwickeln und mit Feldproben aus HPAI-Ausbruchsgebieten in Wildvogellebensräumen 

(schleswig-holsteinische Wattenmeerküste) und bisher nicht betroffenen Regionen 

(antarktisches Weddellmeer) zu evaluieren (Publikation II: [174]). Darüber hinaus wurden 

Protokolle für die Untersuchung verschiedener Umweltprobenmatrices für das AIV-Screening 

getestet und mit den Ergebnissen der passiven Überwachung durch Abtupfen erkrankter oder 

toter Wildvögel verglichen. AIV wurde in mehr als der Hälfte (61 %) der 44 Wasserproben 

nachgewiesen. Von 36 der 44 Wasserproben erhielten wir zusätzliche Sedimentproben. In 18 

von 36 der untersuchten Sedimente sowie in 4,16 % der 1705 untersuchten Kotproben wurde 

AIV nachgewiesen. Die Untersuchungen der Umweltproben ergaben jedoch meist nur 

generische AIV-Nachweise mit Viruslasten im Bereich der Nachweisgrenze. Dadurch wurden 

weitere Untersuchungen zur Sub- und Pathotypisierung massiv behindert. Im Gegensatz dazu 

wiesen 79,41% der 68 Proben aus dem passiven Monitoring hohe bis sehr hohe HPAIV-

Viruslasten auf, die auch eine Sub- und Pathotypisierung ermöglichten. 

3. …im Tierversuch zeigen, dass bereits sehr niedrige Titer (0,1 TCID50 ml-1) der HPAI-

Virusinfektiosität im Wasser eine produktive Infektion bei empfänglichen, aber klinisch 

weitgehend resistenten Stockenten auslösen können (Publikation III: [175]). Darüber hinaus 
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konnten wir nachweisen, dass es einen Unterschied in der Virusausbreitung gibt, der von der 

Art der (kontaminierten) Wasserquelle abhängt. Das bedeutet, dass Infektionen auf 

Geflügelfarmen mit Stülp- oder Nippeltränken möglicherweise einen anderen Verlauf nehmen 

als Infektionen in freier Wildbahn, die über größere Oberflächengewässer vermittelt werden.  

Insgesamt unterstreichen die Ergebnisse dieses Projekts die wichtige Rolle von Oberflächen- 

und Trinkwasser sowie von Gewässersedimenten bei der Verbreitung von AIV. Die hier 

entwickelten Methoden zum AIV-Nachweis erweitern die Möglichkeiten zur Überwachung 

von AIV-Infektionen; die passive Überwachung ist jedoch der aktiven Überwachung von 

HPAIV-Infektionen in mehreren Aspekten überlegen. Die Untersuchung verschiedener 

Umweltproben erbrachte keinen signifikanten Vorteil im Hinblick auf ein Frühwarnsystem, das 

das Vorhandensein oder die Ausbreitung von HPAIV in den Lebensräumen von Wildvögeln 

anzeigen würde, bevor es zu tödlichen Infektionen bei Wildvögeln kommt. 
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Impact of surface and drinking water on transmission of avian 

influenza viruses – experimental evidence 

Ann Kathrin Ahrens, Hans-Christoph Selinka, Martin Beer, 

Thomas C. Mettenleiter, Timm C. Harder 
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