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ABSTRACT 

 

 “Adaptation of avian influenza viruses to the respiratory epithelium of pigs”   

by Wei Yang 

 

Pigs are important hosts for influenza A viruses and may play a crucial role in the interspecies 

transmission. In previous studies (Punyadarsaniya et al., 2011; Meng et al., 2013), we have 

established precision-cut lung slices (PCLS) from the porcine lung as a culture system for 

differentiated respiratory epithelial cells to analyze the infection by influenza viruses.  

 

In this thesis, an avian influenza virus, A/chicken/Saudi Arabia/7/1998 (P0) of the H9N2 

subtype was passaged in PCLS three times (P1-P3) to analyze the adaptation of avian 

influenza viruses to growth in a mammalian host. The changes in the viral properties that are 

associated with the adaptation were characterized by determining (i) the amount of infectious 

virus released into the supernatant, (ii) the growth curve of the passaged viruses and (iii) the 

ciliostatic effect. After three passages, the only difference noted were increased growth 

kinetics of the P3 virus. Sequence analysis of the different virus passages revealed four 

mutations: one each in the PB2 and NS1 proteins, and two in the HA protein.   

 

The HA mutations, A190V and T212I, as well as the PB2 mutation, G685R, were 

characterized by generating recombinant viruses containing either one or two amino acid 

exchanges. The results of the glycan array analysis indicated that the parental virus 

preferentially recognized 2,3-linked sialic acids. The HA190 mutant bound to a broad 

spectrum of glycans with 2,6/8/9-linked sialic acids. The HA212 mutation alone had a less 

pronounced effect, however, together with the HA190 mutation it resulted in an increased 

binding affinity. When we analyzed all the recombinant viruses in NPTr cells, the HA190 

mutant and the double mutant (HA190+PB2685) showed a faster growth and higher virus 

titers than the parental virus, while in PCLS, none of those mutations had a ciliostatic effect 

on the epithelial cells, which would be a characteristic for virulent swine influenza viruses.  

 

It is worth noting that the double mutants (HA190+HA212, HA190+PB2685 and 

HA212+PB2685) showed significantly increased pathogenicity in mice. Taken all of the 

results together, we found that the mutations that occured in the HA and the PB2 proteins are 

just an early adaptation step of avian H9N2 strains; further mutational changes may be 
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required for these viruses to become virulent for pigs. Therefore, it will be interesting in the 

future to adapt the avian H9N2 virus further by additional passaging in porcine PCLS. 



 - VII - Abstract 

 

ZUSAMMENFASSUNG 

 

“Adaptation aviärer Influenzaviren an das respiratorische Epithel von 

Schweinen” 

von Wei Yang 

 

Schweine sind ein wichtiger Wirt für Influenza-A-Viren und können eine wichtige Rolle bei 

der Interspezies-Übertragung spielen. In früheren Studien haben wir Präzisionslungenschnitte 

(precision-cut lung slices, PCLS) von der Schweinelunge als Kultursystem für differenzierte 

Atemwegsepithelzellen etabliert, um die Infektion dieser Zellen durch Influenzaviren zu 

infizieren (Punyadarsaniya et al., 2011; Meng et al., 2013). 

 

In dieser These wurde ein aviäres Influenzavirus, A/chicken/Saudi Arabia/7/1998 (P0) des 

H9N2-Subtyps in PCLS drei Mal passagiert (P1-P3), um die Adaptation von aviären 

Influenzaviren an die Vermehrung in einem Säugetier-Wirt zu analysieren. Die mit der 

Adaptation assoziierten Veränderungen in den Viruseigenschaften wurden charakterisiert, 

indem folgende Parameter bestimmt wurden: (i) die Menge des in den Überstand freigesetzten 

Virus, (ii) die Vermehrungskurve der passagierten Viren, und (iii) der ziliostatische Effekt. 

Nach drei Passagen war der einzige Unterschied zwischen den verschiedenen Viren eine 

schnellere Vermehrungskinetik des P3-Virus. Sequenzanalysen der verschiedenen 

Viruspassagen ergaben vier Mutationen: je eine im PB2- und NS1-Protein und zwei im HA-

Protein. 

 

Die HA Mutationen, A190V and T212I, sowie the PB2-Mutation, G685R, wurden näher 

charakterisiert, indem rekombinante Viren erzeugt wurden, die eine oder zwei der 

Aminosäure-Austausche enthielten. Die Ergebnisse der „glycan array“-Analyse zeigten, dass 

das aviäre Ausgangsvirus bevorzugt 2,3-verknüpfte Sialinsäure erkannte. Die HA190-

Mutante band an ein breites Spektrum von Glykanen mit 2,6/8/9-verknüpften Sialinsäuren. 

Die HA212-Mutantion allein führte zu weniger ausgeprägten Änderungen, aber zusammen 

mit der HA212-Mutation resultierte daraus eine gesteigerte Bindungsaffinität. Bei der 

Analyse in NPTr-Zellen zeigten die HA190 und die Doppelmutante (HA190+PB2685) eine 

schnellere Vermehrungskurve und höhere Virustiter als das Elternvirus, während in PCLS 

keine der Mutationen eine ziliostatische Wirkung auf die Epithelzellen hatte, wie es 
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charakteristisch wäre für virulente Schweineinfluenzaviren. Man sollte aber beachten, dass 

die Doppelmutanten (HA190+HA212, HA190+PB2685 and HA212+PB2685) eine signifikant 

erhöhte Pathogenität in Mäusen zeigten. 

 

Alle diese Ergebnisse zusammengenommen, haben wir herausgefunden, dass die Mutationen, 

die im HA- und im PB2-Protein aufgetreten sind, nur einen frühen Adaptationsschritt des 

aviären H9N2-Virus darstellen; weitere Mutationen werden nötig sein für diese Viren, bevor 

sie für Schweine virulent werden können. Deshalb wird es bei künftigen Arbeiten interessant 

sein, das aviäre H9N2-Virus durch zusätzliche Passagen in PCLS weiter zu adaptieren. 
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1. INTRODUCTION 

 

1.1. INFLUENZA VIRUS 

Influenza viruses are important pathogens that affect humans and animals and have a zoonotic 

potential. It is more than 80 years since the virus has been identified (Shope, 1931; Smith et 

al., 1933). Influenza viruses can infect birds and mammals causing respiratory disease. People 

at risk for influenza virus infections are the elderly, infants and people with underlying 

chronic diseases (Nicholson et al., 2003). Influenza viruses often cause seasonal epidemics; in 

geographic regions with a temperate climate, the disease mainly occurs in the winter while in 

areas with a tropical climate, influenza may occur all year around, characterized by irregular 

outbreaks. There are three different types of influenza viruses designated influenza A, B and 

C viruses.  

 

Influenza A viruses of the H3N2 and H1N1 subtypes are responsible for the current seasonal 

influenza epidemics (WHO(2014)). In the 20th century, there have been three pandemics 

caused by influenza A viruses, including the “Spanish Flu”, the “Asian influenza” and the 

“Hong Kong influenza”(Taubenberger and Kash, 2010). The “Spanish Flu” of 1918/1919 is 

the most severe influenza pandemic which is thought to be responsible for the deaths of at 

least 40 million people all over the world. The “Spanish Flu” was caused by influenza viruses 

of the H1N1 subtype; it is suggested that this H1N1 subtype has originated from birds 

(Shanks, 2015; Taubenberger, 2006). In 1957, an influenza A virus of the H2N2 subtype 

appeared and replaced the H1N1 viruses. Then another influenza A pandemic (“Hong Kong 

influenza”) which was caused by the H3N2 subtype occurred in 1968. All of those viruses 

that caused an influenza pandemic had a surface glycoprotein HA (hemagglutinin) that is 

believed have originated from avian influenza viruses (Horimoto and Kawaoka, 2005; Liu et 

al., 2009). Limited outbreaks of a new influenza A virus of the H5N1 subtype, which was 

directly transmitted from birds to humans occurred in Hong Kong in 1997 and 2003 (Claas et 

al., 1998; Li et al., 2004). In 2009, a new influenza A virus of the H1N1 subtype that 

originated from swine caused a pandemic (Su et al., 2015). The influenza pandemics were 

mainly caused by reassortant viruses derived from multiple genotypes. For example, the gene 

segments of the H1N1 subtype virus which caused the 2009 influenza pandemic are derived 

from human, swine and avian influenza A viruses (Garten et al., 2009; Smith et al., 2009).  
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The first influenza A virus of the H1N1 subtype was isolated from swine in 1930 (Shope, 

1931). Swine influenza viruses can infect pigs and cause a respiratory disease. Influenza 

viruses of the H1N1, H1N2 and H3N2 subtypes circulate in pig populations. Furthermore, 

experimental and natural infections in pigs have been reported for influenza A viruses from 

avian and human origins (Guan et al., 1996; Karasin et al., 2000; Ninomiya et al., 2002). 

These studies indicated that pigs are an important host for influenza A viruses and may play a 

crucial role in the interspecies transmission (Imai and Kawaoka, 2012; Kida et al., 1994). 

 

Avian influenza was first described in 1878 as being different from bacterial diseases 

(Alexander and Capua, 2008). At first, this disease was known as “fowl plague”. Since 1981, 

the disease is termed highly pathogenic avian influenza (HPAI). It has been reported that 

HPAI had occurred in England, Switzerland, Netherlands, France, Belgium, Egypt, China, 

Austria, Japan, USA, Brazil and Argentina (Alexander and Capua, 2008). In 1922 and 1929, 

there were HPAI outbreaks in England, but the infection did not spread. HPAI occurred in the 

USA from 1924 to 1925 and spread to nine eastern states. In the period of 1930-1959, there 

were very few reports about HPAI outbreaks in the USA, but in Eastern Europe, Asia and 

Africa, HPAI was common (Alexander and Capua, 2008). Low pathogenic avian influenza 

(LPAI) viruses can cause high morbidity but infections are not fatal. In poultry infected with 

LPAI viruses, the mortality of chickens is very low, while for turkeys, the clinical lesions are 

more severe than for chickens (Capua et al., 2000). It is believed that HPAI viruses are 

sometimes able to evolve from LPAI viruses following introduction into domestic poultry 

(Monne et al., 2014; Rohm et al., 1995). 

 

1.1.1. Taxonomy 

Influenza viruses have a genome consisting of segmented, negative-stranded RNAs. They 

belong to the family Orthomyxoviridae which is subdivided into six genera: Influenza A, B 

and C, Isavirus, Thogotovirus and Quaranjavirus (Allison et al., 2015; Horimoto and 

Kawaoka, 2005; Presti et al., 2009). Influenza viruses are divided into three different types (A, 

B, and C) based on the antigenic differences in their nucleocapsid (NP) and matrix (M) 

proteins (Lee and Saif, 2009). Influenza A virus can infect many animal species, including 

mammals and birds while influenza B and influenza C virues can only infect humans, dogs, 

pigs or seals (Alexander and Capua, 2008; Nicholson et al., 2003).  

   

https://en.wikipedia.org/wiki/Isavirus
https://en.wikipedia.org/wiki/Thogotovirus
https://en.wikipedia.org/wiki/Quaranjavirus
https://en.wikipedia.org/wiki/Influenzavirus_B
https://en.wikipedia.org/wiki/Dog
https://en.wikipedia.org/wiki/Pig
https://en.wikipedia.org/wiki/Pinniped
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The full length strain nomenclature of influenza virus begins with the type designation (A, B, 

or C) followed by the species of the host (if isolated from human this specification is omitted), 

the country or region where the virus was isolated, a strain number, the year of isolation, the 

hemagglutinin (HA) and neuraminidase (NA) subtypes. An example of a strain designation of 

an avian influenza virus is: A/chicken/Saudi Arabia/CP7/1998 (H9N2) (WHO, 1980). 

Influenza A viruses are divided into subtypes based on the antigenic properties of their HA 

and NA surface glycoproteins such as H9N2, H1N1 (Liu et al., 2009). So far, a total of 18 

different hemagglutinin subtypes (H1-H18) have been recognized and 11 different 

neuraminidase (N1-N11) subtypes have been identified (Fouchier et al., 2005; Rohm et al., 

1996; Tong et al., 2013). All HA and NA subtypes can be found in aquatic birds except 

H17N10 and H18N11 which have been isolatedin a little yellow-shouldered bat (Sturnia 

lilium) in Guatemala in 2012 or a flat-faced fruit bat (Artibeus planirostris) in Peru in 2013 

(Tong et al., 2012; Tong et al., 2013), respectively. Influenza A viruses cause no or only mild 

disease in aquatic birds. Therefore, aquatic birds may be the natural host for influenza A 

viruses and play a crucial role in the virus spread to other host species (Taubenberger and 

Kash, 2010). 

 

1.1.2. Virus structure, genome and proteins 

Influenza viruses are classified into three genera, Influenza virus A, Influenza virus B, and 

Influenza virus C, which overall are very similar in structure. The morphology of influenza 

viruses is spherical with 80-120 nm in diameter, although filamentous forms may occur 

especially in fresh isolates (Bouvier and Palese, 2008; Ghedin et al., 2005; Noda et al., 2006). 

Though the particles of influenza A, B and C viruses differ in their shapes, they have a similar 

composition. They are enveloped viruses and their genome consists of seven or eight 

negative-stranded RNA segments with a total length of about 13 kb. Each RNA segment 

codes for one or two proteins. The influenza C virus genome comprises seven RNA segments, 

whereas the genome of influenza A and B viruses are composed of eight RNA segments 

(Bouvier and Palese, 2008; Kapoor and Dhama, 2014). The 11 genes on eight RNA 

segements of influenza A viruses code for 11 proteins: hemagglutinin (HA), neuraminidase 

(NA), nucleoprotein (NP), matrix protein (M1), ion channel protein (M2), non-structural 

protein 1 (NS1), nuclear export protein (NEP, previously NS2), polymerase acidic protein 

(PA), polymerase basic protein 1 (PB1), PB1-F2 protein and polymerase basic protein 2 

(PB2). Nine of these proteins are structural proteins, PB1, PB1-F2, PB2, PA, HA, NA, NP, 

https://en.wikipedia.org/wiki/Hemagglutinin_(influenza)
https://en.wikipedia.org/wiki/Influenza_virus_nucleoprotein


 - 4 - Introduction 

 

M1, M2, and two of the proteins are non-structural proteins, NS1 and NEP (Bouvier and 

Palese, 2008; Chen et al., 2001).  

NP protein is encoded by RNA segment 5and can be transported into the nucleus. The 

function of the NP protein is the encapsidation of viral RNA. NP is the second most abundant 

protein in the influenza virion (Webster et al., 1992). The RNA polymerase of influenza A 

viruses comprises the PA, PB1 and PB2 proteins, which together are responsible for 

replication and transcription of the viral genome in the infected cells. The PA protein is 

encoded by RNA segment 3 and it is located in the nucleus of infected cells. The PB1 protein 

is encoded by RNA segment 2 and it is also located in the nucleus of infected cells. The PB2 

protein is encoded by RNA segment 1. The function of PB2 protein is recognition and binding 

of the 5' cap structures of host cell mRNAs. The eight RNA segments of influenza viruses are 

complexed with nucleoprotein (NP) and the polymerase proteins (PA, PB1 and PB2) to form 

the viral ribonucleoprotein (vRNP). The ribonucleoprotein (RNP) complexes are important 

for transcription of the genomic viral RNA into messenger RNAs (mRNAs) and synthesis of 

complementary full-length RNAs (cRNAs) for the production of progeny virus. They are the 

minimal functional units in the virus replication process (Bouvier and Palese, 2008; Gabriel et 

al., 2008; Noda and Kawaoka, 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hemagglutinin and neuraminidase are important surface glycoproteins embedded into the 

influenza virus membrane. The HA protein is encoded by RNA segment 4. It is a rod-shaped 

Fig. 1 Schematic diagram of an influenza A virus; 

adapted from (Sriwilaijaroen and Suzuki, 2012) 
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trimer of identical monomers, each of which consists of two subunits (HA1 and HA2) 

generated by proteolytic cleavage of a precursor protein (H0) (Skehel and Wiley, 2000). HA 

elicits the synthesis of neutralizing antibodies and thus is an important target of the protective 

immune response of the host. Furthermore, it mediates the virus binding to host cell receptors. 

This property enables influenza viruses to attach to a broad range of different cells. Binding to 

erythrocytes results in the agglutination of the red blood cells, which reflected in the 

designation hemagglutinin (Mineev et al., 2013). In addition to the binding activity, HA 

exhibits fusion activity which upon endocytotic uptake of the virions mediates the fusion of 

the viral membrane with the endosomal membrane and thus the release of RNPs into the 

cytoplasm. The NA protein, which is encoded by RNA segment 6, is a mushroom-shaped 

tetramer (Gamblin and Skehel, 2010). NA acts as a receptor-destroying enzyme which cleaves 

sialic acids from sialoglycoconjugates. The neuraminidase activity enables newly formed 

viruses to be efficiently released from the infected host cell (Ha et al., 2002). 

  

In addition to the HA and NA proteins, an ion channel protein (M2) is present within the viral 

envelope. M2 protein is encoded by RNA segment 7 which also codes for the M1 protein 

(Horimoto and Kawaoka, 2001; Webster et al., 1992). As an ion channel, M2 protein plays a 

crucial role in triggering the viral uncoating process in the endosome. The most abundant 

protein of influenza viruses is the M1 protein. Beneath the viral envelope, M1 can form a 

layer that determines the morphology of the virus particle. The M1 protein is mainly located 

in the nucleus and the cytoplasm of infected cells where it interacts with the vRNPs. The M1 

protein is thought to be crucial for assembly and budding of virions (Barman et al., 2001; 

Horimoto and Kawaoka, 2001). 

 

Influenza A viruses have two non-structural proteins, NS1 and NEP, both of which are 

encoded by RNA segment 8 (Webster et al., 1992). The NS1 protein is a truly nonstructural 

protein, which is not packaged into virus particles. It is a regulatory protein and responsible 

for mRNA splicing and translation. Furthermore, the NS1 protein also is a key virulence 

factor of influenza viruses (Hale et al., 2008; Krug et al., 2003). The nuclear export protein 

(NEP, previously NS2) is thought to be a nonstructural protein, but different from the NS1 

protein, it is also present in small amounts in virus particles. It is associated with the RNP 

complexes through interaction with the M1 protein. The function of the NEP protein is 

mediating the export of newly synthesized RNPs from the nucleus (Webster et al., 1992). 
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PB1-F2 is a small protein which is encoded by an open reading frame (ORF) within the PB1 

gene. The size of PB1-F2 polypeptides ranges from 79 to 101 amino acids (aa) and most 

isolates encode a protein of either 87 or 90 aa. PB1-F2 is a proapoptotic protein, which is 

important for viral pathogenicity. Only some influenza A virus strains code for PB1-F2 and it 

has been reported that the existence of full-length PB1-F2 might be a determinant of  the 

pathogenesis in mice (Chen et al., 2001; Zamarin et al., 2006; Zell et al., 2006).   

 

1.1.3. Host range restriction 

Influenza A viruses have been isolated from many animal species, including birds, pigs, 

minks, seals, whales, horses and humans (Webster et al., 1992). There are many reports about 

interspecies transmission. In previous studies, it has been found that human H3N2 influenza 

viruses are transmitted to pigs and that swine influenza A viruses of the H1N1 subtype can be 

transmitted to humans (Ito and Kawaoka, 2000; Rota et al., 1989; Wibberley et al., 1988). The 

factors that determine the host range and adaptation of influenza A viruses to a new host 

species are still poorly understood; both the HA and NA proteins and their cooperation with 

internal proteins are known to play a crucial role in the host range restriction.  

 

The HA protein plays an important role in interspecies transmission, as it mediates virus entry 

by binding to sialic acids (SA) of cell surface receptors and by inducing fusion of viral and 

cellular membranes. HA proteins of influenza viruses have different receptor specificities. In 

general, avian influenza viruses prefer to bind to receptors containing glycans with 2,3-

linked terminal SA while human and swine influenza viruses prefer to bind to receptors which 

contain 2,6-linked terminal SA (Gambaryan et al., 2005; Stevens et al., 2006). It has been 

reported that 2,6-linked SAs are expressed in humans throughout the respiratory tract, from 

the nose to the lung, whereas 2,3-linked SAs are mainly expressed in the deeper airways, i.e 

bronchioli and alveoli. This distribution of SAs is consistent with the finding that avian H5N1 

influenza viruses preferentially infect cells in the lower respiratory tract of humans and 

damage lungs with little involvement of the upper respiratory tract. This may explain why the 

H5N1 virus is virulent for humans when it gets access to the lower airways but is not 

transmitted from humans to humans (Shinya et al., 2006; van Riel et al., 2006). 

 

Several studies about human and avian reassortant viruses indicated that internal proteins of 

influenza viruses are also important factors affecting host range and virulence (Salomon et al., 

2006; Tian et al., 1985). Most studies on the PB2 protein focus on the amino acid residue at 
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position 627. Human influenza viruses have a lysine (Lys) while avian influenza viruses have 

a glutamic acid (Glu) at this position. Some studies reported that an avian reassortant virus 

with PB2 627 Lys can replicate in mammalian cells (Labadie et al., 2007; Subbarao et al., 

1993a). The same amino acid PB2 627 Lys was found in a virus which was isolated from a 

human case of fatal pneumonia but not in the virus which was isolated from a human case of 

conjunctivitis or from chicken, in 2003 during an H7N7 virus outbreak in the Netherlands 

(Fouchier et al., 2004). These results demonstrate that amino acid 627 of PB2 is an important 

determinant of the host specificity. 

 

1.1.4. Pathology  

Influenza A viruses can cause an acute respiratory disease. As far as pathogenicity is 

concerned, avian influenza A viruses are divided into two groups: highly pathogenic avian 

influenza viruses (HPAIV), and low pathogenic avian influenza viruses (LPAIV). HPAI 

viruses cause systemic lethal infections in poultry; death occurs usually within one week, but 

sometimes as soon as 24 h post-infection. By contrast, LPAI viruses only cause localized 

infections in the respiratory or intestinal tract resulting in mild or asymptomatic disease with 

lower morbidity and mortality rates compared to those of HPAI (Webster et al., 1992). The 

main difference between HPAI and LPAI viruses is the proteolytic cleavage site of the HA 

protein (Lee and Saif, 2009; Webster and Rott, 1987). For HPAI viruses, subtilisin-like 

proteases cleave the HAs within the Golgi apparatus. The ubiquity of these proteases enables 

HPAI viruses to replicate in a wide range of different host cells and to cause systemic lethal 

infection in poultry (Horimoto et al., 1994; Lee and Saif, 2009). In contrast to HPAI viruses, 

the HAs of LPAI viruses can not be cleaved by subtilisin-like proteases during transport to the 

plasma membrane as they lack an appropriate cleavage motif. They contain a single arginine 

at the cleavage site, which is susceptible to proteases that are expressed on the surface of 

some cells with a distribution that is more restricted than in the case of subtilisin-like 

proteases. Therefore, LPAI viruses cause localized infections in the respiratory or intestinal 

tract, resulting in disease with lower morbidity and mortality rates (Lee and Saif, 2009).   

 

In humans, influenza A viruses can cause sudden onset of fever, headache, cough and 

inflammation in the upper and lower respiratory tract. Symptoms usually last for seven to ten 

days but weakness and fatigue may go on for weeks. Pneumonia, acute respiratory distress 

syndrome and hemorrhagic bronchitis may occur as complications and can result in death 

(Kuiken et al., 2012; Taubenberger and Kash, 2010; Taubenberger and Morens, 2008). 
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The first influenza A virus was isolated from swine in 1930 (Shope, 1931); it was an H1N1 

virus (Garten et al., 2009). Until now, many influenza A virus strains have been isolated from 

swine all over the world, some of them causing enzootic infections but most of them causing 

only limited outbreaks without continued circulation (Taubenberger and Kash, 2010). Swine 

influenza viruses may cause respiratory disease in pigs characterized by fever, coughing, 

conjunctivitis and pneumonia. Influenza viruses of the H1N1, H1N2, and H3N2 subtypes are 

circulating in European pig populations. In addition, pigs have been shown to be susceptible 

to infection by avian and human influenza viruses. Natural and experimental infections of 

pigs have been reported with influenza A viruses of avian and human origin (Guan et al., 

1996; Karasin et al., 2000; Ninomiya et al., 2002). Therefore, pigs are thought to be an 

important host for influenza A viruses and may play a crucial role in the interspecies 

transmission (Imai and Kawaoka, 2012; Kida et al., 1994). 

 

1.1.5. H9N2 subtype influenza viruses 

H9N2 subtype influenza viruses are important members of the influenza family, because they 

can not only infect birds but also humans and pigs. Since the 1990s, H9N2 influenza viruses 

have been detected in many countries all over the world. In the past few years, avian influenza 

viruses of the H9N2 subtype have been circulating worldwide in multiple avian species and 

have repeatedly infected different mammalian species causing a typical disease (Butt et al., 

2005; Cong et al., 2008; Peiris et al., 1999; Webster et al., 1992). Recently, some H9N2 

influenza viruses evolved and reassorted with other influenza viruses to generate multiple 

genotypes. Furthermore, these H9N2 influenza viruses have molecular features that enable 

them to use 2,6-linked terminal SA as a receptor determinant (Brown et al., 1998; Castrucci 

et al., 1993; Zhou et al., 1999; Zhu et al., 2014). The continued avian-to-mammal interspecies 

transmission of H9N2 viruses raises concerns about the possibility of viral adaptation with 

increased virulence for humans and poses a potential health risk to the public. 
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1.2. REVERSE GENETICS 

Reverse genetics is a method used to analyze the function of a gene by analyzing the 

phenotypic effects of specific engineered gene sequences (Berg, 1993). It is possible to 

generate a virus from a full-length DNA copy of the viral genome by reverse genetics. 

However, in contrast to positive-strand RNA viruses the RNA of negative-strand RNA 

viruses is not able to initiate infection when transfected into or expressed in host cells. 

Therefore, the generation of negative-strand RNA viruses by reverse genetics is challenging 

(Lee and Saif, 2009; Neumann and Kawaoka, 2001; Pleschka et al., 1996). 

 

The first reverse genetics system for negative-strand RNA viruses was developed for 

influenza viruses (Enami et al., 1990; Fodor et al., 1999; Luytjes et al., 1989). Influenza 

viruses belong to the family Orthomyxoviridae and have a segmented genome consisting of 

negative-stranded RNAs. There are eight RNA segments in the genome of influenza A virus 

(Bouvier and Palese, 2008; Kapoor and Dhama, 2014; Smietanka and Minta, 2014). These 

RNA segments have to be packaged into virions to complete the virus replication cycle 

(Neumann and Kawaoka, 2001). Unlike other negative-sense RNA viruses, the replication of 

influenza viruses occurs in the nucleus of infected cells (Neumann and Kawaoka, 2001), 

which makes it difficult to develop a reverse genetics system (Neumann et al., 1999). A 

breakthrough in generating influenza viruses by reverse genetics was reported in 1999. In 

these studies, the RNA polymerase I promoter was used for the synthesis of influenza viral 

RNAs (Fodor et al., 1999; Neumann et al., 1999). Priviously, influenza virus was generated 

by co-transfection of cells with 12 plasmids. 4 plasmids of them express viral proteins which 

are NP, PB1, PB2 and PA. Other eight plasmids, each plasmid contains a cDNA coding for 

one of the viral RNAs, the RNA polymerase I promoter and the terminator (Fodor et al., 1999; 

Lee and Saif, 2009). Currently, an eight-plasmid DNA transfection system is used for the 

rescue of influenza A virus. In this system, every plasmid contains a cDNA encoding one of 

the viral RNAs and a cloning vector (for example pHW2000) (Hoffmann et al., 2002; 

Hoffmann et al., 2000). The infectious virus can be detected within three days after the eight 

plasmids have been transfected into the cells of interest. 

 

Reverse genetics provides an interesting method to analyze the transcription and replication of 

influenza viruses. Furthermore, reverse genetics combined with in vitro mutagenesis provides 

a valuable tool to understand the function of the viral proteins, the pathogenic properties of 

https://en.wikipedia.org/wiki/Gene
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the virus and the expression of foreign antigens (Lee et al., 2006; Neumann et al., 2000; 

Watanabe et al., 2001). Additionally, reverse genetics can be used to analyze the genetic 

factors that affect the interspecies transmission and the host restriction (Lee and Saif, 2009; 

Yamada et al., 2006).  
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1.3. SIALIC ACIDS 

Sialic acids (SA) are derivatives of neuraminic acid, which is a monosaccharide with a 9-

carbon backbone. There are more than 50 different members in the SA family, the most 

common one being N-acetylneuraminic acid (Neu5Ac) (Varki and Schauer, 2009). SAs are 

abundantly expressed in most animal species but less in plants, fungi, yeasts and bacteria. 

They are usually present in the terminal position of oligosaccharide chains of cellular 

glycoconjugates.  

 

SAs play a crucial role in the central nervous system (Scholtz et al., 2013; Wang, 2012) and in 

cancer pathogenesis (Cui et al., 2011; Fuster and Esko, 2005; Miyagi et al., 2012). Moreover, 

they are also important in the control of the cell cycle by regulating apoptosis and 

proliferation (Mandal et al., 2012). Furthermore, SAs serve as receptor determinants for 

influenza viruses (Carroll et al., 1981; Rogers et al., 1986; Rogers and Paulson, 1983; Wilks 

et al., 2012; Xiong et al., 2013). 

 

In 1941, it has been reported that chicken red blood cells are agglutinated by influenza viruses 

which were cultured from chicken embryos (Hirst, 1941). In later studies, it was found that 

red blood cells treated by enzymes from the bacterium Vibrio cholerae are not agglutinated 

any longer by influenza viruses (Nicholls et al., 2008; Schauer, 2000). Since then, many 

research efforts were focused on the receptor-binding activity of influenza viruses. It is known 

that 9-O-acetylated sialic acids are the receptor determinant for influenza C viruses and some 

coronaviruses (Herrler et al., 1985; Schultze and Herrler, 1992). In general, most avian 

influenza viruses prefer to bind to receptors containing 2,3-linked terminal SA while most 

human influenza viruses prefer to bind to receptors which contain 2,6-linked terminal SA. 

Pigs are easily infected by influenza A viruses from different host species indicating that they 

have receptors for both avian (2,3-linked terminal SA) and mammalian (2,6-linked 

terminal SA) influenza viruses in their respiratory tract (Ito et al., 1998; Stevens et al., 2006; 

Suzuki et al., 2000; Trebbien et al., 2011). Furthermore, experimental and natural infections 

of pigs have been reported for influenza A viruses of both avian and human origin (Guan et 

al., 1996; Karasin et al., 2000; Ninomiya et al., 2002). Based on these findings, pigs can act as 

a mixing vessel for the generation of new viruses. Reassortment of gene segments in cells co-

infected by an avian and a porcine or human virus my result in viruses with RNA segments 

derived from both parental viruses (Ito et al., 1998; Suzuki et al., 2000). Thus, pigs are 
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important hosts for influenza A viruses and may play a crucial role in interspecies 

transmission (Imai and Kawaoka, 2012; Kida et al., 1994). 

 

Usually, histological or immunofluorescent staining with plant-derived lectins are used to 

detect SAs on cells and tissues. Lectins isolated from Sambucus nigra (SNA) and Maackia 

amurensis (MAA) can be used to distinguish α2,3-linked SAs and α2,6-linked SAs. The latter 

type of SAs is recognized by SNA while MAA binds to α2,3-linked SAs (Shibuya et al., 

1987). MAA has two different isoforms, one is MAA-I which is also called MAL, another 

one is MAA-II also known as MAH. MAA-I can bind to SAα2,3Galß1,4GlcNAc and has 

little affinity to SAα2,3Galß1,3(SAα2,6)GalNAc. MAA-I also can bind to non-sialic acid 

residues while MAA-II preferentially recognizes SAα2,3Gal1,2(SAα2,6)GalNAc (Bai et al., 

2001; Nicholls et al., 2007; Nicholls et al., 2008). 
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1.4. PRIMARY CELL CULTURES 

The cells of the respiratory epithelium are the primary target cells for most respiratory viruses. 

Culture systems for differentiated respiratory epithelial cells provide an interesting tool to 

analyze virus infections in the actual target cells. There are two promising cell culture systems 

for differentiated respiratory epithelial cells: precision-cut lung slices (PCLS) and air-liquid 

interface (ALI) cultures. 

 

1.4.1. Precision-cut lung slices (PCLS) 

Precision-cut tissue slices have first been reported in 1980. Serial sections were prepared with 

almost identical thickness by using a manual Microtome (Krumdieck et al., 1980). In order to 

apply this technique to the lung, the airways are filled with agarose prior to the cutting 

procedure (Placke and Fisher, 1987). This technique was modified in 1993 by generating 

slices from the murine lung that had a thickness of 500-1000 μm and could be used for 

analysis of bronchoconstriction (Dandurand et al., 1993). In 1996, the thickness of the 

precision-cut lung slices was reduced to about 250 μm (Martin et al., 1996). Subsequently, 

this kind of culture system for differentiated respiratory epithelial cells was applied also to 

other animal species (Abd El Rahman et al., 2010; Goris et al., 2009; Wohlsen et al., 2003). 

With this method, it is possible to visualize and quantify the bronchoconstriction by using the 

digital imaging techniques and video microscopy. The ciliary activity of the slices can be 

observed by means of an inverted microscope, and can be used to estimate the viability of the 

slices (Wohlsen et al., 2001). Because the slices may originate from different parts of the 

airway, another advantage of this method is that airways of different sizes can be compared. 

In previous studies, it has been shown that small airways react more sensitively to 

methacholine, and the sensitivity of small and large airways with respect to different agonists 

is different (Martin et al., 1996; Wohlsen et al., 2001). Interesting features of PCLS are that (i) 

they can be obtained in large numbers, for example more than 200 slices can be obtained from 

one porcine or bovine lung; (ii) differentiated epithelial cells are maintained in their original 

setting; (iii) the slices are viable for more than one week (Meng et al., 2013; Punyadarsaniya 

et al., 2011). Because of these reasons, PCLS provide an interesting system to analyze lung 

function and virus infection. 

 

 

 



 - 14 - Introduction 

 

1.4.2. Air-liquid interface (ALI) 

The air-liquid interface (ALI) primary cell culture system is an organotypic model for 

differentiated respiratory epithelial cells and provides an interesting way to analyze virus 

infections in vitro. The airway epithelial cells cultured under ALI conditions generate a 

pseudostratified and differentiated epithelium which presents the morphology observed in 

vivo (Fulcher et al., 2005). In an ALI culture system, the cells are seeded on a filter membrane. 

At the beginning, the medium covers the apical and basolateral domain of the cells. When the 

cells have reached confluence, the medium in the upper compartment is removed, so that the 

cells are cultured under the air-liquid interface conditions. The medium in the basolateral 

chamber is changed every two or three days and the apical domain is washed at least one time 

every week. About 5 weeks later, the cells have grown to a differentiated epithelium. A stable 

transepithelial electrical resistance (TEER) can be used to evaluate the integrity of the 

epithelial cell layer (Bals et al., 2004; Hirst et al., 2014; Lin et al., 2007; Prunieras et al., 

1983). 

 

Until now, air-liquid interface (ALI) cultures of respiratory epithelial cells have been 

described for different animal species including humans, pigs, bovines, ferrets and mice 

(Kirchhoff et al., 2014a; Lam et al., 2011; Lin et al., 2007; Liu et al., 2007). Air-liquid 

interface (ALI) cultures have been used for analysing viral and bacterial respiratory pathogens, 

e.g. coronaviruses, influenza viruses, parainfluenza viruses, respiratory syncytial virus, and 

Staphylococcus aureus (Carey et al., 2015; Dijkman et al., 2013; Ibricevic et al., 2006; Zhang 

et al., 2005; Zhang et al., 2002). The ALI system provides an interesting tool to analyze the 

function of respiratory epithelial cell and the infection by respiratory viruses (Dijkman et al., 

2009; Farsani et al., 2015; Fulcher et al., 2005). 
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1.5. ANIMAL MODELS FOR INFLUENZA VIRUS INFECTIONS  

Except in some highly controlled and regulated clinical trials, it is not allowed to performe 

experimental studies in humans, due to the evident risk to life. Instead of humans, different 

animals, bacteria and plants are used as model organisms for research. In the studies on 

influenza viruses, animal models are widely used. In selecting an animal model for studies of 

influenza viruses, the animal which is used in the experiment must be susceptible to infection 

and allow virus replication in vivo. The animals of choice should respond to infection with 

similar clinical signs, virus growth kinetics, transmission and histopathologic changes as 

observed in human infections. Several animal models have been applied in the studies of 

influenza viruses, including ferrets, mice, pigs, guinea pigs and hamsters (Lipatov et al., 2008; 

Lowen et al., 2006; Maher and DeStefano, 2004; Shaib et al., 2014; Zamarin et al., 2006).  

 

1.5.1. Pigs 

Pigs are thought to be an important host for influenza A viruses. The first influenza A virus 

was isolated from pigs in 1930 (Shope, 1931). The influenza A viruses H1N1, H1N2 and 

H3N2 subtypes are currently circulating in pigs. Furthermore, pigs have been shown to be 

susceptible to infections by avian and human influenza viruses (Guan et al., 1996; Karasin et 

al., 2000; Ninomiya et al., 2002). The susceptibility of pigs for human and avian influenza 

viruses is consistent with the presence of the receptor determinants for these viruses, 2,3-

linked terminal SA for avian and 2,6-linked terminal SA for human influenza viruses (Ito et 

al., 1998; Stevens et al., 2006; Suzuki et al., 2000; Trebbien et al., 2011). Furthermore, pigs 

are discussed as "mixing vessels" for the generation of new viral genotypes by reassortment in 

cells infected by two different viruses (Scholtissek, 1990). Traditionally, pigs have mainly 

been used for development of swine influenza virus vaccines. Since the swine origin H1N1 

pandemic in 2009, there is a growing interest in analyzing the infection of pigs by influenza 

viruses (Dürrwald et al., 2010; Kwon et al., 2011; Richt et al., 2006; Wesley et al., 2004; Zhu 

et al., 2013). 

 

1.5.2. Ferrets 

Since the first influenza A virus was isolated from pigs in 1930, the ferret was used as an 

animal model to study influenza virus (Maher and DeStefano, 2004; Shope, 1931, 1934). The 

ferrets turned out to be a good animal model in the research of influenza viruses for several 

reasons. Ferrets are naturally sensitive to human influenza viruses without the need of prior 
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daptation (Buchman et al., 1995). Furthermore, ferrets exhibit similar clinical signs as 

observed in human infections including fever and upper respiratory tract symptoms (Bouvier 

and Lowen, 2010; Maher and DeStefano, 2004; Margine and Krammer, 2014). Nevertheless, 

the ferrets still have some practical disadvantages. It is not easy to obtain seronegative ferrets. 

Furthermore, only a limited number of suppliers is available. In addition, the size and high 

cost of the animals also make the ferret model unattractive for some researchers (Maher and 

DeStefano, 2004).  

 

In the previous studies, it was indicated that ferrets are sensitive to human influenza viruses, 

including influenza A viruses of the H1N1, H2N2, H3N2, H5N1 and H9N2 subtypes (Itoh et 

al., 2009; Maines et al., 2005; Munster et al., 2009; Shope, 1934; Sweet et al., 1991; Wan et 

al., 2008). In addition, the ferrets also can be infected by influenza A viruses isolated from 

pigs and birds (Wan et al., 2008). When the ferrets are infected by human influenza viruses, 

the infection frequently occurs in the upper respiratory tract (Belshe et al., 1988; Maher and 

DeStefano, 2004). However, it has been reported that some influenza virus strains also infect 

the lower respiratory tract of ferrets (Shope, 1934; Tumpey et al., 2007a; Zitzow et al., 2002). 

Ferrets infected by influenza viruses display clinical symptoms, including lethargy, sneezing, 

fever, anorexia and fever (Francis, 1934; Smith et al., 1933). Therefore, the ferrets are usually 

used to analyze antiviral agents for efficacy in preventing influenza disease. Although the 

ferrets model still has some drawbacks it is used widely in the research of influenza, 

especially in influenza virus transmission studies (Munster et al., 2009; Wan et al., 2008; Yen 

et al., 2005).  

 

1.5.3. Mice 

Mice are a good animal model, which has been extensively used for influenza research. There 

are several advantages for using mice as an animal model including their small size and low 

cost. The sensitivity of mice to influenza viruses depends on both the mouse strain and the 

virus strain (Bouvier and Lowen, 2010; Margine and Krammer, 2014). Wild mice are not the 

natural host for influenza viruses but some laboratory mouse strains can be infected by certain 

influenza viruses. For example, BALB/C and C57BL/6 are two kinds of laboratory mice 

strains that are widely used in influenza virus research (Alberts et al., 2010; Boon et al., 2009; 

Grimm et al., 2007; Lin et al., 2014). Generally, mice infected by influenza viruses do not 

transmit the infection to other mice. Influenza viruses normally need to be adapted by serial 

passages to be able to replicate and achieve virulence in mice, such as A/Puerto Rico/8/1934 
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(H1N1) (PR8) and A/WSN/1933 (H1N1) (WSN) which are two laboratory-adapted influenza 

A viruses (Bouvier and Lowen, 2010; Connaris et al., 2014; Narasaraju et al., 2009; Pica et al., 

2011). Nearly 50 years ago, the Mx1 gene was discovered in the mouse. Mx1 protein is an 

important antiviral factor for influenza A virus. Mice carrying a functional Mx1 protein are 

resistant to influenza A virus infection. Most of the inbred laboratory mice are very sensitive 

to certain influenza viruses, including WSN and PR8. However, compared to laboratory mice, 

wild mice are resistant to high doses of the same virus strains (Haller et al., 1979; Staeheli et 

al., 1988). This difference is explained by the absence of a functional Mx1 protein in most 

inbred laboratory mice strains (Grimm et al., 2007; Staeheli et al., 1986; Tumpey et al., 

2007b). 

 

One important factor for virus infections is the presence of appropriate receptors on the host 

cell surface. Normally, human influenza viruses prefer to bind to receptors which contain 

2,6-linked terminal SA (Gambaryan et al., 2005; Stevens et al., 2006). But in the murine 

respiratory tract, receptors containing 2,3-linked terminal SAs are abundant (Ibricevic et al., 

2006). The influenza A viruses of human origin do not replicate well in mice because of the 

absence of the receptor determinant for human influenza viruses in the mouse lung.  

 

In the mouse model, animals infected by influenza viruses are characterized by huddling, 

lethargy, anorexia, ruffled fur, body weight loss and death (Bouvier and Lowen, 2010). 

Necropsy of mice infected by influenza virus shows lung lesions characteristic of pneumonia, 

inflammatory infiltrates and pulmonary edema (Dybing et al., 2000; Garigliany et al., 2010; 

Kobasa et al., 2004; Perrone et al., 2008). It is very common to use body weight loss and 

mortality to evaluate the pathogenicity of influenza viruses in mice. Additionally, viral titers, 

lung weights and oxygen saturation in the blood are also monitored (Bouvier and Lowen, 

2010; Sidwell et al., 1998; Sidwell et al., 1992).   

 

The animal models have some limitations of practical nature including problematic husbandry 

requirements, size of the animals, cost of the animals and so on (Bouvier and Lowen, 2010; 

Margine and Krammer, 2014). As a good animal model, mice have the advantage of small 

size, low cost and availability of transgenic strains with targeted gene disruptions (DiLillo et 

al., 2014; Margine and Krammer, 2014). In addition, large mumbers of mice are used in 

animal experiments, which makes it easy to obtain statistically relevant data (Bouvier and 
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Lowen, 2010). Therefore, the mouse model provides a useful tool for research on influenza 

viruses.   

 

1.5.4. Hamsters 

It has been reported that hamsters, which are inoculated with influenza viruses show no 

clinical signs of disease. However, a specific antibody response to the infection was detected 

in inoculated hamsters (Reeve, 1978; Taylor and Parodi, 1942). Therefore, hamsters can be 

used to study the immune response to vaccines of influenza viruses. Similar to the mouse 

model, hamsters have the advantage of small size and low cost. In addition, hamsters are 

naturally sensitive to unadapted human influenza viruses, for example influenza A virus of the 

H1N1, H3N2 and H2N2 subtypes (Abou-Donia et al., 1980; Ali et al., 1982; Heath et al., 

1983; Jennings et al., 1974; Mills et al., 1971; Potter and Jennings, 1976; Reeve, 1978). In 

hamsters, influenza infection is a primarily upper respiratory tract infection and it is easy to 

obtain virus from nasal washes of the infected animals. However, like guinea pigs, the 

hamsters do not display clinical signs, such as a temperature response after being infected by 

influenza viruses (Bouvier and Lowen, 2010; Jennings et al., 1976; Renis, 1977). It has been 

reported that virus can be recovered from nasal tissues and the lung of hamsters infected by 

influenza virus strains of the H3N2 subtype. Moreover, at the second and the third day post-

infection, the highest titers were observed. No virus was detected in hamsters at the seventh 

day post-infection. Furthermore, at the fifth day post-infection, anti-HA antibodies were 

detected in the serum of hamsters (Reeve, 1978). Virus was also obtained from lung and nasal 

washings of hamsters infected by influenza B viruses. However, no clinical signs and lung 

lesions were detected post-infection (Reeve et al., 1981). Therefore, it is difficult to use the 

clinical symptoms to evaluate the infection by influenza viruses; however, hamsters can be 

used for vaccines studies on influenza viruses. 

 

1.5.5. Guinea pigs 

Guinea pigs are naturally sensitive to influenza viruses isolated from humans and they can be 

infected by human influenza viruses without prior adaptation (Bouvier and Lowen, 2010). In 

addition, like hamsters and mice, guinea pigs have the advantage of small size and can be 

maintained at relatively low cost. Therefore, guinea pigs can be used as an animal model in 

the research of influenza viruses. However, like hamsters, guinea pigs do not display clinical 

signs after infection by influenza viruses, which is the main drawback of guinea pigs as an 
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animal model for studies on influenza viruses (Bouvier and Lowen, 2010). It has been 

reported that guinea pigs can be infected by human influenza viruses of different subtypes, 

such as H1N1, H3N2 and H5N1 subtypes (Kwon et al., 2009; Lowen et al., 2006; Steel et al., 

2010). In guinea pigs infected with H3N2 virus, signs of infection mainly occur in the upper 

respiratory tract. At the second day post-infection, virus can be isolated from nasal washings. 

Eight days post-infection, no virus is detected in the animal (Lowen et al., 2006). Guinea pigs 

can also be infected by swine and avian influenza viruses (Steel et al., 2010; Van Hoeven et 

al., 2009).  

 

Infection of guinea pigs by influenza viruses does not result in severe overt disease. Influenza 

virus A/Viet Nam/1203/2004 (H5N1) is highly pathogenic in humans, ferrets and mice but it 

only causes mild listlessness when guinea pigs were infected with 10
6
 EID50 of this strain 

(Kwon et al., 2009). In addition, the highly pathogenic H5N1 viruses cannot spread 

systemically in guinea pigs and is not detectable in the kidney, colon, spleen and brain (Gao et 

al., 2009). Guinea pigs did not display weight loss, fever, coughing or sneezing when infected 

by 2009 pandemic H1N1 viruses (Bouvier and Lowen, 2010; Steel et al., 2010). Like 

hamsters, the clinical signs of influenza disease in guinea pigs are difficult to monitor. For 

this reason, this animal model is not commonly used for the evaluation of vaccines and 

antiviral drugs (Bouvier and Lowen, 2010). However, guinea pigs can be used as a convenient 

animal model to evaluate the efficacy of various interventions in limiting influenza virus 

transmission and decreasing viral load (Lowen et al., 2009; Steel et al., 2010; Van Hoeven et 

al., 2009). 
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1.6. AIM OF THE STUDY 

The aim of this thesis is to analyze the adaptation of avian influenza viruses to the growth in 

cells of a new host.  

 

Pigs are important hosts for influenza A viruses and may play a crucial role in the interspecies 

transmission. To analyze the infection by influenza viruses, we have established precision-cut 

lung slices (PCLS) from the porcine lung as a culture system for differentiated respiratory 

epithelial cells.  

 

In this thesis, at first an avian influenza virus A/chicken/Saudi Arabia/CP7/1998 of the H9N2 

subtype was subjected to three passages in PCLS to characterize the changes in the viral 

properties that are associated with the adaptation by determining (i) the amount of infectious 

virus released into the supernatant, (ii) the growth curve of the passaged viruses and (iii) the 

ciliostatic effect. Subsequent sequence analysis should reveal the amino acid changes that 

have occurred during the different virus passages. The importance of the individual mutations 

can then be analyzed by generating recombinant viruses that contain the respective mutated 

proteins and analyzing them in different culture systems. Our study will help to understand 

the processes involved in the adaptation of H9N2 influenza viruses to new hosts.  
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2. MATERIALS AND METHODS 

 

2.1. CELL LINES 

Human embryonic kidney 293T (HEK 293T) cells, Madin-Darby canine kidney (MDCK) II 

cells and a cell line derived from newborn pig trachea (NPTr) were maintained in Eagle’s 

minimal essential medium (EMEM) supplemented with 10% fetal calf serum (Biochrom AG, 

Berlin). The cells were incubated in a humidified atmosphere containing 5% CO2 at 37 °C. 

 

2.2. VIRUSES 

Avian influenza virus A/chicken/Saudi Arabia/CP7/98, a low-pathogenicity avian influenza 

virus (LPAI) of the H9N2 subtype was provided by Hans-Christian Philipp (Lohmann 

Tierzucht, Cuxhaven, Germany). For propagation, 10-days old specific pathogen-free 

embryonated chicken eggs (VALO Biomedia, Cuxhaven, Germany) were inoculated with 100 

μl of virus solution (virus stock 1:100 in PBS) into the allantoic cavity of the egg. The eggs 

were kept at 37 °C for up to three days in an egg incubator. Chorioallantoic fluid was 

collected and centrifuged by low-speed centrifugation (450×g, 15 min) to remove cell debris. 

Virus stocks were stored at -80 °C (Punyadarsaniya et al., 2011). 

 

Eight plasmids (pHW2000-R66-PB2, pHW2000-R66-PB1, pHW2000-R66-PA, pHW2000-

R66-NP, pHW2000-R66-NA, pHW2000-R66-M, pHW2000-R66-NS and pHW2000-R66-HA) 

encoding the individual viral RNA segments for influenza A virus 

A/Chicken/Emirates/R66/2002 (H9N2) (R66) (Genbank accessions CY076720-CY076727) 

were applied to generate recombinant viruses (Gohrbandt et al., 2011; Stech et al., 2008). To 

generate a mutant virus, site-directed mutagenesis was performed on the pHW2000-R66-HA 

and pHW2000-R66-PB2 plasmids using the Quick-Change Lightning site-directed 

mutagenesis kit (Agilent Technologies). The mutated plasmids were completely sequenced to 

rule out unwanted mutations. Recombinant viruses containing the respective mutated proteins 

were rescued using the eight-plasmid DNA transfection system (Hoffmann et al., 2000). 

A/chicken/Emirates/R66/2002 (H9N2) and mutants derived from it were propagated in 

MDCK II cells overlaid with serum-free EMEM containing acetylated trypsin 1 μg/ml 

(Sigma-Aldrich, Munich) or grown on 10-day-old SPF (specific pathogen free) embryonated 

chicken eggs (Valo BioMedia GmbH). All viruses were sequenced by Next Generation 

Sequencing (Illumina) to ensure correct insertion of mutations. The viruses which were grown 
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on 10-day-old SPF (specific pathogen free) embryonated chicken eggs were used for animal 

experiments.  

 

2.3. PRECISION-CUT LUNG SLICES (PCLS) 

Precision-cut lung slices (PCLS) were prepared from lungs of three months old healthy 

crossbred pigs which were obtained from conventional farms and housed in the Clinics for 

Swine and Small Ruminants and Forensic Medicine at the University of Veterinary Medicine, 

Hannover. The cranial, middle, and intermediate lobes of the fresh lungs were carefully 

removed and filled with 37 ℃  warm low-melting agarose (agarose LM GQT; GERBU, 

Gaiberg, Germany) as previously described (Goris et al., 2009; Meng et al., 2013; 

Punyadarsaniya et al., 2011; Vietmeier et al., 2007). After the agarose solidified on ice, the 

tissue was stamped out as cylindrical portions (8-mm tissue coring tool) and approx. 250 μm 

thick slices were prepared by using the Krumdieck tissue slicer (TSE systems, model 

MD4000-01) with a cycle speed of 60 slices/min. PCLS were incubated in 1 ml of RPMI 

1640 medium (Invitrogen/Gibco, Germany) containing antibiotics and antimycotics 

(Amphotericin B, Clotrimazole, Enrofloxacin, Kanamycin, Penicillin/Streptomycin) per slice 

in 24-well plate at 37 ℃ and 5% CO2. In order to remove the agarose, culture medium was 

changed every hour during the first four hours and once per day for further culture. 

 

The viability of the cells of PCLS was analyzed by monitoring the ciliary activity under the 

light microscope (Zeiss Axiovert 35) equipped with an ORCA C4742-80 digital camera 

(Hamamatsu) and SIMPLE-PCI analysis software (Compix Imaging Systems). Each bronchus 

in the microscopic field was virtually divided into ten segments from which each was 

monitored for the presence or absence of ciliary activity. It is common practice to evaluate 

ciliary activity of tracheal organ cultures (Cherry and Taylor-Robinson, 1970). Slices which 

showed 100% ciliary activity at the beginning were selected for the experiments. For samples 

selected, the slices were analyzed for bronchoconstriction by addition of 10
-4

 M methacholine 

(acetyl-ß-methylcholine chloride, Sigma Aldrich) as described previously (Goris et al., 2009; 

Punyadarsaniya et al., 2011). The integrity of the cells was also determined by applying a 

Live/Dead viability/cytotoxicity assay kit (Fluo Probes, FPBE4710). For this purpose, the 

slices were washed with PBS and incubated with Calcein AM (1 μM) and ethidium bromide 

(EthD-1; 2 μM) for 30 minutes. After incubation, slices were washed with PBS, embedded in 
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Mowiol resin and analyzed using a Leica TCS SP5 AOBS confocal laser scanning 

microscope (Meng et al., 2013; Punyadarsaniya et al., 2011). 

 

2.4. PASSAGING OF AVIAN H9N2 VIRUS IN PORCINE PCLS 

Avian influenza virus A/chicken/Saudi Arabia/CP7/98 (H9N2) (P0) was passaged three times 

in PCLS (P1-P3). At first, PCLS were infected by A/chicken/Saudi Arabia/CP7/98 (H9N2) at 

1×10
4
 pfu/ml with acetylated trypsin (1 μg/ml) (500 μl/slice). Supernatants from virus-

infected slices were collected at 72 hours post infection (hpi) and used for the next passage. 

The P1, P2, P3 viruses were characterized by analyzing (i) the amount of infectious virus 

released into the supernatant of infected cells, (ii) the growth curve of the viruses, and (iii) the 

ciliostatic effect. 

 

2.5. SEQUENCING OF VIRAL RNA GENOMES 

Sample preparation and sequencing using a 454 Genome Sequencer FLX (Roche, Mannheim, 

Germany) were done as described previously (Becker et al., 2012). Briefly, PCR products 

generated from viral genomic RNA were pooled in equimolar amounts. Sequencing libraries 

were prepared according to the manufacturer’s instructions using a 454 Rapid Library 

Preparation kit (Roche) and barcoded rapid library adaptors (Roche). The final size selected 

libraries were quantified with a KAPA Library Quant Roche 454 Titanium kit (KAPA 

Biosystems, Cape Town, South Africa). For emulsion PCR, 0.08 copies per bead were used as 

input. Sequencing was performed using Titanium chemistry (Roche). The obtained raw reads 

were assembled using the 454 assembler software newbler v2.6 (Roche). 

 

2.6. PLAQUE ASSAY 

MDCK II cells were grown in Eagle’s minimal essential medium (EMEM) containing 5% 

fetal calf serum on a 6-well plate for one day. The cells were washed twice with PBS, and 

infected with serially diluted viral suspensions in EMEM containing acetylated trypsin (1 

μg/ml). For virus adsorption, cells were kept on a shaker in 5% CO2 at 37 °C. After one hour, 

the overlay medium containing avicel microcrystalline cellulose RC 591 (2.5%; FMC 

Biopolymer, Brussels), EMEM with glutamine (GIBCO BRL Life technologies) and bovine 

serum albumin fraction V (0.2%; AppliChem) was added in a volume of 3 ml. After 

incubation for 2–3 days in 5% CO2 at 37 °C, the cells were fixed and stained with a 



 - 26 - Materials and Methods 

 

formaldehyde solution containing 1% crystal violet (Punyadarsaniya et al., 2011). The plaque 

size was calculated using the ImageJ/Fiji software. 

 

2.7. VIRUS INFECTION AND TITRATION 

PCLS were infected by different viruses at 1×10
5
 TCID50/ml (300 μl/slice) with acetylated 

trypsin (1 μg/ml). NPTr cells were grown in Eagle’s minimal essential medium (EMEM) 

containing 5% fetal calf serum on a 6-well plate for one day. The NPTr cells were infected by 

different viruses at 1×10
5
 TCID50/ml (500 μl/well) with acetylated trypsin (1 μg/ml). 

Supernatants from virus-infected and uninfected control slices or cells were collected at 

different time point (0, 8, 24, 48, 72 hpi) and the samples were stored at -80 °C. For virus 

titration or infectivity analysis, virus titers were determined by endpoint titration on MDCK II 

cells in 96-well plates as described previously (van Rikxoort et al., 2012). Briefly, for each 

sample, 10-fold serial dilution steps were performed. From each dilution, 100 μl/well was 

added onto confluent MDCK II cells in a 96-well plate and every sample had 6 replicates. 

Plates were incubated for 72 h and the wells were visually analyzed for virus-induced 

cytopathogenic effects (Meng et al., 2013). 

 

2.8. HA BINDING ACTIVITY 

NPTr cells were incubated with parental or mutant viruses at 4 °C for 1 hour. Then the cells 

were washed three times with cold PBS. HA protein was detected by indirect 

immunofluorescence analysis. For detection of HA protein, an anti-H9N2 rabbit polyclonal 

antibody at a 1:1000 dilution was used followed by an red fluorescent anti-rabbit IgG 

secondary antibody (Alexa Fluor® 568 anti-rabbit IgG(H+L) antibody (Life Technologies)). 

Anti-H9N2 rabbit polyclonal antibody was provided by Prof. Dr. Wolfgang Garten (Philipps-

Universität Marburg, Germany). All antibodies were diluted in 1% bovine serum albumin and 

incubated with the cells for 1 h at room temperature in a humid incubation chamber. Finally, 

all the samples were stored at 4 °C until examination under the inverse immunofluorescence 

microscope Nikon Eclipse Ti-S equipped with a 10×/0.30 Plan Fluor objectives (Nikon).  

 

2.9. GLYCAN ARRAY ANALYSIS  

2.9.1. Preparation of viruses 

Viruses were treated with beta-propiolactone at a final concentration of 0.05% (v/v) and 

incubated for 2 days at 4 °C, and sedimented by centrifugation at 60,000 g. The pellet was 
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resuspended in 0.01 M PBS containing 0.05% sodium azide and stored at 4 °C. Unless 

otherwise stated, reagents were obtained from commercial suppliers and used without 

purification. All aqueous solutions were prepared from destilled deionized water filtered with 

a Milli-Q purification system and sterile-filtered through a 0.2 μm filter (Punyadarsaniya et al., 

2011). 

 

2.9.2. Glycan Microarray Fabrication 

In total, 88 α2,3/α2,6/α2,8/α2,9-sialic acids with linker modifications were printed on to NHS 

coated glass slides (Schott, Germany) by robotic printing arrayer (Biodot, USA) (Blixt et al., 

2004; Liao et al., 2010). Each carbohydrate was printed in 100 µM with two replicas per well, 

16 wells per slide. The slides were stored in dry box before used. 

 

2.9.3. Virus Binding Assay 

Before viruses binding onto the glycan array, hemagglutination assay with 0.5% turkey red 

blood cells were performed to ensure their binding affinity and was for the following binding 

on the glycan array. Further, the glycan array was blocked with blocking buffer (Superblock, 

Thermo Fisher Scientific, USA) for 1 hour and two times wash. Viruses with Oseltamivir 

carboxylate inactivation were adapted onto the glycan array for 1 hour incubation (Yen et al., 

2011). Viruses unbounded were washed out and then viruses on the array were incubated with 

polyclonal rabbit anti-H9 antibody and followed developed with goat anti rabbit IgG 

conjugated with Alexa Fluor 647 (Jackson ImmunoResearch, USA). The array was washed 

with PBST and water, then spin down to dry. Slides were scanned with GenePix 4300 

(Molecular Devices, USA), analyzed with GenePix Pro 7.0 (Molecular Devices, USA), and 

the total intensity were draw with Prism 6.0 (Graphpad, USA). 

 

2.10. STRUCTURE DETERMINATION  

Three-dimensional models of the HA protein of parental and mutant viruses were genarated 

by the web-based homology modeling server, SWISS-MODEL (Schwede, 2003). The crystal 

structure of swine H9 hemagglutinin (PDB ID:1JSD) was selected as the template (Ha et al., 

2002). All structural figures were generated with PyMol (DeLano, 2002). 
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2.11. ANIMAL EXPERIMENTS  

2.11.1. Ethics statement 

All experiments in mice were approved by an external committee according to the national 

guidelines of the animal welfare law in Germany (BGBl. I S. 1206, 1313 and BGBl. I S. 

1934). The protocol used in these experiments has been reviewed by an ethics committee and 

approved by the relevant authority, the ‘Niedersächsisches Landesamt für Verbraucherschutz 

und Lebensmittelsicherheit, Oldenburg, Germany’ (Permit Number: 3392 42502-04-13/1234). 

C57BL/6J mice were purchased from Janvier (France) and maintained under SPF conditions 

at the Central Animal Facilities at the HZI, Braunschweig. 

 

2.11.2. Titration of infectious virus  

Virus titers were determined using focus forming unit (ffu) assay. For this, viruses were 

serially tenfold diluted in MEM containing 2.5 µg/ml NAT (N-Acetylated Trypsin, Sigma-

Aldrich), 0.1% BSA (Sigma-Aldrich) and 1% Penicillin/Streptomycin (Biochrom). MDCK II 

cells (6×10
4
/cells/well of a 96-well plate, grown for 24 hours) were infected with 50 µl of 

each virus dilution. After one hour of incubation 100 µl overlay (1% avicel, 2 mM L-

Glutamine, 0.1% BSA and 2.5 µg/ml NAT in DMEM) were added and kept at 37 °C in 5% 

CO2. Cells were stained 24 h post infection at room temperature. For this, cells were washed 

with 100 µl PBS and fixed with 4% formaldehyde in PBS for 10 minutes. Now, cells were 

washed twice with 100 µl PBS and permeabilized with 0.5% Triton X-100 and 20 mM glycin 

in PBS for 10 minutes. Cells were washed with 100 µl wash buffer (WB) (0.5% Tween20 in 

PBS) and 50 µl primary antibody were added for 40 minutes (1:1000, Goat anti-Influenza 

virions 1301, Virostat). After two wash steps with 100 µl WB, 50 µl of the secondary 

antibody were added for 40 minutes (1:1000, anti-goat-IgG-HRP, KPL, MA, USA). Finally, 

after two wash steps with 100 µl WB, 30 µl of substrate were added (TrueBlue, KPL) and 

incubated for 30 minutes until blue spots appeared. Substrate was then washed with tap water, 

cells were dried and foci were counted. Titers were calculated as ffu/ml(Blazejewska et al., 

2011; Shin et al., 2015). 

 

2.11.3. Infection of mice  

C57BL/6J mice (female, 8-9 weeks of age) were anesthetized by intra-peritoneal injection of 

Ketamine-Xylazine solution (5 mg/ml Ketamine, WDT, Garbsen; 1 mg/ml Xylazine, 

CP-Pharma, Burgdorf; in sterile 0.9% NaCl, WDT, Garbsen) with a dose adjusted to the 
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individual body weight. Virus was diluted in sterile PBS to a dose of 2×10
5
 ffu and mice were 

infected by intranasal application. Subsequently body weight and survival were monitored for 

14 days. Animals with body weight loss of more than 30 % of the starting body weight were 

euthanized and recorded as dead. From all animals surviving the infection, eye blood was 

taken on day 14 post infection and serum was prepared. 

 

2.11.4. ELISA  

A 96-well plate was coated with 50 µl/well of A/chicken/Emirates/R66/2002 (H9N2) 

(5×10
4
 ffu in PBS) and incubated over night at room temperature. After three wash steps with 

100 µl PBST (0.05% Tween20 in PBS), 80 µl blocking buffer (BB) (0.05% Tween20 and 5% 

FCS in PBS) was added for one hour at 37 °C and again washed thrice with 100 µl PBST. 

Mice sera were diluted 1:150 in BB and 50 µl/well were added in duplicates. After two hours 

of incubation at 37 °C, wells were washed thrice with 100 µl PBST and a Goat-anti-mouse 

IgG (KPL, diluted 1:1000 in BB) was added (50 µl/well) for 2 hours at 37 °C. Wells were 

again washed with thrice with 100 µl PBST and 50 µl/well of SureBlue TMB Peroxidase 

Substrate (KPL) was added for ~3 minutes until a color change occurred. Then the TMB Stop 

Solution (KPL) was added and the optical density was measured at 450 nm. 

 

2.12. Statistical analysis  

If not stated otherwise, experiments were performed at least three times and results were 

expressed as means with standard error (SE). Data were analyzed by one-way-ANOVA and 

Tukey comparing test using the GraphPad Prism 5 software. A p-value <0.05 was considered 

significant. 

 

For comparison of body weight loss in infected mice, analysis of variance (ANOVA) to test 

for significant differences between groups, and a post-hoc pair-wise t-test (BH for multiple 

test corrections) was performed using the R statistical software package (R_Core_Team, 

2013). 
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ABSTRACT 

The natural reservoir for influenza viruses is waterfowl from where they succeeded to cross 

the barrier to different mammalian species. We analyzed the adaptation of avian influenza 

viruses to a mammalian host by passaging an H9N2 strain three times in differentiated swine 

airway epithelial cells. Using precision-cut slices from the porcine lung to passage the 

parental virus, isolates from each of the three passages (P1-P3) were characterized by 

assessing growth curves and ciliostatic effects. The only difference noted was an increased 

growth kinetics of the P3 virus. Sequence analysis revealed four mutations: one each in the 

PB2 and NS1, and two in the HA protein. The HA mutations, A190V and T212I, were 

characterized by generating recombinant viruses containing either one or both amino acid 

exchanges. Whereas the parental virus recognized α2,3-linked sialic acids preferentially, the 

HA190 mutant bound to a broad spectrum of glycans with α2,6/8/9-linked sialic acids. The 

HA212 mutant alone had a less pronounced binding affinity, however, combination with the 

HA190 mutation resulted in increased binding affinity. Remarkably, only the HA double 

mutant showed significantly increased pathogenicity in mice. By contrast, none of those 

mutations affected the ciliary activity of the epithelial cells characteristic for virulent swine 

influenza viruses. Taken together, our results indicate that shifts in the HA receptor affinity 

are just an early adaptation step of avian H9N2 strains; further mutational changes may be 

required to become virulent for pigs.   

 

IMPORTANCE 

Swine play an important role in the interspecies transmission of influenza viruses. Avian 

influenza A viruses (IAV) of the H9N2 subtype have successfully infected hosts from 

different species but not established a stable lineage. We have analyzed the adaptation of 

IAV-H9N2 virus to target cells of a new host by passaging the virus three times in 

differentiated respiratory epithelial cells. The passaged viruses differed from the parental 

virus by four mutations, two of them in the surface glycoprotein, the hemagglutinin. These 

mutations enhanced the binding activity and broadened the spectrum of sialic acids serving as 

receptor determinants for virus entry. The two mutations in the hemagglutinin rendered the 

virus pathogenic for mice but did not enhance the ciliostatic effect, an indicator of the 

virulence of swine influenza viruses. Thus, early adaptative mutation enhances the replication 

kinetics but more mutations are required for IAV of the H9N2 subtype to become virulent. 
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INTRODUCTION 

High genetic variability is a hallmark in the epidemiology of influenza A viruses. Mutations 

in the surface glycoproteins hemagglutinin (HA) and neuraminidase (NA) are the driving 

forces of antigenic drift, whereas reassortment of gene segments in progeny viruses is the 

basis for major antigenic shifts. These genetic changes are not only efficient means of 

immune evasion, but also facilitate interspecies transmission (Bean et al., 1992; Horimoto and 

Kawaoka, 2001; Lee and Saif, 2009).  

 

Wild waterfowl is considered to be the major natural reservoir of influenza A viruses 

(Horimoto and Kawaoka, 2005; Taubenberger and Kash, 2010). In different bird populations 

especially in waterfowl, virus strains have evolved that are classified into 16 different 

hemagglutinin subtypes, H1-H16, and nine different neuraminidase subtypes, N1-N9 

(Fouchier et al., 2005; Rohm et al., 1996). Some strains have succeeded to cross the species 

barrier to terrestrial birds, poultry, and different mammalian species, e.g. pigs, humans, and 

horses, and have become established in the new host (Butt et al., 2005; Cong et al., 2008; Guo 

et al., 1992; Ito and Kawaoka, 2000; Webster et al., 1992). Interspecies transmission may 

occurr directly or via an intermediate host. Pigs have been discussed as a “mixing vessel” 

(Scholtissek, 1990) from which influenza A viruses may be transmitted to humans like the 

2009 pandemic H1N1 viruses (Dawood et al., 2009; Ito et al., 1998; Smith et al., 2009; 

Suzuki et al., 2000).  

 

Apart from the subtypes H1N1, H2N2, and H3N2 that established stable lineages in humans, 

avian viruses of different subtypes may cause sporadic zoonotic infections, e.g H5N1, H7N9 

and H9N2 viruses (Butt et al., 2005; Gao et al., 2013; Subbarao et al., 1998). Viruses of the 

last subtype have been reported from poultry since 1990 (Alexander and Capua, 2008; Capua 

and Alexander, 2009) and have become widespread in recent years. By now, they are 

circulating worldwide in multiple avian species and have repeatedly infected mammalian 

species, including pigs and humans. H7N9 viruses that appeared in 2013 and infected more 

than 600 humans, are reassortants with the gene segments coding for internal proteins from an 

H9N2 strain (Chen et al., 2013; Gao et al., 2013). 

 

Adaptation of influenza viruses to a new host is accompanied by a number of mutations 

especially in the viral polymerase and in the hemagglutinin (HA), one of the viral surface 
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glycoproteins. Adaptive mutations in the HA protein often affect the receptor-binding site 

(Labadie et al., 2007; Menéndez-Arias et al., 2013; Moncorge et al., 2013; Neumann and 

Kawaoka, 2006; Vines et al., 1998). Sialic acids present on cellular surface glycoproteins or 

glycolipids serve as receptor determinants (Rogers and Paulson, 1983; Suzuki et al., 2000). 

Avian strains generally have a preference for binding to α2,3-linked sialic acids, whereas 

swine and human viruses preferentially recognize α2,6-linked sialic acid which is 

predominant in the upper airways of pigs and humans (Gambaryan et al., 2005; Shinya et al., 

2006; Stevens et al., 2006).  

 

To analyze the adaptation of avian influenza viruses to growth in pigs, we passaged an avian 

H9N2 virus in the target cells, i.e. the differentiated epithelial cells of the porcine airways. 

The avian strain was passaged three times in precision-cut lung slices (PCLS), an ex vivo 

culture system of differentiated airway epithelial cells. The virus after the third passage 

displayed a shorter growth cycle and differed from the parental virus by one mutation each in 

the PB2 and NS1 proteins plus two mutations in the HA protein. The latter two mutations 

were characterized in more detail by generating HA mutants carrying one or two mutations. 

Those exchanges broadened the receptor-binding activity because the respective 

hemagglutinins were able to recognize not only α2,3-linked sialic acids but α2,6- and α2,8/9-

linked sialic acids as well. Moreover, the HA mutants showed different phenotypes in several 

culture systems and an enhanced pathogenicity in mice. However, none of the mutants had an 

increased replication efficiency in porcine PCLS suggesting that further adaptive mutations 

are required for H9N2 viruses to become virulent for pigs. 

 

MATERIALS AND METHODS 

Cells 

Human embryonic kidney 293T (HEK 293T) cells, Madin-Darby canine kidney (MDCK) II 

cells and a cell line derived from newborn pig trachea (NPTr) were maintained in Eagle’s 

minimal essential medium (EMEM) supplemented with 10% fetal calf serum (Biochrom AG, 

Berlin). The cells were incubated in a humidified atmosphere containing 5% CO2 at 37 °C.  

 

Virus  

Avian influenza virus A/chicken/Saudi Arabia/CP7/98, a low-pathogenicity avian influenza 

virus (LPAI) of the H9N2 subtype was provided by Hans-Christian Philipp (Lohmann 
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Tierzucht, Cuxhaven, Germany). For propagation, 10-days old specific pathogen-free 

embryonated chicken eggs (VALO Biomedia, Cuxhaven, Germany) were inoculated with 100 

μl of virus solution (virus stock 1:100 in PBS) into the allantoic cavity of the egg. The eggs 

were kept at 37 °C for up to three days in an egg incubator. Chorioallantoic fluid was 

collected and centrifuged by low-speed centrifugation (450×g, 15 min) to remove cell debris. 

Virus stocks were stored at -80 °C (Punyadarsaniya et al., 2011). 

 

Precision-cut lung slices (PCLS) 

Precision-cut lung slices (PCLS) were prepared from lungs of three months old healthy 

crossbred pigs as described previously (Goris et al., 2009; Meng et al., 2013; Punyadarsaniya 

et al., 2011; Vietmeier et al., 2007).  

 

The viability of the cells of PCLS was analyzed by monitoring the ciliary activity under the 

light microscope (Zeiss Axiovert 35) equipped with an ORCA C4742-80 digital camera 

(Hamamatsu) and SIMPLE-PCI analysis software (Compix Imaging Systems). Each bronchus 

in the microscopic field was virtually divided into ten segments from which each was 

monitored for the presence or absence of ciliary activity. It is common practice to evaluate 

ciliary activity of tracheal organ cultures (Cherry and Taylor-Robinson, 1970). Slices which 

showed 100% ciliary activity at the beginning were selected for the experiments. For samples 

selected, the slices were analyzed for bronchoconstriction by addition of 10
-4

 M methacholine 

(acetyl-ß-methylcholine chloride, Sigma Aldrich) as described previously (Goris et al., 2009; 

Punyadarsaniya et al., 2011). The integrity of the cells was also determined by applying a 

Live/Dead viability/cytotoxicity assay kit (Fluo Probes, FPBE4710). For this purpose, the 

slices were washed with PBS and incubated with Calcein AM (1 μM) and ethidium bromide 

(EthD-1; 2 μM) for 30 minutes. After incubation, slices were washed with PBS, embedded in 

Mowiol resin and analyzed using a Leica TCS SP5 AOBS confocal laser scanning 

microscope (Meng et al., 2013; Punyadarsaniya et al., 2011). 

 

Passaging of avian H9N2 virus in porcine PCLS  

Avian influenza virus A/chicken/Saudi Arabia/CP7/98 (H9N2) was passaged three times in 

PCLS. At first, PCLS were infected by A/chicken/Saudi Arabia/CP7/98 (H9N2) at 1×10
4
 

pfu/ml with acetylated trypsin (1 μg/ml) (500 μl/slice). Supernatants from virus-infected slices 

were collected at 72 hours post infection (hpi) and used for the next passage. The P1, P2, P3 

viruses were characterized by analyzing (i) the amount of infectious virus released into the 
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supernatant of infected cells, (ii) the growth curve of the viruses, and (iii) the ciliostatic effect. 

 

Sequencing of viral RNA genomes 

Sample preparation and sequencing using a 454 Genome Sequencer FLX (Roche, Mannheim, 

Germany) were done as described previously (Becker et al., 2012). Briefly, PCR products 

generated from viral genomic RNA were pooled in equimolar amounts. Sequencing libraries 

were prepared according to the manufacturer’s instructions using a 454 Rapid Library 

Preparation kit (Roche) and barcoded rapid library adaptors (Roche). The final size selected 

libraries were quantified with a KAPA Library Quant Roche 454 Titanium kit (KAPA 

Biosystems, Cape Town, South Africa). For emulsion PCR, 0.08 copies per bead were used as 

input. Sequencing was performed using Titanium chemistry (Roche). The obtained raw reads 

were assembled using the 454 assembler software newbler v2.6 (Roche). 

 

Recombinant viruses 

Eight plasmids (pHW2000-R66-PB2, pHW2000-R66-PB1, pHW2000-R66-PA, pHW2000-

R66-NP, pHW2000-R66-NA, pHW2000-R66-M, pHW2000-R66-NS and pHW2000-R66-HA) 

encoding the individual viral RNA segments for influenza A virus 

A/chicken/Emirates/R66/2002 (H9N2) (R66) (Genbank accessions CY076720-CY076727) 

were applied to generate recombinant viruses (Gohrbandt et al., 2011; Stech et al., 2008). To 

generate a mutant virus, site-directed mutagenesis was performed on the pHW2000-R66-HA 

plasmid using the Quick-Change Lightning site-directed mutagenesis kit (Agilent 

Technologies). The mutated plasmids were completely sequenced to rule out unwanted 

mutations. Recombinant viruses containing the respective mutated proteins were rescued 

using the eight-plasmid DNA transfection system (Hoffmann et al., 2000). 

A/chicken/Emirates/R66/2002 (H9N2) and mutants derived from it were propagated in 

MDCK II cells overlaid with serum-free EMEM containing acetylated trypsin 1 μg/ml 

(Sigma-Aldrich, Munich) or grown on 10-day-old SPF (specific pathogen free) embryonated 

chicken eggs (Valo BioMedia GmbH). All viruses were sequenced by Next Generation 

Sequencing (Illumina) to ensure correct insertion of mutations. The viruses which were grown 

on 10-day-old SPF (specific pathogen free) embryonated chicken eggs were used for animal 

experiments.  

 

Plaque assay  

MDCK II cells were grown in Eagle’s minimal essential medium (EMEM) containing 5% 
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fetal calf serum on a 6-well plate for one day. The cells were washed twice with PBS, and 

infected with serially diluted viral suspensions in EMEM containing acetylated trypsin (1 

μg/ml). For virus adsorption, cells were kept on a shaker in 5% CO2 at 37 °C. After one hour, 

the overlay medium containing avicel microcrystalline cellulose RC 591 (2.5%; FMC 

Biopolymer, Brussels), EMEM with glutamine (GIBCO BRL Life technologies) and bovine 

serum albumin fraction V (0.2%; AppliChem) was added in a volume of 3 ml. After 

incubation for 2–3 days in 5% CO2 at 37 °C, the cells were fixed and stained with a 

formaldehyde solution containing 1% crystal violet (Punyadarsaniya et al., 2011). The plaque 

size was calculated using the ImageJ/Fiji software. 

 

Virus infection and titration 

PCLS were infected by different viruses at 1×10
5
 TCID50/ml (300 μl/slice) with acetylated 

trypsin (1 μg/ml). NPTr cells were grown in Eagle’s minimal essential medium (EMEM) 

containing 5% fetal calf serum on a 6-well plate for one day. The NPTr cells were infected by 

different viruses at 1×10
5
 TCID50/ml (500 μl/well) with acetylated trypsin (1 μg/ml). 

Supernatants from virus-infected and uninfected control slices or cells were collected at 

different time point (0, 8, 24, 48, 72 hpi) and the samples were stored at -80 °C. For virus 

titration or infectivity analysis, virus titers were determined by endpoint titration on MDCK II 

cells in 96-well plates as described previously (van Rikxoort et al., 2012). Briefly, for each 

sample, 10-fold serial dilution steps were performed. From each dilution, 100 μl/well was 

added onto confluent MDCK II cells in a 96-well plate and every sample had 6 replicates. 

Plates were incubated for 72 h and the wells were visually analyzed for virus-induced 

cytopathogenic effects (Meng et al., 2013). 

 

HA binding activity 

NPTr cells were incubated with parental or mutant viruses at 4 °C for 1 hour. Then the cells 

were washed three times with cold PBS. HA protein was detected by indirect 

immunofluorescence analysis. For detection of HA protein, an anti-H9N2 rabbit polyclonal 

antibody at a 1:1000 dilution was used followed by a red fluorescent anti-rabbit IgG 

secondary antibody (Alexa Fluor® 568 anti-rabbit IgG(H+L) antibody (Life Technologies)). 

Anti-H9N2 rabbit polyclonal antibody was provided by Prof. Dr. Wolfgang Garten (Philipps-

Universität Marburg, Germany). All antibodies were diluted in 1% bovine serum albumin and 

incubated with the cells for 1 h at room temperature in a humid incubation chamber. Finally, 

all the samples were stored at 4 °C until examination under the inverse immunofluorescence 
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microscope Nikon Eclipse Ti-S equipped with a 10×/0.30 Plan Fluor objectives (Nikon).  

 

Glycan array analysis 

Preparation of viruses. Viruses were treated with beta-propiolactone at a final concentration 

of 0.05% (v/v) and incubated for 2 days at 4 °C, and sedimented by centrifugation at 60,000 g. 

The pellet was resuspended in 0.01 M PBS containing 0.05% sodium azide and stored at 4 °C. 

Unless otherwise stated, reagents were obtained from commercial suppliers and used without 

purification. All aqueous solutions were prepared from destilled deionized water filtered with 

a Milli-Q purification system and sterile-filtered through a 0.2 μm filter (Punyadarsaniya et al., 

2011). 

Glycan Microarray Fabrication. In total, 88 α2,3/α2,6/α2,8/α2,9-sialic acids with linker 

modifications were printed on to NHS coated glass slides (Schott, Germany) by robotic 

printing arrayer (Biodot, USA)(Blixt et al., 2004; Liao et al., 2010). Each carbohydrate was 

printed in 100 µM with two replicas per well, 16 wells per slide. The slides were stored in dry 

box before used. 

Virus Binding Assay. Before viruses binding onto the glycan array, hemagglutination assay 

with 0.5% turkey red blood cells were performed to ensure their binding affinity and was for 

the following binding on the glycan array. Further, the glycan array was blocked with 

blocking buffer (Superblock, Thermo Fisher Scientific, USA) for 1 hour and washed two 

times. Viruses with Oseltamivir carboxylate inactivation were adapted onto the glycan array 

for 1 hour (Yen et al., 2011). Viruses unbounded were washed out and then viruses on the 

array were incubated with polyclonal rabbit anti-H9 antibody and followed developed with 

goat anti rabbit IgG conjugated with Alexa Fluor 647 (Jackson ImmunoResearch, USA). The 

array was washed with PBST and water, then spin down to dry. Slides were scanned with 

GenePix 4300 (Molecular Devices, USA), analyzed with GenePix Pro 7.0 (Molecular Devices, 

USA), and the total intensity were drawn with Prism 6.0 (Graphpad, USA). 

 

Structure determination 

Three-dimensional models of the HA protein of parental and mutant viruses were generated 

by the web-based homology modeling server, SWISS-MODEL (Schwede, 2003). The crystal 

structure of swine H9 hemagglutinin (PDB ID:1JSD) was selected as the template (Ha et al., 

2002). All structural figures were generated with PyMol (DeLano, 2002). 
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Animal experiments 

Ethics statement. All experiments in mice were approved by an external committee 

according to the national guidelines of the animal welfare law in Germany (BGBl. I S. 1206, 

1313 and BGBl. I S. 1934). The protocol used in these experiments has been reviewed by an 

ethics committee and approved by the relevant authority, the ‘Niedersächsisches Landesamt 

für Verbraucherschutz und Lebensmittelsicherheit, Oldenburg, Germany’ (Permit Number: 

3392 42502-04-13/1234). C57BL/6J mice were purchased from Janvier (France) and 

maintained under SPF conditions at the Central Animal Facilities at the HZI, Braunschweig. 

Titration of infectious virus. Virus titers were determined using focus forming unit (ffu) 

assay. For this, viruses were serially tenfold diluted in MEM containing 2.5 µg/ml NAT (N-

Acetylated Trypsin, Sigma-Aldrich), 0.1% BSA (Sigma-Aldrich) and 1% 

Penicillin/Streptomycin (Biochrom). MDCK II cells (6×10
4
/cells/well of a 96-well plate, 

grown for 24 hours) were infected with 50 µl of each virus dilution. After one hour of 

incubation 100 µl overlay (1% avicel, 2 mM L-Glutamine, 0.1% BSA and 2.5 µg/ml NAT in 

DMEM) were added and kept at 37 °C in 5% CO2. Cells were stained 24 h post infection at 

room temperature. For this, cells were washed with 100 µl PBS and fixed with 4% 

formaldehyde in PBS for 10 minutes. Now, cells were washed twice with 100 µl PBS and 

permeabilized with 0.5% Triton X-100 and 20 mM glycin in PBS for 10 minutes. Cells were 

washed with 100 µl wash buffer (WB) (0.5% Tween20 in PBS) and 50 µl primary antibody 

were added for 40 minutes (1:1000, Goat anti-Influenza virions 1301, Virostat). After two 

washing steps with 100 µl WB, 50 µl of the secondary antibody were added for 40 minutes 

(1:1000, anti-goat-IgG-HRP, KPL, MA, USA). Finally, after two washing steps with 100 µl 

WB, 30 µl of substrate were added (TrueBlue, KPL) and incubated for 30 minutes until blue 

spots appeared. Substrate was then washed with tap water, cells were dried and foci were 

counted. Titers were calculated as ffu/ml. 

Infection of mice. C57BL/6J mice (female, 8-9 weeks of age) were anesthetized by intra-

peritoneal injection of Ketamine-Xylazine solution (5 mg/ml Ketamine, WDT, Garbsen; 

1 mg/ml Xylazine, CP-Pharma, Burgdorf; in sterile 0.9% NaCl, WDT, Garbsen) with a dose 

adjusted to the individual body weight. Virus was diluted in sterile PBS to a dose of 2×10
5
 ffu 

and mice were infected by intranasal application. Subsequently body weight and survival 

were monitored for 14 days. From all animals surviving the infection, eye blood was taken on 

day 14 post infection and serum was prepared. 

ELISA. A 96-well plate was coated with 50 µl/well of A/chicken/Emirates/R66/2002 (H9N2) 

(5×10
4
 ffu in PBS) and incubated over night at room temperature. After three wash steps with 
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100 µl PBST (0.05% Tween20 in PBS), 80 µl blocking buffer (BB) (0.05% Tween20 and 5% 

FCS in PBS) was added for one hour at 37 °C and again washed thrice with 100 µl PBST. 

Mice sera were diluted 1:150 in BB and 50 µl/well were added in duplicates. After two hours 

of incubation at 37 °C, wells were washed thrice with 100 µl PBST and a Goat-anti-mouse 

IgG (KPL, diluted 1:1000 in BB) was added (50 µl/well) for 2 hours at 37 °C. Wells were 

again washed with thrice with 100 µl PBST and 50 µl/well of SureBlue TMB Peroxidase 

Substrate (KPL) was added for ~3 minutes until a color change occurred. Then the TMB Stop 

Solution (KPL) was added and the optical density was measured at 450 nm. 

 

Statistical analysis 

If not stated otherwise, experiments were performed at least three times and results were 

expressed as means with standard error (SE). Data were analyzed by one-way-ANOVA and 

Tukey comparing test using the GraphPad Prism 5 software. A p-value <0.05 was considered 

significant. 

 

For comparison of body weight loss in infected mice, analysis of variance (ANOVA) to test 

for significant differences between groups, and a post-hoc pair-wise t-test (BH for multiple 

test corrections) was performed using the R statistical software package (R_Core_Team, 

2013). 

 

RESULTS 

Virus passaging in differentiated airway epithelial cells 

The target cells for mammalian influenza viruses are respiratory epithelial cells. In a previous 

study, we have established precision-cut lung slices (PCLS) as a culture system for 

differentiated respiratory epithelial cells from the porcine lung that – upon infection by swine 

influenza viruses (SIV) – reflects the viral virulence properties (Meng et al., 2013; 

Punyadarsaniya et al., 2011). To investigate the adaptation of H9N2 avian influenza viruses to 

growth in the respiratory epithelium of pigs, we passaged an avian influenza virus, 

A/chicken/Saudi Arabia/CP7/98 (H9N2), three times (P1, P2, P3) in PCLS Virus of each 

passage was analyzed for its ciliostatic effect (Fig. 1A) and growth characteristics (Fig. 1B). 

The parental virus (P0) causes only partial ciliostasis, i.e. only approximately 50% of the 

epithelium covering the airway in the microscopic field showed ciliary activity 

(Punyadarsaniya et al., 2011). This characteristic was maintained in viruses of the passages 
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P1-P3 (Fig. 1A). In this respect, H9N2 viruses resembled low-virulent SIV. By contrast, 

infection of PCLS by virulent SIV results in complete ciliostasis (Meng et al., 2013). A 

difference was noted only for the replication efficiency. As shown in Fig.1B, there was no 

difference in the maximum titer between P1-P3 viruses which was about 10
6
 pfu/ml, similar 

to the value reported for the parental virus (Punyadarsaniya et al., 2011). However, the growth 

cycle of the P3 virus was shorter than that of the viruses from the previous passages (Fig. 1B). 

For P0-P2, it took about 48 hpi to reach the maximum titer, whereas that peak value was 

found for the P3 virus already at about 36 hpi.  

 

Sequencing of the genomic RNA of P0-P3 viruses 

The genomic RNA of parental (P0) and passaged viruses (P1, P2, P3) was subjected to 

sequence analysis. Apart from a point mutation in PB2, G685R in P3 virus, and a point 

mutation in NS1, R200K in P1 virus, two amino acid exchanges were detected in the HA 

protein; mutation A190V occurred at passage P1 and T212I at passage P3. The HA mutations 

numbered according to H3 HA numbering. The amino acids commonly found in H9N2 

viruses at these positions were shown in table. 1 (Cameron et al., 2000; Cong et al., 2007; 

Cong et al., 2008; Lindh et al., 2014; Peiris et al., 2001; Perk et al., 2006; Sun et al., 2013). 

Each monomer of the HA molecule is composed of a globular domain and a stem domain. As 

illustrated in Fig. 2, the receptor binding site (RBS) in the globular domain is composed of 

three major structural elements: a 220-loop (residues 221–228), a 130-loop (residues 134–138) 

and a 190-helix (residues 188–194). In addition, some highly conserved residues (Tyr98, 

Trp153, His183, and Tyr195) form the base of the pocket (Yang et al., 2010). As shown in 

Fig. 2, residue 190 is located within the receptor-binding site, whereas amino acid 212 has a 

more distant position within the globular domain of the hemagglutinin. As mutations within 

the HA protein are considered to be crucial for host tropism and interspecies transmission, the 

importance of those two HA mutations were analyzed further. Recombinant viruses were 

generated from another parental H9N2 virus (A/chicken/Emirates/R66/2002) to contain either 

one (HA190 or HA212) or both (HA190+HA212) HA mutations. Parental and mutant viruses 

were compared with respect to their biological activities and growth characteristics in 

different cell culture systems; in addition, their pathogenicity was studied in mice. 

 

Glycan array analysis 

The sialic acid binding activity of parental and mutant R66 viruses was characterized by 

performing a glycan array analysis. A collection of 88 glycan structures was used comprising 
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oligosaccharides with the following terminal disaccharides: NeuNAc-α2,3-Gal, NeuNAc-

α2,6-Gal/GalNAc/GlcNAc, and NeuNAc-α2,8/9-NeuNAc (supplemental Fig. S1). As shown 

in Fig. 3A, among 42 glycans containing α2,3-sialic acids, the majority was recognized by the 

parental H9N2 R66 virus. No virus binding was detectable to five biantennary structures with 

a sialic acid residue on only one of the two branches. Only some of the glycans containing 

α2,6- or α2,8/9-linked sialic acids were recognized by parental R66 virus and this binding was 

generally weak compared to the interaction with oligosaccharide structures containing α2,3-

linked sialic acids. The A190V mutation did not have a major impact on the recognition of 

α2,3-linked sialic acid. However, binding to glycans containing α2,6- or α2,8/9-linked sialic 

acids was greatly enhanced (shown in yellow bars, Fig. 3B). All of the respective glycans 

were recognized, though at different affinities. Those glycans with α2,6- or α2,8/9-linked 

sialic acids that interacted with parental virus were recognized by the HA190 mutant with 

higher affinity. The T212I mutation had a much less dramatic effect. As shown in Fig. 3C, 

compared to the parental virus, the HA212 mutant bound to a few more glycans (shown in 

green bars) and those recognized by the parental virus were bound with higher affinity. Most 

efficient binding was observed with the double mutant HA190+HA212 (Fig. 3D); like HA190, 

it recognized all glycans with α2,6- or α2,8/9-linked sialic acids, but binding was 

characterized by higher affinity (shown in blue bars). Our results indicate that the HA190 

mutation has a major effect on the binding activity by extending the spectrum of sialic acids 

recognized to the α2,6/8/9-linkage types.  

 

Plaque formation in MDCK II cells 

When we analyzed the replication of the recombinant R66 viruses in MDCK II cells, no 

difference between parental virus and mutant viruses was detected in the growth curve (not 

shown). However, a significant difference was detected in the plaque morphology (Fig. 4A). 

The HA212 mutant showed a large plaque size similar to that of the parental R66 virus. By 

contrast, the plaques induced by the HA190 mutant were much smaller. The small plaque size 

was maintained in the double mutant (HA190+HA212). The differences in plaque size were 

statistically significant (Fig. 4B). These results indicate that the point mutation at position 190 

is responsible for the change in the plaque morphology. 

 

Growth in a porcine tracheal cell line, NPTr cells 

In order to analyze the importance of the individual mutations for replication in porcine cells, 

NPTr cells were infected by parental R66 virus or recombinant viruses that contain the 
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respective mutated proteins. The replication efficiency was determined by titration of the 

infectious virus in the supernatant at different time points after infection. As shown in Fig. 5A, 

at 24 hpi, the HA190 mutant had grown to a titer that was significantly higher than that of the 

other three viruses. By 48 and 72 hpi, the titer of the double mutant, HA190+HA212, 

approached that of the HA190 mutant. While the HA212 mutant had a slight growth 

advantage at 24 hpi over the parental R66 virus, the titers of both viruses were similar at later 

time points and significantly lower compared to the other two viruses, HA190 and 

HA190+HA212. From these results, we found that when the recombinant viruses were 

generated on NPTr cell, the HA212 mutation appeared to have an attenuating effect in the 

background of the HA190 mutation. 

 

To find out whether the differences in the growth characteristics of the four viruses are related 

to the interaction with the cell surface receptors, we performed a virus binding assay. For this 

purpose, NPTr cells were incubated with parental or mutant viruses at 4 °C for 1 h. The HA 

protein of bound virions was detected by indirect immunofluorescence (Fig. 5B-F). The 

frequency and intensity of the fluorescent signals indicated that virus binding was most 

efficient in the case of the HA190 mutant and the double mutant H190+HA212 (Fig. 5, C and 

F).  

 

Growth in differentiated respiratory epithelial cells 

To determine the growth characteristics in differentiated airway epithelial cells, PCLS were 

infected by parental virus or either of the mutants. At different times after infection, the cells 

were analyzed for ciliary activity and for infectious virus released into the supernatant. 

Parental and mutant viruses did not differ in their effect on the ciliary activity indicating that 

neither of the mutants had an increased ciliostatic effect compared to the parental virus (not 

shown).    

 

As far as the growth characteristics are concerned (Fig. 6), the HA212 mutant grew at both 24 

and 48 hpi to titers that were significantly increased compared to the parental virus. The other 

two mutants, HA190 and HA190+HA212, showed somewhat increased titers only at 24 hpi, 

but not at later time points.  
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Infection of mice 

To investigate the effect of mutations in the HA protein in vivo, C57BL/6J mice were infected 

intranasally with 2×10
5
 focus forming units (ffu) (Fig. 7A). The different unit size is due to 

the fact that the in vivo studies were performed in a different lab. Multi-factorial analysis of 

variance (ANOVA, model: BWL~virus * day) revealed significant main effects of day and 

virus, and significant virus-day interaction. Mice infected with the parental virus, as well as 

with viruses containing a single mutation (HA190 or HA212), showed moderate body weight 

losses. Remarkably, mice infected with the double mutant (HA190+HA212) showed 

significantly increased body weight losses compared to wild-type infected animals from day 2 

to 5 (Fig. 7A). 

 

It is important to note that also mice that did not show a body weight loss were infected with 

the indicated virus because all infected mice exhibited a virus-specific IgG antibody response 

to influenza A virus at 14 days pi (Fig. 7B). 

 

DISCUSSION 

H9N2 influenza viruses circulate in poultry populations worldwide (Guan et al., 2000; Iqbal 

et al., 2013; Iqbal et al., 2009; Naeem et al., 1999) and isolation from pigs has been reported 

(Cong et al., 2007; Yu et al., 2008). Human infections by H9N2 strains have been observed 

occasionally (Butt et al., 2005; Peiris et al., 1999; Saito et al., 2001). However, those cases 

might be considerably more frequent according to epidemiological studies (Li and Chen, 2014; 

Neumann and Kawaoka, 2015). To analyze the adaptation potential and growth characteristics 

of H9N2 strains to growth in the target cells of a new host, we chose precision-cut lung slices 

(PCLS) as a culture system for differentiated airway epithelial cells. Replication of swine 

influenza viruses in PCLS was found to reflect the virulence properties of the respective virus 

strains (Meng et al., 2013). Compared to a low-virulence strain, virulent strains were superior 

both in replication efficiency and in the extent of the ciliostatic effect. Therefore, we 

investigated whether passaging of an avian H9N2 virus in porcine PCLS would result in a 

virus that adopts the properties of virulent swine viruses. The parental avian virus differed 

from the virulent swine virus in three characteristics: (i) shorter growth cycle; (ii) lower 

amount of infectious virus released into the supernatant; (iii) less pronounced ciliostatic effect. 

Following three passages in porcine PCLS, the P3 virus eventually differed from P0-P2 

viruses by a shorter growth cycle, but not by enhanced replication efficiency or ciliostasis. 
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Thus, adaptation manifested first in accelerated growth. 

 

From the finding that the growth kinetics changes occurred at passage 3 one might conclude 

that the two mutations that were first detected in P3 virus are also responsible for the 

phenotypic change. However, the detailed characterization of the HA mutations indicated that 

the mutations are interrelated and affect each other in their phenotypes. The A190V mutation 

that was first detected in P1 virus had a major effect on the sialic acid binding activity of the 

HA protein. In contrast to the hemagglutinin of the parental virus that mainly recognized 

glycans containing α2,3-linked sialic acids, the HA190 mutant was able to interact with sialic 

acids present in α2,3-, α2,6- and α2,8/9 linkages. The A190V exchange at the edge of the 

receptor-binding site resulted in a slight opening of the receptor-binding pocket that may 

allow the HA protein to recognize sialic acids in different linkage types. The T212 mutation 

on the HA, detected in P3, is located in a distance from the receptor-binding site. This 

mutation appeared to result in a conformational change that affected the sialic acid binding 

activity via acquiring the recognition of some α2,6-linked sialic acids not recognized by 

parental virus. Together with the A190V mutation, it enhanced binding to glycans compared 

to the single A190V amino acid exchange. The enhanced binding activity of the HA190 and 

the HA190+HA212 mutants was also evident in some of the biological assays. Viruses with 

the A190V mutation or the double mutation were superior compared to the parental virus and 

the HA212 mutant in both binding and replication efficiency in a porcine tracheal cell line 

(NPTr). Interestingly, the double mutant also showed an increased virulence in mice. This 

finding underscores the importance of changes in the receptor-binding site of avian virus for 

successful transmission to mammalian species. The biological importance of our results is 

also evident from the finding that a valine at position 190 has also been reported from a H9N2 

virus isolated from swine (Cong et al., 2007).  

 

A more differentiated picture arises when a more relevant culture system, precision-cut lung 

slices, is applied. Compared to the parental virus, the HA190 and the HA190+HA212 mutant 

viruses were more efficient in the amount of infectious virus released, but only earlier in 

replication at 24 hpi. Surprisingly, the highest virus titers were determined at all time points 

for the HA212 mutant. This result indicates that enhanced binding activity is not necessarily 

paralleled by an increased replication efficiency. A somewhat improved binding activity, as is 

the case for the T212I mutant virus, may be more favorable for infection of differentiated 

respiratory epithelial cells. Efficient infection by influenza viruses requires a well-balanced 
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sialic acid binding and neuraminidase activity (Wagner et al., 2002). For H1 and H7 

hemaggluinin, it has been shown that mutations enhancing the sialic acid binding activity may 

be detrimental for the fusion activity (Ohuchi et al., 2002). Depending on the sialic acids on 

the cell surface, the optimal balance between sialic acid binding and neuraminidase activity 

may vary between different cell types. This may explain why the double mutation in the HA 

increased the pathogenicity in mice but not the virulence in PCLS.  

 

Apart from amino acid exchanges in the hemagglutinin, mutations in the PB2 protein are 

considered to be essential for adaptation of avian influenza viruses to mammalian hosts (Gao 

et al., 2009; Neumann and Kawaoka, 2006). PB2 is a major polymerase determinant for the 

virulence and host range of influenza viruses (Neumann and Kawaoka, 2015). Especially, an 

E627K mutation has been reported to be sufficient for several avian viruses to replicate 

efficiently in mammalian hosts (Hatta et al., 2001; Subbarao et al., 1993a). Our P1-P3 viruses 

retained E627; however, the increased growth kinetics of P3 virus was paralleled by a G685R 

mutation in PB2 which may have contributed to the enhanced replication efficiency. Thus, the 

initial mutations that occurred during adaptation of avian influenza viruses to porcine airway 

epithelial cells did not comprise the E627K mutation. Furthermore, this mutation is also not 

essential for rendering avian virus pathogenic for mice as has been demonstrated by our 

analysis of the HA double mutation.  

 

The four mutations that occurred during the initial three passages in porcine PCLS resulted in 

an increased growth kinetics but not in an enhanced ciliostatic effect. It will be interesting in 

the future to adapt the avian H9N2 virus further by additional passages in porcine PCLS. 

From our results it may be that more passages resulting in additional mutations are required 

for adaptation of avian viruses to acquire properties of virulent swine strains. The actual 

adaptation to growth in pigs is likely to take even longer as the whole organism has more 

defence mechanisms than the PCLS. Therefore, it is not very likely that avian viruses succeed 

in adaptation to a new host, founding a new virus lineage. Even though pigs are discussed as 

mixing vessels for transmission of avian influenza viruses to humans, so far avian influenza 

viruses have succeeded only once in establishing a new virus lineage in swine after the first 

isolation of swine influenza virus (Shope, 1931). The H1N1 lineage of viruses that appeared 

in Europe in 1979 was of avian origin (Dunham et al., 2009; Scholtissek et al., 1983). 

However, even partly adapted viruses may be a health risk if they acquire some gene 

segments from other viruses by reassortment. This risk is documented by hundreds of patients 
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infected by currently circulating H7N9 and H5N1 viruses (Neumann and Kawaoka, 2015) 

which contained some or all internal gene segments from an avian H9N2 virus. Therefore, 

adaptation of influenza viruses to new hosts remains a key issue. 
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Fig. 1: Growth characteristics and ciliostatic effect of H9N2 virus passaged three times in 

precision-cut slices from the porcine lung. A: Ciliostatic effect of H9N2 influenza virus 

during the first (P1) or third (P3) round of infection in porcine PCLS. The ciliary activity was 

determined at different times p.i. by microscopical inspection of the slices. As the P2 virus did 

not differ from the other viruses, only the first and the last virus passage is shown. B: Growth 

curve of the P2 and P3 virus of H9N2 influenza virus on porcine PCLS. The titer of infectious 

virus released into the supernatant of infected PCLS after different times p.i. was determined 

by plaque titration. The P1 virus did not differ from P2 virus; therefore, only the P2 and P3 

viruses are shown. Each experiment was repeated three times. Results are expressed as 

means ± SEM and significance indicated by * (P-value<0.05) ** (P-value<0.01) *** (P-

value<0.0001) was determined using one-way-ANOVA and Tukey multiple comparison test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 



 - 54 - Manuscript 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Three-dimensional structure of the HA protein of parental and mutant viruses. 

Structural elements of the receptor binding site are illustrated: the 190 helix, 130 loop and 

220 loop are shown in yellow. (A) HA surface representation of mutant virus HA190; E190V 

(Red). (B) HA surface representation of mutant virus HA212; T212I (Green). (C) HA surface 

representation of mutant virus HA190+HA212; E190V (Red), T212I (Green). 
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Fig. 3: Glycan array analysis of parental and mutant viruses. (A-D) Parental and mutant 

viruses were subjected to glycan array analysis.  
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Fig. 4: Plaque assay on MDCK II cells. A: plaque morphology. The parental virus H9N2-

R66 and the recombinant viruses that contain the respective mutated proteins showed a 

different plaque morphology on MDCK II cells. B: Plaque size of parental and mutant viruses 

on MDCK II cells. The plaque size of the mutant viruses is indicated as x-fold increase 

compared to the parental virus. Results are expressed as means ± SEM and significance 

indicated by *** (P-value<0.0001) was determined using one-way-ANOVA and Tukey 

multiple comparison test. 
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Fig. 5: Interaction of parental and mutant viruses with NPTr cells. A: Growth curve of 

parental and mutant viruses on NPTr cells. The titer of infectious virus released into the 

supernatant of infected NPTr cells at different times p.i. was determined as TCID50. Each 

experiment was repeated three times. Results are expressed as means ± SEM and significance 

indicated by * (P-value<0.05) ** (P-value<0.01) was determined using one-way-ANOVA and 

Tukey multiple comparison test. B-F: NPTr cells were incubated with parental or mutant 

viruses at 4 °C. Bound virions were visualized by fluorescence microscopy after 

immunostaining of the HA protein. 
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Fig. 6: Growth characteristics of parental and mutant viruses on PCLS. The titer of 

infectious virus released into the supernatant of infected PCLS at different times p.i. was 

determined as TCID50. Each experiment was repeated three times. Results are expressed as 

means ± SEM and significance indicated by * (P-value<0.05) was determined using one-way-

ANOVA and Tukey multiple comparison test. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Infection of mice by parental and mutant viruses. Female mice at the age of 8-9 

weeks were infected with 2×10
5
 ffu of parental or mutant viruses and body weight was 

monitored for 14 days p.i.. A: Body weight change in infected mice. Data represent mean 

values in percent of starting weight +/- SEM. Stars indicate the level of significance of the 

double mutant (green) compared to R66 infected mice (black) from a post-hoc pair-wise t-test 

(after establishing significance between groups by ANOVA).  B: Antibody response to R66 

infection. Eye blood was taken from infected mice on day 14 p.i. and sera were analyzed for 

influenza specific IgG antibodies in an indirect ELISA. Non-infected C57BL/6J mice served 

as a negative control (neg co). Sera of mice showing body weight loss represent the positive 

control (pos co). Each data point represents the mean of one serum tested twice. All mice 

exhibited an antibody response after infection.  
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Fig. S1: Glycans used for the array. 
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Table. 1: Amino acids at the positions of HA mutations of H9N2 viruses. The amino acids 

residue numbered according to H3 HA numbering. 

 

 

 

 

 

 

 

 

 

 

 

Virus      Amino acid residue 

 190 212 

A/chicken/Saudi Arabia/7/1998(H9N2)P0    A T 

A/chicken/Saudi Arabia/7/1998(H9N2)P3 V I 

A/chicken/Emirates/R66/2002(H9N2)   E T 

A/chicken/Henan/43/02(H9N2) A T 

A/Chicken/Pakistan/2/99(H9N2) 

A/Chicken/Beijing/1/94(H9N2) 

A 

V 

T 

T 

A/Chicken/Shandong/1/98(H9N2)    T T 

A/chicken/Germany/R45/98(H9N2) 

A/Swine/Hong Kong/3297/98(H9N2) 

A/swine/Henan/7/2004(H9N2) 

A/swine/Guangxi/58/2005(H9N2) 

A/swine/Korea/S452/2004(H9N2)                                                    

A 

A 

V 

T 

E 

I 

T 

T 

T 

T 



 - 61 - Manuscript 2 

 

3.2. MANUSCRIPT 2 

 

CHARACTERIZATION OF A PB2 MUTATION IN AN AVIAN INFLUENZA 

A VIRUS (H9N2) AFTER THREE PASSAGES IN PORCINE 

DIFFERENTIATED AIRWAY EPITHELIAL CELLS 

 

 

Yang, W
a
., Punyadarsaniya, D

b
., Meng, F

a
., Lambertz, R.L.O

c
., Höper, D

d
., Leist, S. R

c
., 

Hernández-Cáceres, A
c
., Stech, J

e
., Beer, M

d
., Schughart, K

 c f
., Herrler, G

a#
. 

 

a
I Institute of Virology, University of Veterinary Medicine Hannover, Hannover Germany  

b
Virology and Immunology Department, Faculty of Veterinary Medicine, Mahanakorn University of 

Technology, Bangkok, Thailand 

c
Department of Infection Genetics, Helmholtz Centre for Infection Research and University of 

Veterinary Medicine Hannover, 38124 Braunschweig, Germany 

d
Institute for Molecular Virology and Cell Biology, and 

e
Institute of Diagnostic Virology, Friedrich-

Loeffler-Institut, Greifswald-Insel Riems, Germany 

f
University of Tennessee Health Science Center, Department of Microbiology, Immunology and 

Biochemistry, Memphis, USA 

 
#Correspondence to: Georg Herrler 

Institute of Virology, University of Veterinary Medicine Hannover 

Bünteweg 17 

D-30559 Hannover 

fon: +49 511 953 8857 

fax: +49 511 953 8898 

email: georg.herrler@tiho-hannover.de 

 

 

 

State of publication: in preparation 

 

 

 



 - 62 - Manuscript 2 

 

Influenza A viruses are members of the family Orthomyxoviridae. They have been isolated 

from many animals, including avian and mammalian species (Alexander and Capua, 2008; 

Webster et al., 1992). The major natural reservoir of influenza A viruses are aquatic birds, but 

a wide range of mammalian hosts can be infected such as pigs, horses, or humans (Horimoto 

and Kawaoka, 2005; Taubenberger and Kash, 2010; Webster et al., 1992). The factors that 

determine the adaptation and host range of influenza A viruses to a new host species are still 

poorly understood; however, the HA and NA proteins as well as the cooperation of internal 

proteins play crucial roles in the host range restriction.  

 

Influenza A viruses are divided into subtypes based on the antigenic relationships of their 

hemagglutinin (HA) and neuraminidase (NA) surface glycoproteins. There are 18 different 

known HA subtypes (H1 to H18) and 11 different known NA subtypes (N1 to N11). All HA 

and NA subtypes can be found in aquatic birds except H17N10 and H18N11 which have only 

been reported to occur in bats (Fouchier et al., 2005; Rohm et al., 1996; Tong et al., 2013).  

 

Adaptation of influenza viruses to a new host is accompanied by a number of mutations 

especially in the HA and in the viral polymerase proteins. The HA protein mediates virus 

binding to cell surface receptors with sialic acids (SA) as receptor determinant; furthermore, it 

induces the fusion between the viral and the cellular membrane which is required for the 

release of the viral ribonucleoprotein complexes into the cytoplasm. Adaptive mutations in 

the HA protein often affect the receptor-binding site (Moncorge et al., 2013; Neumann and 

Kawaoka, 2006). The polymerase of influenza viruses is composed of the PB1, PB2, and PA 

proteins. Evidence is increasing that the PB2 protein plays an important role in host 

adaptation as well as virulence of influenza viruses (Almond, 1977; Hatta et al., 2001).  

 

An avian virus could gain replication competence in mammalian cells by changing a single 

amino acid at position 627 of PB2 (Labadie et al., 2007; Subbarao et al., 1993b). The same 

amino acid was found in a virus which was isolated from a human case of fatal pneumonia 

but not in the virus which was isolated from a human case of conjunctivitis, or from chicken, 

in 2003 during an H7N7 virus outbreak in the Netherlands (Fouchier et al., 2004). 

 

In a recent study, we passaged an avian virus of the H9N2 subtype three times in the 

precision-cut lung slices which is a culture system from porcine lung for differentiated airway 

epithelial cells. Sequence analysis revealed that four amino acid changes occurred during the 
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different virus passages. Two mutations occurred in the HA protein (A190V and T212I), one 

mutation each in the NS1 (R200K) and PB2 (G685R) proteins. The HA mutations were 

characterized by generating recombinant viruses that contained one or two amino acid 

exchanges. Based on the previous results, here we used the same method to generate the 

recombinant viruses that contained the mutant PB2 protein in combination with the parental 

hemagglutinin or either of the two mutant HAs to analyze the importance of PB2 for 

adaptation to new host cells.  

 

In a recent study, we compared the plaque size of the HA212 and HA190 mutants. The 

HA212 mutant showed a large plaque size similar to that of the parental R66 virus. By 

contrast, the plaques induced by the HA190 mutant were much smaller. The small plaque size 

was maintained in the double mutant (HA190+HA212). In this study, we found that the 

PB2685 mutant and double mutant (HA212+PB2685) showed a large plaque size, whereas the 

double mutant (HA190+PB2685) induced small plaques (Fig. 1). Taken together, these results 

indicate that the point mutation at position 190 of HA is responsible for the change in the 

plaque morphology. 

 

In order to analyze the importance of the mutations for replication in porcine cells, NPTr cells 

were infected by parental R66 virus or recombinant viruses containing either or more of the 

mutant proteins. The replication efficiency was determined by titration of the infectious virus 

in the supernatant at different time points after infection. As shown in Fig. 2, replication of 

the PB2685 mutant resulted in lowest virus titers of all four viruses analyzed (Fig. 2). Whereas 

the HA212+PB2685 mutant showed a growth curve similar to that of the parental R66 virus, 

the highest virus titers were determined for the HA190+PB2685 mutant. These results indicate 

that the PB2 mutation does not result in a growth advantage in NPTr cells. 

 

To determine the growth characteristics in differentiated airway epithelial cells, PCLS were 

infected by parental virus or either of the mutants. The cells were analyzed for ciliary activity 

and for the amount of infectious virus released into the supernatant at different times after 

infection. Parental and mutant viruses did not differ in their effect on the ciliary activity (not 

shown).    
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As far as the growth characteristics are concerned (Fig. 3), the HA212+PB2685 mutant grew 

at 24 hpi to titers that were significantly increased compared to the other three viruses, while 

at the other time points, there were no significant differences between the four viruses.  

 

To investigate the effect of mutations in vivo, C57BL/6J mice were infected intranasally with 

2×10
5
 ffu (Fig. 4). Infection of mice by either the parental virus or the PB2685 mutant did not 

result in significant body weight losses, while mice infected by either of the double mutants, 

HA190+PB2685 or HA212+PB2685, showed significantly increased body weight losses 

compared to parental R66. The effect was most pronounced with the HA190+PB2685 mutant. 

 

It is important to note that also mice that did not show a body weight loss were infected with 

the indicated virus because all infected mice exhibited a virus-specific IgG antibody response 

to influenza A virus at 14 days pi (data not shown). 

 

Our results demonstrate that mutations may have a cooperative effect and increase the 

virulence of influenza viruses in mice. In a recent study we have shown this for the two amino 

acid exchanges in the HA protein of the R66 virus, A190V and T212I.  Here we provided 

evidence that a cooperative effect of the G685R mutation in PB2 with either of the two amino 

acid exchanges in the HA protein may also increase virulence in mice. However, neither of 

these cooperative effects is sufficient to increase the ciliostatic effect in PCLS and therefore, 

they are expected not to increase the viral virulence properties in pigs. Presumably, a number 

of amino acid exchanges is required to increase the virulence for swine. The minimum 

number of mutations required for rendering an avian H9N2 virus virulent in pigs is not known. 

However, it probably is not low because so far this virus has succeeded several times in 

crossing the species barrier but never in establishing a stable lineage in pig populations. 
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Fig. 1: Plaque assay on MDCK cells. The parental virus H9N2-R66 and the recombinant 

viruses that contain the respective mutated proteins showed a different plaque morphology on 

MDCK cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Growth curve of parental and mutant viruses on NPTr cells. The titer of infectious 

virus released into the supernatant of infected NPTr cells at different times p.i. was 

determined as TCID50. Results are expressed as means ± SEM and significance indicated by * 

(P-value<0.05) was determined using one-way-ANOVA and Tukey multiple comparison test.  
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Fig. 3: Growth curve of parental and mutant viruses on PCLS. The titer of infectious virus 

released into the supernatant of infected PCLS at different times p.i. was determined as 

TCID50. Results are expressed as means ± SEM and significance indicated by * (P-

value<0.05) was determined using one-way-ANOVA and Tukey multiple comparison test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Infection of mice by parental and mutant viruses. Female mice at the age of 8-9 

weeks were infected with 2×10
5
 ffu of parental or mutant viruses and body weight was 

monitored for 14 days p.i.. Data represent mean values in percent of starting weight +/- SEM 

and significance indicated by *** (P-value<0.001) using a pair-wise t-test. 
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4. DISCUSSION 

 

4.1. ADAPTATION OF AVIAN INFLUENZA VIRUS H9N2 SUBTYPE IN PRECISION-

CUT LUNG SLICES (PCLS) 

Precision-cut lung slices (PCLS) which were used in my study represent a culture system for 

differentiated airway epithelial cells. In PCLS, the differentiated epithelial cells are 

maintained in their original setting. As differentiated repiratory epithelial cells are the primary 

target cells for influenza virus infections, PCLS provide an interesting system to analyze the 

infection of influenza viruses. PCLS were widely used in pharmacological analysis (Kim et 

al., 2015; Lauenstein et al., 2014; Neuhaus et al., 2013). Recently, PCLS were used to analyze 

viral infections (Cousens et al., 2015; Kirchhoff et al., 2014a; Kirchhoff et al., 2014b; 

Punyadarsaniya et al., 2011). 

 

In a previous study, my colleague has analyzed the replication of swine influenza viruses in 

PCLS (Meng et al., 2013). In this study, virulent strains of swine influenza virus were 

superior both in replication efficiency and in the extent of the ciliostatic effect when 

compared to a low-virulence strain. H9N2 subtype influenza viruses are important members 

of the influenza virus family and circulate in poultry populations worldwide (Guan et al., 

2000; Iqbal et al., 2013; Iqbal et al., 2009; Naeem et al., 1999). The isolation from pigs has 

been reported (Cong et al., 2007; Yu et al., 2008). Therefore, we wanted to know whether 

passaging of an avian H9N2 virus in porcine PCLS would result in a virus that adapts the 

properties of virulent swine viruses. For this purpose, an avian influenza virus of the H9N2 

subtype was passaged in PCLS. Each round of infection was characterized by analyzing the 

amount of infectious virus released into the supernatant, the growth curve of the passaged 

viruses and the ciliostatic effect to analyze a potential adaptation process. 

 

After three passages in porcine PCLS, the P3 virus showed a shorter growth cycle than P0-P2 

viruses but not enhanced replication efficiency or ciliostasis. The maximum titer of P3 virus 

was found at about 36 hpi, while for P0-P2 virus, it took about 48 hpi to reach the peak value. 

This result indicates that some adaptation has occurred in the third passage virus. The 

genomic RNAs of P0-P3 viruses were subjected to sequence analysis. Four mutations occured 

in different virus passages, one each in the PB2 and NS1, and two in the HA protein. The 

mutation in NS1, R200K, occurred in P1 virus and the mutation in PB2, G685R, occurred in 
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P3 virus. The two mutations in HA, A190V and T212I, occurred at passage P1 and P3, 

respectively.  
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4.2. THE IMPORTANCE OF THE TWO HA MUTATIONS FOR THE ADAPTATION OF 

AVIAN INFLUENZA VIRUS TO PCLS   

Hemagglutinin (HA) is an important glycoprotein of influenza viruses, which is incorporated 

into the viral envelope and is responsible for virus binding to the host cell receptor. 

Hemagglutination and attachment of the virus to the host cells are the important functions of 

the HA (Mineev et al., 2013). It is also suggested that the HA protein plays a crucial role in 

the interspecies transmission.  

 

Each monomer of the HA molecule is composed of a globular domain and a stem domain. 

The receptor binding site (RBS) in the globular domain is composed of three major structural 

elements: a 220-loop (residues 221–228), a 130-loop (residues 134–138) and a 190-helix 

(residues 188–194). In addition, some highly conserved residues (Tyr98, Trp153, His183, and 

Tyr195) form the base of the pocket (Yang et al., 2010). Our results show that the mutation in 

HA, A190V, is located within the receptor-binding site, whereas T212I has a more distant 

position within the globular domain of the hemagglutinin. In a previous study, it was reported 

that the virulence and pathogenicity increased with the passage number in the air sacs of 

chicks due to the mutations at the HA cleavage site (Soda et al., 2011). It was also reported 

that in human airway epithelial cells, multiple cycles of replication resulted in a change of the 

HA receptor-binding site (Wan and Perez, 2007). In our study, the importance of those two 

HA mutations A190V and T212I, were characterized by generating recombinant viruses 

containing either one or both amino acid exchanges. 

 

The recombinant viruses that contained either or both of the HA mutations were analyzed for 

growth characteristics in several culture systems including MDCK II cells, NPTr cells, and 

PCLS. When we analyzed the replication of the recombinant viruses in MDCK II cells, no 

difference between parental virus and mutant viruses was detected in the growth curve. 

However, it was interesting that a significant difference was found in the plaque morphology. 

The HA212 mutant showed a large plaque size similar to that of the parental R66 virus. By 

contrast, the plaques induced by the HA190 mutant were much smaller. The small plaque size 

was also maintained in the double mutant (HA190+HA212). These results indicate that the 

point mutation at position 190 is responsible for the change in the plaque morphology. The 

molecular mechanism responsible for this phenotype has to be elucidated in the future. 
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The results of the glycan array analysis indicated that the A190V mutation that was first 

detected in P1 virus had a major effect on the sialic acid binding activity of the HA protein. 

The hemagglutinin of the parental virus mainly recognized glycans containing α2,3-linked 

sialic acids while the HA190 mutant was able to interact with sialic acids present in α2,3-, 

α2,6- and α2,8/9 linkages. The A190V mutation located at the edge of the receptor-binding 

site resulted in a slight opening of the receptor-binding pocket that may allow the HA protein 

to recognize sialic acids in different linkage types. The T212I mutation which occured in P3, 

is located in a distance from the receptor-binding site on the HA protein. This mutation 

appeared to result in a conformational change that helps the HA212 mutant to recognize some 

α2,6-linked sialic acids which are not recognized by parental virus. The enhanced HA binding 

activity of the HA double mutant was also detected in NPTr cells. The A190V mutation 

together with the T212I mutation enhanced the binding to glycans compared to the parental 

virus. Our results indicated that the recombinant viruses with the A190V mutation or the HA 

double mutation showed a higher HA binding activity and a shorter growth cycle than the 

parental virus and the recombinant virus with T212I mutation in NPTr cells. Interestingly, the 

HA double mutant also showed an increased virulence in mice. This finding underscores the 

importance of changes in the receptor-binding site of avian virus for successful transmission 

to mammalian species. The biological importance of our results is also evident from the 

finding that a valine at position 190 has also been reported from a H9N2 virus isolated from 

swine (Cong et al., 2007). 

 

We also analyzed the recombinant viruses in PCLS. The parental and mutant viruses did not 

differ in their effect on the ciliary activity indicating that neither of the mutants had an 

increased ciliostatic effect compared to the parental virus. As far as the growth characteristics 

are concerned, compared to the parental virus, the HA190 and the HA double mutant were 

more efficient in the amount of infectious virus released, but only at early time points during 

replication, at 24 hpi. Surprisingly, the highest virus titers were determined at all time points 

for the HA212 mutant. This result indicates that enhanced binding activity is not necessarily 

paralleled by an increased replication efficiency. A somewhat improved binding activity, as is 

the case for the T212I mutant virus, may be more favorable for infection of differentiated 

respiratory epithelial cells. 

 

To investigate the effect of mutations in the HA protein in vivo, C57BL/6J mice were infected 

with recombinant viruses with HA single or double mutations. Mice infected with the parental 
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virus, as well as with viruses containing a single mutation (HA190 or HA212), showed 

moderate body weight losses. Remarkably, mice infected with the double mutant 

(HA190+HA212) showed significantly increased body weight losses compared to wild-type 

infected animals from day 2 to 5. Efficient infection by influenza viruses requires a well-

balanced sialic acid binding and neuraminidase activity (Wagner et al., 2002). For H1 and H7 

hemaggluinins, it has been shown that mutations enhancing the sialic acid binding activity 

may be detrimental for the fusion activity (Ohuchi et al., 2002). Depending on the sialic acids 

on the cell surface, the optimal balance between sialic acid binding and neuraminidase 

activity may vary between different cell types. This may explain why the double mutation in 

the HA increased the pathogenicity in mice but not the virulence in PCLS. 
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4.3. CHARACTERIZATION OF THE MUTATION IN THE PB2 SEGMENT  

The factors that determine the host range and adaptation of influenza A viruses to a new host 

species are still poorly understood; however, it was suggested that HA, NA protein and the 

cooperation of other internal proteins play a very crucial role in the host range restriction 

(Salomon et al., 2006; Tian et al., 1985).  

 

PB2 protein encoded by RNA segment 1 is a major polymerase of influenza A viruses. The 

main function of PB2 protein is recognizing of and binding to the 5' cap structures of host cell 

mRNAs. It was reported that PB2 is a major determinant for the virulence and host range of 

influenza A viruses (Neumann and Kawaoka, 2015). Some studies indicated that the 

mutations in the PB2 protein are considered to be essential for adaptation of avian influenza 

viruses to mammalian hosts (Gao et al., 2009; Neumann and Kawaoka, 2006). Most studies 

about PB2 protein focus on the amino acid residue at position 627; an E627K mutation has 

been reported to be sufficient for several avian viruses to replicate efficiently in mammalian 

hosts (Hatta et al., 2001; Subbarao et al., 1993a). In our studies, P0-P3 viruses retained E627 

in PB2 but a G685R mutation occured in P3 virus. When we inoculated the recombinant 

viruses containing the PB2 mutation on NPTr cell and PCLS, we found that compared to the 

parental R66 virus, the PB2 mutant did not show an increased growth kinetics and an 

enhanced ciliostatic effect. Furthermore, this mutation was also not essential for rendering 

avian virus pathogenic for mice as it has been demonstrated by our analysis of the HA double 

mutation. However, the PB2 mutation together with HA190 mutation resulted in an enhanced 

replication efficiency in NPTr cells and pathogenicity in mice. When the PB2 mutation and 

the HA212 mutation were investigated in combination and compared to the parental R66 

virus, the double mutant showed an increased growth curve in PCLS but not enhanced 

ciliostatic effect. Our results indicate that the initial mutations that occurred during adaptation 

of avian influenza viruses to porcine airway epithelial cells did not comprise the E627K 

mutation. The G685R mutation alone may not be a key factor for adaptation of avian 

influenza virus to PCLS; however, in combination with other mutations like the HA mutations, 

it may increase the virulence in mice.  

 

In our studies, we found four amino acid exchanges in different virus passages in PCLS and 

these mutations resulted in an increased growth kinetics but not in an enhanced ciliostatic 

effect. From our results, we can speculate that more passages that might lead to additional 
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mutations are required for further adaptation of avian viruses to acquire properties of virulent 

swine strains. Therefore, it will be interesting to adapt the avian influenza H9N2 strain further 

by additional passages in PCLS. 
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4.4. SUMMARY AND OUTLOOK 

Influenza A viruses of the H9N2 subtype are of high importance, because they can not only 

infect birds but also humans and pigs. The continued avian-to-mammal interspecies 

transmission of H9N2 viruses raises concerns about the possibility of viral adaption with 

increased virulence for humans and poses a potential health risk to the public.  

 

In our studies, we passaged an avian influenza virus of the H9N2 subtype three times in 

porcine PCLS. The four mutations that occurred during the different passages in porcine 

PCLS resulted in an increased growth kinetics but not in an enhanced ciliostatic effect.  

 

By analyzing recombinant viruses with the respective mutations in different culture systems, 

we found that the two mutations in the HA segment are interrelated and affect each other in 

their phenotypes. The A190V mutation in the HA was located in the receptor binding site and 

had a major effect on the sialic acid binding activity of the HA protein. By contrast, the T212I 

mutation on the HA was located at a distance from the receptor-binding site and this mutation 

appeared to result in a conformational change that affected the sialic acid binding activity via 

acquiring the property of recognizing some α2,6-linked sialic acids not recognized by parental 

virus. When the two mutations, A190V and T212I, occurred in combination, they also 

enhanced binding to glycans compared to the parental virus, but most interestingly, the double 

mutant virus showed an increased virulence in mice.  

 

As far as the PB2 mutation is concerned that occurred in P3, the PB2 mutant virus did show 

neither an increased growth kinetics nor an enhanced ciliostatic effect. Furthermore, this 

mutation is also not essential for rendering an avian virus pathogenic for mice, in contrast to 

our finding with the HA double mutation. Therefore, the two mutations in HA may play a 

crucial role for adaptation of avian influenza A viruses to porcine PCLS. The PB2 mutation 

alone may be not a key factor. However, in combination with HA mutations, it may contribute 

to virulence. 

Our results suggest that more passages resulting in additional mutations are required for 

adaptation of avian viruses to acquire properties of virulent swine strains.  
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Therefore, it will be interesting in the future to adapt the avian H9N2 virus further by 

additional passages in porcine PCLS. Furthermore, the importance of the mutation on the NS 

segment also needs to be analyzed. 
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6. APPENDIX 

 

6.1. SEQUENCES 

6.1.1. Full length HA of P0 

Nucleotide sequence: 

ATGGAAGCAATACCACTAATAACTATACTACTAGTAGTAACAGCAAGCAATGCAGACAAAATCTGCAT

CGGCTACCAATCAACAAACTCCACAGAAACCGTAGACACGCTAACAGAAAACAATGTTCCTGTGACAC

ATGCCAAAGAATTGCTCCACACAGAGCACAATGGGATGCTGTGTGCAACAAATCTGGGACGTCCTCTT

ATTCTAGACACTTGCACCATTGAAGGACTGATCTATGGCAACCCTTCTTGTGATCTACTGTTGGGAGG

AAGAGAATGGTCCTACATCGTCGAAAGACCATCGGCTGTTAATGGAATGTGTTACCCCGGGAATGTAG

AAAACCTAGAGGAACTAAGGTCATTTTTTAGTTCTGCTAGTTCCTACCAAAGAATCCAGATCTTTCCA

GACACAATCTGGAATGTGTCTTACAGTGGAACAAGCAAAGCATGTTCAGATTCATTCTACAGGAGCAT

GAGATGGTTGACTCAAAAGAACAACGCTTACCCTATTCAAGACGCCCAATACACAAATAATAGAGGAA

AGAGCATTCTTTTCATGTGGGGCATAAATCACCCACCTACCGATACTGCACAGACAAATCTGTACACA

AGGACTGACACAACAACAAGTGTGGCAACAGAAGATATAAATAGGACCTTCAAACCAGTGATAGGGCC

AAGGCCCCTTGTCAATGGTCAGCAGGGAAGAATTGATTATTATTGGTCGGTATTGAAACCAGGTCAGA

CATTGCGAGTAAGATCCAATGGGAATCTAATCGCTCCATGGTATGGGCACATTCTTTCAGGAGAGAGC

CACGGAAGAATCCTGAAGACTGATTTAAACAGTGGTAGCTGTGTAGTGCAATGTCAAACAGAAAGAGG

TGGCTTAAATACTACTTTGCCATTCCACAATGTCAGTAAATATGCATTTGGAAACTGCCCAAAATATG

TTGGAGTAAAGAGTCTCAAACTGGCAGTTGGTCTGAGGAATGTGCCTGCTAGATCAAGTAGAGGACTA

TTTGGGGCCATAGCTGGATTCATAGAGGGAGGTTGGTCAGGGCTGGTCGCTGGTTGGTATGGGTTCCA

GCATTCAAATGATCAAGGGGTTGGTATAGCTGCAGATAGAGACTCAACTCAAAGGGCAATTGACAAAA

TAACGTCCAAAGTGAATAATATAGTCGATAAAATGAACAAGCAATATGAAATTATTGATCATGAATTC

AGCGAGGTTGAAAATAGACTCAATATGATCAATAATAAGATTGATGACCAGATACAAGACATATGGGC

ATATAACGCTGAATTGCTAGTGCTGCTTGAAAACCAGAAAACACTCGATGAGCATGATGCGAATGTAA

ACAATCTATATAACAAAGTGAAGAGGGCACTGGGTTCCAATGCAATGGAAGATGGGAAAGGATGTTTC

GAGCTATACCATAAATGTGATGATCAGTGCATGGAGACAATTCGGAACGGGACCTATAACAGGAGGAA

GTATAAAGAGGAATCAAGACTAGAAAGACAGAAAATAGAAGGGGTCAAGCTGGAATCTGAAGGAACTT

ACAAAATCCTCACCATTTATTCGACTGTCGCCTCATCTCTTGTGATTGCAATGGGGTTTGCTGCCTTC

TTGTTCTGGGCCATGTCCAATGGATCTTGCAGATGCAACATTTGTATATAA 

Amino acid sequence: 

MEAIPLITILLVVTASNADKICIGYQSTNSTETVDTLTENNVPVTHAKELLHTEHNGMLCATNLGRPL

ILDTCTIEGLIYGNPSCDLLLGGREWSYIVERPSAVNGMCYPGNVENLEELRSFFSSASSYQRIQIFP

DTIWNVSYSGTSKACSDSFYRSMRWLTQKNNAYPIQDAQYTNNRGKSILFMWGINHPPTDTAQTNLYT

RTDTTTSVATEDINRTFKPVIGPRPLVNGQQGRIDYYWSVLKPGQTLRVRSNGNLIAPWYGHILSGES

HGRILKTDLNSGSCVVQCQTERGGLNTTLPFHNVSKYAFGNCPKYVGVKSLKLAVGLRNVPARSSRGL

FGAIAGFIEGGWSGLVAGWYGFQHSNDQGVGIAADRDSTQRAIDKITSKVNNIVDKMNKQYEIIDHEF

SEVENRLNMINNKIDDQIQDIWAYNAELLVLLENQKTLDEHDANVNNLYNKVKRALGSNAMEDGKGCF

ELYHKCDDQCMETIRNGTYNRRKYKEESRLERQKIEGVKLESEGTYKILTIYSTVASSLVIAMGFAAF

LFWAMSNGSCRCNICI 
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6.1.2. Full length HA of P1 

Nucleotide sequence: 

ATGGAAGCAATACCACTAATAACTATACTACTAGTAGTAACAGCAAGCAATGCAGACAAAATCTGCAT

CGGCTACCAATCAACAAACTCCACAGAAACCGTAGACACGCTAACAGAAAACAATGTTCCTGTGACAC

ATGCCAAAGAATTGCTCCACACAGAGCACAATGGGATGCTGTGTGCAACAAATCTGGGACGTCCTCTT

ATTCTAGACACTTGCACCATTGAAGGACTGATCTATGGCAACCCTTCTTGTGATCTACTGTTGGGAGG

AAGAGAATGGTCCTACATCGTCGAAAGACCATCGGCTGTTAATGGAATGTGTTACCCCGGGAATGTAG

AAAACCTAGAGGAACTAAGGTCATTTTTTAGTTCTGCTAGTTCCTACCAAAGAATCCAGATCTTTCCA

GACACAATCTGGAATGTGTCTTACAGTGGAACAAGCAAAGCATGTTCAGATTCATTCTACAGGAGCAT

GAGATGGTTGACTCAAAAGAACAACGCTTACCCTATTCAAGACGCCCAATACACAAATAATAGAGGAA

AGAGCATTCTTTTCATGTGGGGCATAAATCACCCACCTACCGATACTGTACAGACAAATCTGTACACA

AGGACTGACACAACAACAAGTGTGGCAACAGAAGATATAAATAGGACCTTCAAACCAGTGATAGGGCC

AAGGCCCCTTGTCAATGGTCAGCAGGGAAGAATTGATTATTATTGGTCGGTATTGAAACCAGGTCAGA

CATTGCGAGTAAGATCCAATGGGAATCTAATCGCTCCATGGTATGGGCACATTCTTTCAGGAGAGAGC

CACGGAAGAATCCTGAAGACTGATTTAAACAGTGGTAGCTGTGTAGTGCAATGTCAAACAGAAAGAGG

TGGCTTAAATACTACTTTGCCATTCCACAATGTCAGTAAATATGCATTTGGAAACTGCCCAAAATATG

TTGGAGTAAAGAGTCTCAAACTGGCAGTTGGTCTGAGGAATGTGCCTGCTAGATCAAGTAGAGGACTA

TTTGGGGCCATAGCTGGATTCATAGAGGGAGGTTGGTCAGGGCTGGTCGCTGGTTGGTATGGGTTCCA

GCATTCAAATGATCAAGGGGTTGGTATAGCTGCAGATAGAGACTCAACTCAAAGGGCAATTGACAAAA

TAACGTCCAAAGTGAATAATATAGTCGATAAAATGAACAAGCAATATGAAATTATTGATCATGAATTC

AGCGAGGTTGAAAATAGACTCAATATGATCAATAATAAGATTGATGACCAGATACAAGACATATGGGC

ATATAACGCTGAATTGCTAGTGCTGCTTGAAAACCAGAAAACACTCGATGAGCATGATGCGAATGTAA

ACAATCTATATAACAAAGTGAAGAGGGCACTGGGTTCCAATGCAATGGAAGATGGGAAAGGATGTTTC

GAGCTATACCATAAATGTGATGATCAGTGCATGGAGACAATTCGGAACGGGACCTATAACAGGAGGAA

GTATAAAGAGGAATCAAGACTAGAAAGACAGAAAATAGAAGGGGTCAAGCTGGAATCTGAAGGAACTT

ACAAAATCCTCACCATTTATTCGACTGTCGCCTCATCTCTTGTGATTGCAATGGGGTTTGCTGCCTTC

TTGTTCTGGGCCATGTCCAATGGATCTTGCAGATGCAACATTTGTATATAA 

Amino acid sequence: 

MEAIPLITILLVVTASNADKICIGYQSTNSTETVDTLTENNVPVTHAKELLHTEHNGMLCATNLGRPL

ILDTCTIEGLIYGNPSCDLLLGGREWSYIVERPSAVNGMCYPGNVENLEELRSFFSSASSYQRIQIFP

DTIWNVSYSGTSKACSDSFYRSMRWLTQKNNAYPIQDAQYTNNRGKSILFMWGINHPPTDTVQTNLYT

RTDTTTSVATEDINRTFKPVIGPRPLVNGQQGRIDYYWSVLKPGQTLRVRSNGNLIAPWYGHILSGES

HGRILKTDLNSGSCVVQCQTERGGLNTTLPFHNVSKYAFGNCPKYVGVKSLKLAVGLRNVPARSSRGL

FGAIAGFIEGGWSGLVAGWYGFQHSNDQGVGIAADRDSTQRAIDKITSKVNNIVDKMNKQYEIIDHEF

SEVENRLNMINNKIDDQIQDIWAYNAELLVLLENQKTLDEHDANVNNLYNKVKRALGSNAMEDGKGCF

ELYHKCDDQCMETIRNGTYNRRKYKEESRLERQKIEGVKLESEGTYKILTIYSTVASSLVIAMGFAAF

LFWAMSNGSCRCNICI 
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6.1.3. Full length HA of P2 

Nucleotide sequence: 

ATGGAAGCAATACCACTAATAACTATACTACTAGTAGTAACAGCAAGCAATGCAGACAAAATCTGCAT

CGGCTACCAATCAACAAACTCCACAGAAACCGTAGACACGCTAACAGAAAACAATGTTCCTGTGACAC

ATGCCAAAGAATTGCTCCACACAGAGCACAATGGGATGCTGTGTGCAACAAATCTGGGACGTCCTCTT

ATTCTAGACACTTGCACCATTGAAGGACTGATCTATGGCAACCCTTCTTGTGATCTACTGTTGGGAGG

AAGAGAATGGTCCTACATCGTCGAAAGACCATCGGCTGTTAATGGAATGTGTTACCCCGGGAATGTAG

AAAACCTAGAGGAACTAAGGTCATTTTTTAGTTCTGCTAGTTCCTACCAAAGAATCCAGATCTTTCCA

GACACAATCTGGAATGTGTCTTACAGTGGAACAAGCAAAGCATGTTCAGATTCATTCTACAGGAGCAT

GAGATGGTTGACTCAAAAGAACAACGCTTACCCTATTCAAGACGCCCAATACACAAATAATAGAGGAA

AGAGCATTCTTTTCATGTGGGGCATAAATCACCCACCTACCGATACTGTACAGACAAATCTGTACACA

AGGACTGACACAACAACAAGTGTGGCAACAGAAGATATAAATAGGACCTTCAAACCAGTGATAGGGCC

AAGGCCCCTTGTCAATGGTCAGCAGGGAAGAATTGATTATTATTGGTCGGTATTGAAACCAGGTCAGA

CATTGCGAGTAAGATCCAATGGGAATCTAATCGCTCCATGGTATGGGCACATTCTTTCAGGAGAGAGC

CACGGAAGAATCCTGAAGACTGATTTAAACAGTGGTAGCTGTGTAGTGCAATGTCAAACAGAAAGAGG

TGGCTTAAATACTACTTTGCCATTCCACAATGTCAGTAAATATGCATTTGGAAACTGCCCAAAATATG

TTGGAGTAAAGAGTCTCAAACTGGCAGTTGGTCTGAGGAATGTGCCTGCTAGATCAAGTAGAGGACTA

TTTGGGGCCATAGCTGGATTCATAGAGGGAGGTTGGTCAGGGCTGGTCGCTGGTTGGTATGGGTTCCA

GCATTCAAATGATCAAGGGGTTGGTATAGCTGCAGATAGAGACTCAACTCAAAGGGCAATTGACAAAA

TAACGTCCAAAGTGAATAATATAGTCGATAAAATGAACAAGCAATATGAAATTATTGATCATGAATTC

AGCGAGGTTGAAAATAGACTCAATATGATCAATAATAAGATTGATGACCAGATACAAGACATATGGGC

ATATAACGCTGAATTGCTAGTGCTGCTTGAAAACCAGAAAACACTCGATGAGCATGATGCGAATGTAA

ACAATCTATATAACAAAGTGAAGAGGGCACTGGGTTCCAATGCAATGGAAGATGGGAAAGGATGTTTC

GAGCTATACCATAAATGTGATGATCAGTGCATGGAGACAATTCGGAACGGGACCTATAACAGGAGGAA

GTATAAAGAGGAATCAAGACTAGAAAGACAGAAAATAGAAGGGGTCAAGCTGGAATCTGAAGGAACTT

ACAAAATCCTCACCATTTATTCGACTGTCGCCTCATCTCTTGTGATTGCAATGGGGTTTGCTGCCTTC

TTGTTCTGGGCCATGTCCAATGGATCTTGCAGATGCAACATTTGTATATAA 

Amino acid sequence: 

MEAIPLITILLVVTASNADKICIGYQSTNSTETVDTLTENNVPVTHAKELLHTEHNGMLCATNLGRPL

ILDTCTIEGLIYGNPSCDLLLGGREWSYIVERPSAVNGMCYPGNVENLEELRSFFSSASSYQRIQIFP

DTIWNVSYSGTSKACSDSFYRSMRWLTQKNNAYPIQDAQYTNNRGKSILFMWGINHPPTDTVQTNLYT

RTDTTTSVATEDINRTFKPVIGPRPLVNGQQGRIDYYWSVLKPGQTLRVRSNGNLIAPWYGHILSGES

HGRILKTDLNSGSCVVQCQTERGGLNTTLPFHNVSKYAFGNCPKYVGVKSLKLAVGLRNVPARSSRGL

FGAIAGFIEGGWSGLVAGWYGFQHSNDQGVGIAADRDSTQRAIDKITSKVNNIVDKMNKQYEIIDHEF

SEVENRLNMINNKIDDQIQDIWAYNAELLVLLENQKTLDEHDANVNNLYNKVKRALGSNAMEDGKGCF

ELYHKCDDQCMETIRNGTYNRRKYKEESRLERQKIEGVKLESEGTYKILTIYSTVASSLVIAMGFAAF

LFWAMSNGSCRCNICI 
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6.1.4. Full length HA of P3 

Nucleotide sequence: 

ATGGAAGCAATACCACTAATAACTATACTACTAGTAGTAACAGCAAGCAATGCAGACAAAATCTGCAT

CGGCTACCAATCAACAAACTCCACAGAAACCGTAGACACGCTAACAGAAAACAATGTTCCTGTGACAC

ATGCCAAAGAATTGCTCCACACAGAGCACAATGGGATGCTGTGTGCAACAAATCTGGGACGTCCTCTT

ATTCTAGACACTTGCACCATTGAAGGACTGATCTATGGCAACCCTTCTTGTGATCTACTGTTGGGAGG

AAGAGAATGGTCCTACATCGTCGAAAGACCATCGGCTGTTAATGGAATGTGTTACCCCGGGAATGTAG

AAAACCTAGAGGAACTAAGGTCATTTTTTAGTTCTGCTAGTTCCTACCAAAGAATCCAGATCTTTCCA

GACACAATCTGGAATGTGTCTTACAGTGGAACAAGCAAAGCATGTTCAGATTCATTCTACAGGAGCAT

GAGATGGTTGACTCAAAAGAACAACGCTTACCCTATTCAAGACGCCCAATACACAAATAATAGAGGAA

AGAGCATTCTTTTCATGTGGGGCATAAATCACCCACCTACCGATACTGTACAGACAAATCTGTACACA

AGGACTGACACAACAACAAGTGTGGCAACAGAAGATATAAATAGGATCTTCAAACCAGTGATAGGGCC

AAGGCCCCTTGTCAATGGTCAGCAGGGAAGAATTGATTATTATTGGTCGGTATTGAAACCAGGTCAGA

CATTGCGAGTAAGATCCAATGGGAATCTAATCGCTCCATGGTATGGGCACATTCTTTCAGGAGAGAGC

CACGGAAGAATCCTGAAGACTGATTTAAACAGTGGTAGCTGTGTAGTGCAATGTCAAACAGAAAGAGG

TGGCTTAAATACTACTTTGCCATTCCACAATGTCAGTAAATATGCATTTGGAAACTGCCCAAAATATG

TTGGAGTAAAGAGTCTCAAACTGGCAGTTGGTCTGAGGAATGTGCCTGCTAGATCAAGTAGAGGACTA

TTTGGGGCCATAGCTGGATTCATAGAGGGAGGTTGGTCAGGGCTGGTCGCTGGTTGGTATGGGTTCCA

GCATTCAAATGATCAAGGGGTTGGTATAGCTGCAGATAGAGACTCAACTCAAAGGGCAATTGACAAAA

TAACGTCCAAAGTGAATAATATAGTCGATAAAATGAACAAGCAATATGAAATTATTGATCATGAATTC

AGCGAGGTTGAAAATAGACTCAATATGATCAATAATAAGATTGATGACCAGATACAAGACATATGGGC

ATATAACGCTGAATTGCTAGTGCTGCTTGAAAACCAGAAAACACTCGATGAGCATGATGCGAATGTAA

ACAATCTATATAACAAAGTGAAGAGGGCACTGGGTTCCAATGCAATGGAAGATGGGAAAGGATGTTTC

GAGCTATACCATAAATGTGATGATCAGTGCATGGAGACAATTCGGAACGGGACCTATAACAGGAGGAA

GTATAAAGAGGAATCAAGACTAGAAAGACAGAAAATAGAAGGGGTCAAGCTGGAATCTGAAGGAACTT

ACAAAATCCTCACCATTTATTCGACTGTCGCCTCATCTCTTGTGATTGCAATGGGGTTTGCTGCCTTC

TTGTTCTGGGCCATGTCCAATGGATCTTGCAGATGCAACATTTGTATATAA 

Amino acid sequence: 

MEAIPLITILLVVTASNADKICIGYQSTNSTETVDTLTENNVPVTHAKELLHTEHNGMLCATNLGRPL

ILDTCTIEGLIYGNPSCDLLLGGREWSYIVERPSAVNGMCYPGNVENLEELRSFFSSASSYQRIQIFP

DTIWNVSYSGTSKACSDSFYRSMRWLTQKNNAYPIQDAQYTNNRGKSILFMWGINHPPTDTVQTNLYT

RTDTTTSVATEDINRIFKPVIGPRPLVNGQQGRIDYYWSVLKPGQTLRVRSNGNLIAPWYGHILSGES

HGRILKTDLNSGSCVVQCQTERGGLNTTLPFHNVSKYAFGNCPKYVGVKSLKLAVGLRNVPARSSRGL

FGAIAGFIEGGWSGLVAGWYGFQHSNDQGVGIAADRDSTQRAIDKITSKVNNIVDKMNKQYEIIDHEF

SEVENRLNMINNKIDDQIQDIWAYNAELLVLLENQKTLDEHDANVNNLYNKVKRALGSNAMEDGKGCF

ELYHKCDDQCMETIRNGTYNRRKYKEESRLERQKIEGVKLESEGTYKILTIYSTVASSLVIAMGFAAF

LFWAMSNGSCRCNICI 
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6.1.5. Full length PB2 of P0 

Nucleotide sequence: 

ATGGAGAGAATAAAAGAACTAAGAGATTTGATGTCGCAATCTCGCACTCGCGAGATACTGACAAAAAC

CACTGTGGATCATATGGCCATAATTAAGAAGTACACATCAGGAAGACAGGAGAAGAATCCCGCTCTTA

GAATGAAATGGATGATGGCGATGAAATACCCGATAACAGCTGACAAAAGAATAATGGAGATGATCCCT

GAAAGGAATGAGCAAGGTCAAACTCTTTGGAGCAAAATAAATGACGCTGGGTCAGACAGGGTAATGGT

ATCACCTCTGGCTGTAACGTGGTGGAACAGAAATGGACCAACAACAAGCACAGTCCATTATCCAAAGG

TGTATAAACCCTACTTTGAAAAGGTTGAAAGATTAAAACATGGAACCTTTGGCCCTGTTCATTTCCGG

AATCAAGTCAAAATACGCCGCAGGGTTGACATAAACCCTGGCCATGCAGATCTCAGCGCTAAAGAAGC

ACAAGATGTCATCATGGAGGTCGTTTTCCCAAATGAAGTTGGAGCCAGGATATTGACATCAGAGTCAC

AACTGACAATAACAAAGGAAAAGAGGGAAGAACTCAAGAATTGTAATATTGCTCCTTTAATGGTGGCA

TATATGTTGGAAAGAGAACTGGTTCGTAAGACCAGATTTCTACCAGTGGCTGGTGGAACAAGCAGCGT

ATATATAGAAGTATTGCATCTGACTCAAGGAACCTGCTGGGAGCAGATGTACACACCAGGAGGGGAGG

TAAGAAATGATGATGTTGACCAGAGTTTAATCATTGCTGCTAGGAACATTGTCAGGAGAGCAACAGTA

TCAGCAGACCCATTGGCTTCACTATTGGAAATGTGCCATAGTACACAAATTGGCGGGGTAAGAATGGT

AGACATCCTTAAACAAAACCCAACAGAAGAGCAAGCTGTAGATATATGCAAGGCAGCAATGGGTTTAA

GAATCAGCTCTTCCTTCAGCTTTGGAGGGTTCACTTTCAAAAGAACAAAGGGGTTTTCTGTCAAAAGA

GAGGAAGAAGTGCTTACAGGCAACCTCCAAACATTGAAGATAAAAGTACATGAAGGATATGAGGAATT

CACAATGGTTGGACGAAGAGCAACTGCCATTCTAAGAAAAGCAACCAGAAGGATGATCCAACTGATAG

TTAGCGGGAGGGACGAGGAATCAATTGCTGAGGCAATTATTATAGCAATGGTGTTCTCACAAGAAGAT

TGCATGATAAAGGCAGTCCGAGGTGATTTGAATTTCGTAAACAGAGCAAACCAACGACTGAACCCCAT

GCACCAACTCCTGAGACACTTTCAAAAGGATGCAAAGGTGCTGTTTAAAAACTGGGGAATTGAACCCA

TCGACAATGTCATGGGGATGATTGGAATATTGCCTGACATGACCCCCAGCACGGAAATGTCACTGAGA

GGAGTGAGAGTTAGTAAAATGGGGGTGGATGAGTATTCTAGCACTGAAAGAGTGGTAGTGAGCATTGA

CCGCTTCTTAAGGGTCCGAGATCAGCGAGGAAATGTACTCCTATCCCCTGAAGAAGTTAGTGAAACAC

AGGGAATGGAAAAGTTGACGATAACTTATTCATCGTCTATGATGTGGGAGATTAACGGCCCAGAATCA

GTGCTAGTTAACACATATCAATGGATCATTAGGAATTGGGAGACTGTAAAGATCCAATGGTCCCAAGA

ACCCACCATGCTATACAATAAGATGGAGTTTGAACCATTTCAATCTTTAGTACCAAAGGCTGCCAGAA

GCCAATATAGTGGATTTGTGAGAACGCTATTCCAGCAGATGCGTGATGTTTTGGGAACGTTTGACACT

GTTCAAATAATCAAACTACTACCATTTGCAGCAGCCCCACCTGAACAGAGTAGGATGCAATTTTCTTC

TCTGACTGTGAATGTGAGGGGATCAGGAATGAGAATACTTGTGAGAGGTAACTCCCCTGCGTTTAACT

ACAACAAGACAACTAAGAGGCTTACAATACTCGGGAAGGACGCAGGTGCACTTACAGAGGACCCAGAT

GAAGGAACAGCAGGAGTAGAGTCTGCAGTATTGAGAGGATTTCTAATTCTCGGCAAAGAAGACAAAAG

ATATGGACCAGCATTAAGCATCAATGAACTGAGCAATCTTACGAAAGGGGAGAAAGCTAATGTATTGA

TAGGGCAAGGAGACGTGGTGTTGGTAATGAAACGGAAACGGGACTCTAGCATACTTACTGACAGCCAG

ACAGCGACCAAAAGAATTCGGATGGCCATCAATTAG 

Amino acid sequence: 

MERIKELRDLMSQSRTREILTKTTVDHMAIIKKYTSGRQEKNPALRMKWMMAMKYPITADKRIMEMIP

ERNEQGQTLWSKINDAGSDRVMVSPLAVTWWNRNGPTTSTVHYPKVYKPYFEKVERLKHGTFGPVHFR

NQVKIRRRVDINPGHADLSAKEAQDVIMEVVFPNEVGARILTSESQLTITKEKREELKNCNIAPLMVA

YMLERELVRKTRFLPVAGGTSSVYIEVLHLTQGTCWEQMYTPGGEVRNDDVDQSLIIAARNIVRRATV

SADPLASLLEMCHSTQIGGVRMVDILKQNPTEEQAVDICKAAMGLRISSSFSFGGFTFKRTKGFSVKR

EEEVLTGNLQTLKIKVHEGYEEFTMVGRRATAILRKATRRMIQLIVSGRDEESIAEAIIIAMVFSQED

CMIKAVRGDLNFVNRANQRLNPMHQLLRHFQKDAKVLFKNWGIEPIDNVMGMIGILPDMTPSTEMSLR

GVRVSKMGVDEYSSTERVVVSIDRFLRVRDQRGNVLLSPEEVSETQGMEKLTITYSSSMMWEINGPES

VLVNTYQWIIRNWETVKIQWSQEPTMLYNKMEFEPFQSLVPKAARSQYSGFVRTLFQQMRDVLGTFDT

VQIIKLLPFAAAPPEQSRMQFSSLTVNVRGSGMRILVRGNSPAFNYNKTTKRLTILGKDAGALTEDPD

EGTAGVESAVLRGFLILGKEDKRYGPALSINELSNLTKGEKANVLIGQGDVVLVMKRKRDSSILTDSQ

TATKRIRMAIN 
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6.1.6. Full length PB2 of P1 

Nucleotide sequence: 

ATGGAGAGAATAAAAGAACTAAGAGATTTGATGTCGCAATCTCGCACTCGCGAGATACTGACAAAAAC

CACTGTGGATCATATGGCCATAATTAAGAAGTACACATCAGGAAGACAGGAGAAGAATCCCGCTCTTA

GAATGAAATGGATGATGGCGATGAAATACCCGATAACAGCTGACAAAAGAATAATGGAGATGATCCCT

GAAAGGAATGAGCAAGGTCAAACTCTTTGGAGCAAAATAAATGACGCTGGGTCAGACAGGGTAATGGT

ATCACCTCTGGCTGTAACGTGGTGGAACAGAAATGGACCAACAACAAGCACAGTCCATTATCCAAAGG

TGTATAAACCCTACTTTGAAAAGGTTGAAAGATTAAAACATGGAACCTTTGGCCCTGTTCATTTCCGG

AATCAAGTCAAAATACGCCGCAGGGTTGACATAAACCCTGGCCATGCAGATCTCAGCGCTAAAGAAGC

ACAAGATGTCATCATGGAGGTCGTTTTCCCAAATGAAGTTGGAGCCAGGATATTGACATCAGAGTCAC

AACTGACAATAACAAAGGAAAAGAGGGAAGAACTCAAGAATTGTAATATTGCTCCTTTAATGGTGGCA

TATATGTTGGAAAGAGAACTGGTTCGTAAGACCAGATTTCTACCAGTGGCTGGTGGAACAAGCAGCGT

ATATATAGAAGTATTGCATCTGACTCAAGGAACCTGCTGGGAGCAGATGTACACACCAGGAGGGGAGG

TAAGAAATGATGATGTTGACCAGAGTTTAATCATTGCTGCTAGGAACATTGTCAGGAGAGCAACAGTA

TCAGCAGACCCATTGGCTTCACTATTGGAAATGTGCCATAGTACACAAATTGGCGGGGTAAGAATGGT

AGACATCCTTAAACAAAACCCAACAGAAGAGCAAGCTGTAGATATATGCAAGGCAGCAATGGGTTTAA

GAATCAGCTCTTCCTTCAGCTTTGGAGGGTTCACTTTCAAAAGAACAAAGGGGTTTTCTGTCAAAAGA

GAGGAAGAAGTGCTTACAGGCAACCTCCAAACATTGAAGATAAAAGTACATGAAGGATATGAGGAATT

CACAATGGTTGGACGAAGAGCAACTGCCATTCTAAGAAAAGCAACCAGAAGGATGATCCAACTGATAG

TTAGCGGGAGGGACGAGGAATCAATTGCTGAGGCAATTATTATAGCAATGGTGTTCTCACAAGAAGAT

TGCATGATAAAGGCAGTCCGAGGTGATTTGAATTTCGTAAACAGAGCAAACCAACGACTGAACCCCAT

GCACCAACTCCTGAGACACTTTCAAAAGGATGCAAAGGTGCTGTTTAAAAACTGGGGAATTGAACCCA

TCGACAATGTCATGGGGATGATTGGAATATTGCCTGACATGACCCCCAGCACGGAAATGTCACTGAGA

GGAGTGAGAGTTAGTAAAATGGGGGTGGATGAGTATTCTAGCACTGAAAGAGTGGTAGTGAGCATTGA

CCGCTTCTTAAGGGTCCGAGATCAGCGAGGAAATGTACTCCTATCCCCTGAAGAAGTTAGTGAAACAC

AGGGAATGGAAAAGTTGACGATAACTTATTCATCGTCTATGATGTGGGAGATTAACGGCCCAGAATCA

GTGCTAGTTAACACATATCAATGGATCATTAGGAATTGGGAGACTGTAAAGATCCAATGGTCCCAAGA

ACCCACCATGCTATACAATAAGATGGAGTTTGAACCATTTCAATCTTTAGTACCAAAGGCTGCCAGAA

GCCAATATAGTGGATTTGTGAGAACGCTATTCCAGCAGATGCGTGATGTTTTGGGAACGTTTGACACT

GTTCAAATAATCAAACTACTACCATTTGCAGCAGCCCCACCTGAACAGAGTAGGATGCAATTTTCTTC

TCTGACTGTGAATGTGAGGGGATCAGGAATGAGAATACTTGTGAGAGGTAACTCCCCTGCGTTTAACT

ACAACAAGACAACTAAGAGGCTTACAATACTCGGGAAGGACGCAGGTGCACTTACAGAGGACCCAGAT

GAAGGAACAGCAGGAGTAGAGTCTGCAGTATTGAGAGGATTTCTAATTCTCGGCAAAGAAGACAAAAG

ATATGGACCAGCATTAAGCATCAATGAACTGAGCAATCTTACGAAAGGGGAGAAAGCTAATGTATTGA

TAGGGCAAGGAGACGTGGTGTTGGTAATGAAACGGAAACGGGACTCTAGCATACTTACTGACAGCCAG

ACAGCGACCAAAAGAATTCGGATGGCCATCAATTAG 

Amino acid sequence: 

MERIKELRDLMSQSRTREILTKTTVDHMAIIKKYTSGRQEKNPALRMKWMMAMKYPITADKRIMEMIP

ERNEQGQTLWSKINDAGSDRVMVSPLAVTWWNRNGPTTSTVHYPKVYKPYFEKVERLKHGTFGPVHFR

NQVKIRRRVDINPGHADLSAKEAQDVIMEVVFPNEVGARILTSESQLTITKEKREELKNCNIAPLMVA

YMLERELVRKTRFLPVAGGTSSVYIEVLHLTQGTCWEQMYTPGGEVRNDDVDQSLIIAARNIVRRATV

SADPLASLLEMCHSTQIGGVRMVDILKQNPTEEQAVDICKAAMGLRISSSFSFGGFTFKRTKGFSVKR

EEEVLTGNLQTLKIKVHEGYEEFTMVGRRATAILRKATRRMIQLIVSGRDEESIAEAIIIAMVFSQED

CMIKAVRGDLNFVNRANQRLNPMHQLLRHFQKDAKVLFKNWGIEPIDNVMGMIGILPDMTPSTEMSLR

GVRVSKMGVDEYSSTERVVVSIDRFLRVRDQRGNVLLSPEEVSETQGMEKLTITYSSSMMWEINGPES

VLVNTYQWIIRNWETVKIQWSQEPTMLYNKMEFEPFQSLVPKAARSQYSGFVRTLFQQMRDVLGTFDT

VQIIKLLPFAAAPPEQSRMQFSSLTVNVRGSGMRILVRGNSPAFNYNKTTKRLTILGKDAGALTEDPD

EGTAGVESAVLRGFLILGKEDKRYGPALSINELSNLTKGEKANVLIGQGDVVLVMKRKRDSSILTDSQ

TATKRIRMAIN 
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6.1.7. Full length PB2 of P2 

Nucleotide sequence: 

ATGGAGAGAATAAAAGAACTAAGAGATTTGATGTCGCAATCTCGCACTCGCGAGATACTGACAAAAAC

CACTGTGGATCATATGGCCATAATTAAGAAGTACACATCAGGAAGACAGGAGAAGAATCCCGCTCTTA

GAATGAAATGGATGATGGCGATGAAATACCCGATAACAGCTGACAAAAGAATAATGGAGATGATCCCT

GAAAGGAATGAGCAAGGTCAAACTCTTTGGAGCAAAATAAATGACGCTGGGTCAGACAGGGTAATGGT

ATCACCTCTGGCTGTAACGTGGTGGAACAGAAATGGACCAACAACAAGCACAGTCCATTATCCAAAGG

TGTATAAACCCTACTTTGAAAAGGTTGAAAGATTAAAACATGGAACCTTTGGCCCTGTTCATTTCCGG

AATCAAGTCAAAATACGCCGCAGGGTTGACATAAACCCTGGCCATGCAGATCTCAGCGCTAAAGAAGC

ACAAGATGTCATCATGGAGGTCGTTTTCCCAAATGAAGTTGGAGCCAGGATATTGACATCAGAGTCAC

AACTGACAATAACAAAGGAAAAGAGGGAAGAACTCAAGAATTGTAATATTGCTCCTTTAATGGTGGCA

TATATGTTGGAAAGAGAACTGGTTCGTAAGACCAGATTTCTACCAGTGGCTGGTGGAACAAGCAGCGT

ATATATAGAAGTATTGCATCTGACTCAAGGAACCTGCTGGGAGCAGATGTACACACCAGGAGGGGAGG

TAAGAAATGATGATGTTGACCAGAGTTTAATCATTGCTGCTAGGAACATTGTCAGGAGAGCAACAGTA

TCAGCAGACCCATTGGCTTCACTATTGGAAATGTGCCATAGTACACAAATTGGCGGGGTAAGAATGGT

AGACATCCTTAAACAAAACCCAACAGAAGAGCAAGCTGTAGATATATGCAAGGCAGCAATGGGTTTAA

GAATCAGCTCTTCCTTCAGCTTTGGAGGGTTCACTTTCAAAAGAACAAAGGGGTTTTCTGTCAAAAGA

GAGGAAGAAGTGCTTACAGGCAACCTCCAAACATTGAAGATAAAAGTACATGAAGGATATGAGGAATT

CACAATGGTTGGACGAAGAGCAACTGCCATTCTAAGAAAAGCAACCAGAAGGATGATCCAACTGATAG

TTAGCGGGAGGGACGAGGAATCAATTGCTGAGGCAATTATTATAGCAATGGTGTTCTCACAAGAAGAT

TGCATGATAAAGGCAGTCCGAGGTGATTTGAATTTCGTAAACAGAGCAAACCAACGACTGAACCCCAT

GCACCAACTCCTGAGACACTTTCAAAAGGATGCAAAGGTGCTGTTTAAAAACTGGGGAATTGAACCCA

TCGACAATGTCATGGGGATGATTGGAATATTGCCTGACATGACCCCCAGCACGGAAATGTCACTGAGA

GGAGTGAGAGTTAGTAAAATGGGGGTGGATGAGTATTCTAGCACTGAAAGAGTGGTAGTGAGCATTGA

CCGCTTCTTAAGGGTCCGAGATCAGCGAGGAAATGTACTCCTATCCCCTGAAGAAGTTAGTGAAACAC

AGGGAATGGAAAAGTTGACGATAACTTATTCATCGTCTATGATGTGGGAGATTAACGGCCCAGAATCA

GTGCTAGTTAACACATATCAATGGATCATTAGGAATTGGGAGACTGTAAAGATCCAATGGTCCCAAGA

ACCCACCATGCTATACAATAAGATGGAGTTTGAACCATTTCAATCTTTAGTACCAAAGGCTGCCAGAA

GCCAATATAGTGGATTTGTGAGAACGCTATTCCAGCAGATGCGTGATGTTTTGGGAACGTTTGACACT

GTTCAAATAATCAAACTACTACCATTTGCAGCAGCCCCACCTGAACAGAGTAGGATGCAATTTTCTTC

TCTGACTGTGAATGTGAGGGGATCAGGAATGAGAATACTTGTGAGAGGTAACTCCCCTGCGTTTAACT

ACAACAAGACAACTAAGAGGCTTACAATACTCGGGAAGGACGCAGGTGCACTTACAGAGGACCCAGAT

GAAGGAACAGCAGGAGTAGAGTCTGCAGTATTGAGAGGATTTCTAATTCTCGGCAAAGAAGACAAAAG

ATATGGACCAGCATTAAGCATCAATGAACTGAGCAATCTTACGAAAGGGGAGAAAGCTAATGTATTGA

TAGGGCAAGGAGACGTGGTGTTGGTAATGAAACGGAAACGGGACTCTAGCATACTTACTGACAGCCAG

ACAGCGACCAAAAGAATTCGGATGGCCATCAATTAG 

Amino acid sequence: 

MERIKELRDLMSQSRTREILTKTTVDHMAIIKKYTSGRQEKNPALRMKWMMAMKYPITADKRIMEMIP

ERNEQGQTLWSKINDAGSDRVMVSPLAVTWWNRNGPTTSTVHYPKVYKPYFEKVERLKHGTFGPVHFR

NQVKIRRRVDINPGHADLSAKEAQDVIMEVVFPNEVGARILTSESQLTITKEKREELKNCNIAPLMVA

YMLERELVRKTRFLPVAGGTSSVYIEVLHLTQGTCWEQMYTPGGEVRNDDVDQSLIIAARNIVRRATV

SADPLASLLEMCHSTQIGGVRMVDILKQNPTEEQAVDICKAAMGLRISSSFSFGGFTFKRTKGFSVKR

EEEVLTGNLQTLKIKVHEGYEEFTMVGRRATAILRKATRRMIQLIVSGRDEESIAEAIIIAMVFSQED

CMIKAVRGDLNFVNRANQRLNPMHQLLRHFQKDAKVLFKNWGIEPIDNVMGMIGILPDMTPSTEMSLR

GVRVSKMGVDEYSSTERVVVSIDRFLRVRDQRGNVLLSPEEVSETQGMEKLTITYSSSMMWEINGPES

VLVNTYQWIIRNWETVKIQWSQEPTMLYNKMEFEPFQSLVPKAARSQYSGFVRTLFQQMRDVLGTFDT

VQIIKLLPFAAAPPEQSRMQFSSLTVNVRGSGMRILVRGNSPAFNYNKTTKRLTILGKDAGALTEDPD

EGTAGVESAVLRGFLILGKEDKRYGPALSINELSNLTKGEKANVLIGQGDVVLVMKRKRDSSILTDSQ

TATKRIRMAIN 
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6.1.8. Full length PB2 of P3 

Nucleotide sequence: 

ATGGAGAGAATAAAAGAACTAAGAGATTTGATGTCGCAATCTCGCACTCGCGAGATACTGACAAAAAC

CACTGTGGATCATATGGCCATAATTAAGAAGTACACATCAGGAAGACAGGAGAAGAATCCCGCTCTTA

GAATGAAATGGATGATGGCGATGAAATACCCGATAACAGCTGACAAAAGAATAATGGAGATGATCCCT

GAAAGGAATGAGCAAGGTCAAACTCTTTGGAGCAAAATAAATGACGCTGGGTCAGACAGGGTAATGGT

ATCACCTCTGGCTGTAACGTGGTGGAACAGAAATGGACCAACAACAAGCACAGTCCATTATCCAAAGG

TGTATAAACCCTACTTTGAAAAGGTTGAAAGATTAAAACATGGAACCTTTGGCCCTGTTCATTTCCGG

AATCAAGTCAAAATACGCCGCAGGGTTGACATAAACCCTGGCCATGCAGATCTCAGCGCTAAAGAAGC

ACAAGATGTCATCATGGAGGTCGTTTTCCCAAATGAAGTTGGAGCCAGGATATTGACATCAGAGTCAC

AACTGACAATAACAAAGGAAAAGAGGGAAGAACTCAAGAATTGTAATATTGCTCCTTTAATGGTGGCA

TATATGTTGGAAAGAGAACTGGTTCGTAAGACCAGATTTCTACCAGTGGCTGGTGGAACAAGCAGCGT

ATATATAGAAGTATTGCATCTGACTCAAGGAACCTGCTGGGAGCAGATGTACACACCAGGAGGGGAGG

TAAGAAATGATGATGTTGACCAGAGTTTAATCATTGCTGCTAGGAACATTGTCAGGAGAGCAACAGTA

TCAGCAGACCCATTGGCTTCACTATTGGAAATGTGCCATAGTACACAAATTGGCGGGGTAAGAATGGT

AGACATCCTTAAACAAAACCCAACAGAAGAGCAAGCTGTAGATATATGCAAGGCAGCAATGGGTTTAA

GAATCAGCTCTTCCTTCAGCTTTGGAGGGTTCACTTTCAAAAGAACAAAGGGGTTTTCTGTCAAAAGA

GAGGAAGAAGTGCTTACAGGCAACCTCCAAACATTGAAGATAAAAGTACATGAAGGATATGAGGAATT

CACAATGGTTGGACGAAGAGCAACTGCCATTCTAAGAAAAGCAACCAGAAGGATGATCCAACTGATAG

TTAGCGGGAGGGACGAGGAATCAATTGCTGAGGCAATTATTATAGCAATGGTGTTCTCACAAGAAGAT

TGCATGATAAAGGCAGTCCGAGGTGATTTGAATTTCGTAAACAGAGCAAACCAACGACTGAACCCCAT

GCACCAACTCCTGAGACACTTTCAAAAGGATGCAAAGGTGCTGTTTAAAAACTGGGGAATTGAACCCA

TCGACAATGTCATGGGGATGATTGGAATATTGCCTGACATGACCCCCAGCACGGAAATGTCACTGAGA

GGAGTGAGAGTTAGTAAAATGGGGGTGGATGAGTATTCTAGCACTGAAAGAGTGGTAGTGAGCATTGA

CCGCTTCTTAAGGGTCCGAGATCAGCGAGGAAATGTACTCCTATCCCCTGAAGAAGTTAGTGAAACAC

AGGGAATGGAAAAGTTGACGATAACTTATTCATCGTCTATGATGTGGGAGATTAACGGCCCAGAATCA

GTGCTAGTTAACACATATCAATGGATCATTAGGAATTGGGAGACTGTAAAGATCCAATGGTCCCAAGA

ACCCACCATGCTATACAATAAGATGGAGTTTGAACCATTTCAATCTTTAGTACCAAAGGCTGCCAGAA

GCCAATATAGTGGATTTGTGAGAACGCTATTCCAGCAGATGCGTGATGTTTTGGGAACGTTTGACACT

GTTCAAATAATCAAACTACTACCATTTGCAGCAGCCCCACCTGAACAGAGTAGGATGCAATTTTCTTC

TCTGACTGTGAATGTGAGGGGATCAGGAATGAGAATACTTGTGAGAGGTAACTCCCCTGCGTTTAACT

ACAACAAGACAACTAAGAGGCTTACAATACTCGGGAAGGACGCAGGTGCACTTACAGAGGACCCAGAT

GAAGGAACAGCAAGAGTAGAGTCTGCAGTATTGAGAGGATTTCTAATTCTCGGCAAAGAAGACAAAAG

ATATGGACCAGCATTAAGCATCAATGAACTGAGCAATCTTACGAAAGGGGAGAAAGCTAATGTATTGA

TAGGGCAAGGAGACGTGGTGTTGGTAATGAAACGGAAACGGGACTCTAGCATACTTACTGACAGCCAG

ACAGCGACCAAAAGAATTCGGATGGCCATCAATTAG 

Amino acid sequence: 

MERIKELRDLMSQSRTREILTKTTVDHMAIIKKYTSGRQEKNPALRMKWMMAMKYPITADKRIMEMIP

ERNEQGQTLWSKINDAGSDRVMVSPLAVTWWNRNGPTTSTVHYPKVYKPYFEKVERLKHGTFGPVHFR

NQVKIRRRVDINPGHADLSAKEAQDVIMEVVFPNEVGARILTSESQLTITKEKREELKNCNIAPLMVA

YMLERELVRKTRFLPVAGGTSSVYIEVLHLTQGTCWEQMYTPGGEVRNDDVDQSLIIAARNIVRRATV

SADPLASLLEMCHSTQIGGVRMVDILKQNPTEEQAVDICKAAMGLRISSSFSFGGFTFKRTKGFSVKR

EEEVLTGNLQTLKIKVHEGYEEFTMVGRRATAILRKATRRMIQLIVSGRDEESIAEAIIIAMVFSQED

CMIKAVRGDLNFVNRANQRLNPMHQLLRHFQKDAKVLFKNWGIEPIDNVMGMIGILPDMTPSTEMSLR

GVRVSKMGVDEYSSTERVVVSIDRFLRVRDQRGNVLLSPEEVSETQGMEKLTITYSSSMMWEINGPES

VLVNTYQWIIRNWETVKIQWSQEPTMLYNKMEFEPFQSLVPKAARSQYSGFVRTLFQQMRDVLGTFDT

VQIIKLLPFAAAPPEQSRMQFSSLTVNVRGSGMRILVRGNSPAFNYNKTTKRLTILGKDAGALTEDPD

EGTARVESAVLRGFLILGKEDKRYGPALSINELSNLTKGEKANVLIGQGDVVLVMKRKRDSSILTDSQ

TATKRIRMAIN 
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6.1.9. Full length NS of P0 

Nucleotide sequence: 

ATGGATTCCAACACTGTGTCAAGCTTCCAGGTAGACTGCTTTCTTTGGCATGTCCGCAAACGATTTGC

AGACCAAGAACTGGGTGATGCCCCATTTCTAGACCGGCTTCGCCGAGATCAGAAGTCCCTGAGAGGAA

GAGGCAGCACTCTTGGTCTGGACATCAGAACCGCCACTCATGAAGGAAAGAATATAGTGGAGCGGATT

CTGGAGGAAGAGTCAGATGAGGCACTTAAAATGACTATTGCTTCAGTGCCAGCTCCACGCTACCTGAC

TGACATGACTCTAGAAGAAATGTCAAGGGATTGGTTAATGCTCATTCCCAAACAGAAAGTGACAGGGT

CCCTTTGCATTAGAATGGACCAAGCAATAGTGGATAAAAACATCACACTGAAAGCAAACTTCAGTGTG

ATTTTCAATCGACTGGAAGCTCTAATACTACTTAGAGCTTTTACAGACGAAGGAGCAATAGTGGGCGA

AATCTTACCATTACCTTCTCTTCCAGGACATACTAATGAGGATGTCAAAAATGCAATTGGGATCCTCA

TCGGAGGATTTGAATGGAATGATAACACAGTTCGAGTCTCTGAAACTCTACAGAGATTCGCTTGGAGA

AGCAGCGATGAGGATGGGAGACCTCCACTCTCTCCAAAGTAG 

Amino acid sequence: 

MDSNTVSSFQVDCFLWHVRKRFADQELGDAPFLDRLRRDQKSLRGRGSTLGLDIRTATHEGKNIVERI

LEEESDEALKMTIASVPAPRYLTDMTLEEMSRDWLMLIPKQKVTGSLCIRMDQAIVDKNITLKANFSV

IFNRLEALILLRAFTDEGAIVGEILPLPSLPGHTNEDVKNAIGILIGGFEWNDNTVRVSETLQRFAWR

SSDEDGRPPLSPK 

 

6.1.10. Full length NS of P1 

Nucleotide sequence: 

ATGGATTCCAACACTGTGTCAAGCTTCCAGGTAGACTGCTTTCTTTGGCATGTCCGCAAACGATTTGC

AGACCAAGAACTGGGTGATGCCCCATTTCTAGACCGGCTTCGCCGAGATCAGAAGTCCCTGAGAGGAA

GAGGCAGCACTCTTGGTCTGGACATCAGAACCGCCACTCATGAAGGAAAGAATATAGTGGAGCGGATT

CTGGAGGAAGAGTCAGATGAGGCACTTAAAATGACTATTGCTTCAGTGCCAGCTCCACGCTACCTGAC

TGACATGACTCTAGAAGAAATGTCAAGGGATTGGTTAATGCTCATTCCCAAACAGAAAGTGACAGGGT

CCCTTTGCATTAGAATGGACCAAGCAATAGTGGATAAAAACATCACACTGAAAGCAAACTTCAGTGTG

ATTTTCAATCGACTGGAAGCTCTAATACTACTTAGAGCTTTTACAGACGAAGGAGCAATAGTGGGCGA

AATCTTACCATTACCTTCTCTTCCAGGACATACTAATGAGGATGTCAAAAATGCAATTGGGATCCTCA

TCGGAGGATTTGAATGGAATGATAACACAGTTCGAGTCTCTGAAACTCTACAGAAATTCGCTTGGAGA

AGCAGCGATGAGGATGGGAGACCTCCACTCTCTCCAAAGTAG 

Amino acid sequence: 

MDSNTVSSFQVDCFLWHVRKRFADQELGDAPFLDRLRRDQKSLRGRGSTLGLDIRTATHEGKNIVERI

LEEESDEALKMTIASVPAPRYLTDMTLEEMSRDWLMLIPKQKVTGSLCIRMDQAIVDKNITLKANFSV

IFNRLEALILLRAFTDEGAIVGEILPLPSLPGHTNEDVKNAIGILIGGFEWNDNTVRVSETLQKFAWR

SSDEDGRPPLSPK 
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6.1.11. Full length NS of P2 

Nucleotide sequence: 

ATGGATTCCAACACTGTGTCAAGCTTCCAGGTAGACTGCTTTCTTTGGCATGTCCGCAAACGATTTGC

AGACCAAGAACTGGGTGATGCCCCATTTCTAGACCGGCTTCGCCGAGATCAGAAGTCCCTGAGAGGAA

GAGGCAGCACTCTTGGTCTGGACATCAGAACCGCCACTCATGAAGGAAAGAATATAGTGGAGCGGATT

CTGGAGGAAGAGTCAGATGAGGCACTTAAAATGACTATTGCTTCAGTGCCAGCTCCACGCTACCTGAC

TGACATGACTCTAGAAGAAATGTCAAGGGATTGGTTAATGCTCATTCCCAAACAGAAAGTGACAGGGT

CCCTTTGCATTAGAATGGACCAAGCAATAGTGGATAAAAACATCACACTGAAAGCAAACTTCAGTGTG

ATTTTCAATCGACTGGAAGCTCTAATACTACTTAGAGCTTTTACAGACGAAGGAGCAATAGTGGGCGA

AATCTTACCATTACCTTCTCTTCCAGGACATACTAATGAGGATGTCAAAAATGCAATTGGGATCCTCA

TCGGAGGATTTGAATGGAATGATAACACAGTTCGAGTCTCTGAAACTCTACAGAAATTCGCTTGGAGA

AGCAGCGATGAGGATGGGAGACCTCCACTCTCTCCAAAGTAG 

 

Amino acid sequence: 

MDSNTVSSFQVDCFLWHVRKRFADQELGDAPFLDRLRRDQKSLRGRGSTLGLDIRTATHEGKNIVERI

LEEESDEALKMTIASVPAPRYLTDMTLEEMSRDWLMLIPKQKVTGSLCIRMDQAIVDKNITLKANFSV

IFNRLEALILLRAFTDEGAIVGEILPLPSLPGHTNEDVKNAIGILIGGFEWNDNTVRVSETLQKFAWR

SSDEDGRPPLSPK 

 

6.1.12. Full length NS of P3 

Nucleotide sequence: 

ATGGATTCCAACACTGTGTCAAGCTTCCAGGTAGACTGCTTTCTTTGGCATGTCCGCAAACGATTTGC

AGACCAAGAACTGGGTGATGCCCCATTTCTAGACCGGCTTCGCCGAGATCAGAAGTCCCTGAGAGGAA

GAGGCAGCACTCTTGGTCTGGACATCAGAACCGCCACTCATGAAGGAAAGAATATAGTGGAGCGGATT

CTGGAGGAAGAGTCAGATGAGGCACTTAAAATGACTATTGCTTCAGTGCCAGCTCCACGCTACCTGAC

TGACATGACTCTAGAAGAAATGTCAAGGGATTGGTTAATGCTCATTCCCAAACAGAAAGTGACAGGGT

CCCTTTGCATTAGAATGGACCAAGCAATAGTGGATAAAAACATCACACTGAAAGCAAACTTCAGTGTG

ATTTTCAATCGACTGGAAGCTCTAATACTACTTAGAGCTTTTACAGACGAAGGAGCAATAGTGGGCGA

AATCTTACCATTACCTTCTCTTCCAGGACATACTAATGAGGATGTCAAAAATGCAATTGGGATCCTCA

TCGGAGGATTTGAATGGAATGATAACACAGTTCGAGTCTCTGAAACTCTACAGAAATTCGCTTGGAGA

AGCAGCGATGAGGATGGGAGACCTCCACTCTCTCCAAAGTAG 

Amino acid sequence: 

MDSNTVSSFQVDCFLWHVRKRFADQELGDAPFLDRLRRDQKSLRGRGSTLGLDIRTATHEGKNIVERI

LEEESDEALKMTIASVPAPRYLTDMTLEEMSRDWLMLIPKQKVTGSLCIRMDQAIVDKNITLKANFSV

IFNRLEALILLRAFTDEGAIVGEILPLPSLPGHTNEDVKNAIGILIGGFEWNDNTVRVSETLQKFAWR

SSDEDGRPPLSPK 
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6.1.13. Full length HA of H9N2-R66 

Nucleotide sequence: 

ATGGAGACAATATCACTGATAACTATACTACTAGTAGTAACAGCAAGCAATGCAGATAAATTCTGCAT

CGGCCACCAGTCAACAAACTCCACAGAAACTGTGGACACGCTAACAGAAACCAATGTTCCTGTGACAC

ATGCCAAAGAATTGCTCCACACAGAGCACAATGGAATGCTGTGTGCAACAACCCTGGGACATCCCCTC

ATTCTAGACACATGCACTATTGAAGGATTGATCTATGGCAACCCTTCTTGTGACCCGCTGTTGGAAGG

AAGAGAATGGTCCTACATCGTCGAAAGATCATCAGCGGTAAATGGAACGTGTTACCCTGGGAATGTAG

AAAACCTAGAGGAACTCAGGACTCTTTTTAGTTCCGCTCGTTCCTATCAAAGAATCCAAATCTTCCCA

GACACAATCTGGAATGTGACTTATACTGGGACCAGCAAAGCATGTTCAGATTCATTCTACAGGAGTAT

GAGATGGCTGACCCAAAAGAGCGGGGCTTACCCTGTCCAGGACGCCCAATACACAAATAATAGGGGAA

AGAGCATTCTTTTCGTGTGGGGCATACATCATCCACCCACTGATACTGAACAGACAAATTTGTACACA

AGAACCGACACAACAACAAGCGTGATGACAGAAGACTTAAACAGGACTTTCAAACCGGTGATAGGGCC

AAGGCCCCTTGTTAACGGTCAGCTGGGAAGAATTAACTATTATTGGTCAGTATTAAAACCAGGCCAGA

CATTGCGAGTAAGGTCCAATGGGAATCTAATTGCTCCATGGTATGGACACATTCTTTCAGGAGGGAGC

CATGGAAGAATCCTGAAGACCGATTTAAACAGTGGTAATTGCGTAGTGCAATGTCAGACTGAAAAAGG

TGGCTTAAACAGTACGTTGCCATTCCACAATATCAGTAAATATGCATTTGGAACATGCCCCAAATATG

TCAGAGTTAAAAGTCTCAAACTGGCAATCGGTCTGAGGAACGTGCCTGCTAGATCAAGTAGAGGACTA

TTTGGAGCCATTGCTGGATTCATAGAAGGAGGTTGGCCAGGACTAGTCGCTGGTTGGTATGGTTTCCA

GCATTCAAATGATCAAGGGGTTGGTATGGCTGCAGATAGGGATTCAACTCAAAAGGCAATTGATAAAA

TAACATCCAAGGTGAATAATATAATCGACAAGATGAACAAACAATATGAAATTATTGATCATGAATTC

AGTGAGGTTGAAACTAGACTCAATATGATCAATAACAAGATTGATGACCAAATACAAGACGTATGGGC

ATATAATGCAGAGTTGCTAGTACTACTTGAAAATCAGAAAACACTCGATGAGCATGACGCGAACGTGA

ACAATCTATATAACAAGGTGAGGAGGGCACTGGGCTCCAATGCGATGGAAGATGGGAAAGGCTGTTTC

GAGCTATACCATAAATGTGATAACCAATGCATGGAGACAATTCGGAACGGGACCTATAATAGGAGAAA

GTATAAAGAGGAATCAAGACTAGAAAGGCAGAAAATAGAAGGGGTCAAGTTGGAATCTGAGGGAACTT

ACAAAATCCTTACCATTTATTCGACTGTTGCCTCATCTCTTGTACTTGCAATGGGGTTTGCTGCCTTC

TTGTTCTGGGCCATGTCCAATGGGTCTTGCAGGTGCAACATTTGTATATAA 

Amino acid sequence: 

METISLITILLVVTASNADKFCIGHQSTNSTETVDTLTETNVPVTHAKELLHTEHNGMLCATTLGHPL

ILDTCTIEGLIYGNPSCDPLLEGREWSYIVERSSAVNGTCYPGNVENLEELRTLFSSARSYQRIQIFP

DTIWNVTYTGTSKACSDSFYRSMRWLTQKSGAYPVQDAQYTNNRGKSILFVWGIHHPPTDTEQTNLYT

RTDTTTSVMTEDLNRTFKPVIGPRPLVNGQLGRINYYWSVLKPGQTLRVRSNGNLIAPWYGHILSGGS

HGRILKTDLNSGNCVVQCQTEKGGLNSTLPFHNISKYAFGTCPKYVRVKSLKLAIGLRNVPARSSRGL

FGAIAGFIEGGWPGLVAGWYGFQHSNDQGVGMAADRDSTQKAIDKITSKVNNIIDKMNKQYEIIDHEF

SEVETRLNMINNKIDDQIQDVWAYNAELLVLLENQKTLDEHDANVNNLYNKVRRALGSNAMEDGKGCF

ELYHKCDNQCMETIRNGTYNRRKYKEESRLERQKIEGVKLESEGTYKILTIYSTVASSLVLAMGFAAF

LFWAMSNGSCRCNICI 
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6.1.14. Full length HA of HA190 mutant  

Nucleotide sequence: 

ATGGAGACAATATCACTGATAACTATACTACTAGTAGTAACAGCAAGCAATGCAGATAAATTCTGCAT

CGGCCACCAGTCAACAAACTCCACAGAAACTGTGGACACGCTAACAGAAACCAATGTTCCTGTGACAC

ATGCCAAAGAATTGCTCCACACAGAGCACAATGGAATGCTGTGTGCAACAACCCTGGGACATCCCCTC

ATTCTAGACACATGCACTATTGAAGGATTGATCTATGGCAACCCTTCTTGTGACCCGCTGTTGGAAGG

AAGAGAATGGTCCTACATCGTCGAAAGATCATCAGCGGTAAATGGAACGTGTTACCCTGGGAATGTAG

AAAACCTAGAGGAACTCAGGACTCTTTTTAGTTCCGCTCGTTCCTATCAAAGAATCCAAATCTTCCCA

GACACAATCTGGAATGTGACTTATACTGGGACCAGCAAAGCATGTTCAGATTCATTCTACAGGAGTAT

GAGATGGCTGACCCAAAAGAGCGGGGCTTACCCTGTCCAGGACGCCCAATACACAAATAATAGGGGAA

AGAGCATTCTTTTCGTGTGGGGCATACATCATCCACCCACTGATACTGTACAGACAAATTTGTACACA

AGAACCGACACAACAACAAGCGTGATGACAGAAGACTTAAACAGGACTTTCAAACCGGTGATAGGGCC

AAGGCCCCTTGTTAACGGTCAGCTGGGAAGAATTAACTATTATTGGTCAGTATTAAAACCAGGCCAGA

CATTGCGAGTAAGGTCCAATGGGAATCTAATTGCTCCATGGTATGGACACATTCTTTCAGGAGGGAGC

CATGGAAGAATCCTGAAGACCGATTTAAACAGTGGTAATTGCGTAGTGCAATGTCAGACTGAAAAAGG

TGGCTTAAACAGTACGTTGCCATTCCACAATATCAGTAAATATGCATTTGGAACATGCCCCAAATATG

TCAGAGTTAAAAGTCTCAAACTGGCAATCGGTCTGAGGAACGTGCCTGCTAGATCAAGTAGAGGACTA

TTTGGAGCCATTGCTGGATTCATAGAAGGAGGTTGGCCAGGACTAGTCGCTGGTTGGTATGGTTTCCA

GCATTCAAATGATCAAGGGGTTGGTATGGCTGCAGATAGGGATTCAACTCAAAAGGCAATTGATAAAA

TAACATCCAAGGTGAATAATATAATCGACAAGATGAACAAACAATATGAAATTATTGATCATGAATTC

AGTGAGGTTGAAACTAGACTCAATATGATCAATAACAAGATTGATGACCAAATACAAGACGTATGGGC

ATATAATGCAGAGTTGCTAGTACTACTTGAAAATCAGAAAACACTCGATGAGCATGACGCGAACGTGA

ACAATCTATATAACAAGGTGAGGAGGGCACTGGGCTCCAATGCGATGGAAGATGGGAAAGGCTGTTTC

GAGCTATACCATAAATGTGATAACCAATGCATGGAGACAATTCGGAACGGGACCTATAATAGGAGAAA

GTATAAAGAGGAATCAAGACTAGAAAGGCAGAAAATAGAAGGGGTCAAGTTGGAATCTGAGGGAACTT

ACAAAATCCTTACCATTTATTCGACTGTTGCCTCATCTCTTGTACTTGCAATGGGGTTTGCTGCCTTC

TTGTTCTGGGCCATGTCCAATGGGTCTTGCAGGTGCAACATTTGTATATAA 

Amino acid sequence: 

METISLITILLVVTASNADKFCIGHQSTNSTETVDTLTETNVPVTHAKELLHTEHNGMLCATTLGHPL

ILDTCTIEGLIYGNPSCDPLLEGREWSYIVERSSAVNGTCYPGNVENLEELRTLFSSARSYQRIQIFP

DTIWNVTYTGTSKACSDSFYRSMRWLTQKSGAYPVQDAQYTNNRGKSILFVWGIHHPPTDTVQTNLYT

RTDTTTSVMTEDLNRTFKPVIGPRPLVNGQLGRINYYWSVLKPGQTLRVRSNGNLIAPWYGHILSGGS

HGRILKTDLNSGNCVVQCQTEKGGLNSTLPFHNISKYAFGTCPKYVRVKSLKLAIGLRNVPARSSRGL

FGAIAGFIEGGWPGLVAGWYGFQHSNDQGVGMAADRDSTQKAIDKITSKVNNIIDKMNKQYEIIDHEF

SEVETRLNMINNKIDDQIQDVWAYNAELLVLLENQKTLDEHDANVNNLYNKVRRALGSNAMEDGKGCF

ELYHKCDNQCMETIRNGTYNRRKYKEESRLERQKIEGVKLESEGTYKILTIYSTVASSLVLAMGFAAF

LFWAMSNGSCRCNICI 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  - 107 -  Appendix 

 

6.1.15. Full length HA of HA212 mutant 

Nucleotide sequence: 

ATGGAGACAATATCACTGATAACTATACTACTAGTAGTAACAGCAAGCAATGCAGATAAATTCTGCAT

CGGCCACCAGTCAACAAACTCCACAGAAACTGTGGACACGCTAACAGAAACCAATGTTCCTGTGACAC

ATGCCAAAGAATTGCTCCACACAGAGCACAATGGAATGCTGTGTGCAACAACCCTGGGACATCCCCTC

ATTCTAGACACATGCACTATTGAAGGATTGATCTATGGCAACCCTTCTTGTGACCCGCTGTTGGAAGG

AAGAGAATGGTCCTACATCGTCGAAAGATCATCAGCGGTAAATGGAACGTGTTACCCTGGGAATGTAG

AAAACCTAGAGGAACTCAGGACTCTTTTTAGTTCCGCTCGTTCCTATCAAAGAATCCAAATCTTCCCA

GACACAATCTGGAATGTGACTTATACTGGGACCAGCAAAGCATGTTCAGATTCATTCTACAGGAGTAT

GAGATGGCTGACCCAAAAGAGCGGGGCTTACCCTGTCCAGGACGCCCAATACACAAATAATAGGGGAA

AGAGCATTCTTTTCGTGTGGGGCATACATCATCCACCCACTGATACTGAACAGACAAATTTGTACACA

AGAACCGACACAACAACAAGCGTGATGACAGAAGACTTAAACAGGATCTTCAAACCGGTGATAGGGCC

AAGGCCCCTTGTTAACGGTCAGCTGGGAAGAATTAACTATTATTGGTCAGTATTAAAACCAGGCCAGA

CATTGCGAGTAAGGTCCAATGGGAATCTAATTGCTCCATGGTATGGACACATTCTTTCAGGAGGGAGC

CATGGAAGAATCCTGAAGACCGATTTAAACAGTGGTAATTGCGTAGTGCAATGTCAGACTGAAAAAGG

TGGCTTAAACAGTACGTTGCCATTCCACAATATCAGTAAATATGCATTTGGAACATGCCCCAAATATG

TCAGAGTTAAAAGTCTCAAACTGGCAATCGGTCTGAGGAACGTGCCTGCTAGATCAAGTAGAGGACTA

TTTGGAGCCATTGCTGGATTCATAGAAGGAGGTTGGCCAGGACTAGTCGCTGGTTGGTATGGTTTCCA

GCATTCAAATGATCAAGGGGTTGGTATGGCTGCAGATAGGGATTCAACTCAAAAGGCAATTGATAAAA

TAACATCCAAGGTGAATAATATAATCGACAAGATGAACAAACAATATGAAATTATTGATCATGAATTC

AGTGAGGTTGAAACTAGACTCAATATGATCAATAACAAGATTGATGACCAAATACAAGACGTATGGGC

ATATAATGCAGAGTTGCTAGTACTACTTGAAAATCAGAAAACACTCGATGAGCATGACGCGAACGTGA

ACAATCTATATAACAAGGTGAGGAGGGCACTGGGCTCCAATGCGATGGAAGATGGGAAAGGCTGTTTC

GAGCTATACCATAAATGTGATAACCAATGCATGGAGACAATTCGGAACGGGACCTATAATAGGAGAAA

GTATAAAGAGGAATCAAGACTAGAAAGGCAGAAAATAGAAGGGGTCAAGTTGGAATCTGAGGGAACTT

ACAAAATCCTTACCATTTATTCGACTGTTGCCTCATCTCTTGTACTTGCAATGGGGTTTGCTGCCTTC

TTGTTCTGGGCCATGTCCAATGGGTCTTGCAGGTGCAACATTTGTATATAA 

Amino acid sequence: 

METISLITILLVVTASNADKFCIGHQSTNSTETVDTLTETNVPVTHAKELLHTEHNGMLCATTLGHPL

ILDTCTIEGLIYGNPSCDPLLEGREWSYIVERSSAVNGTCYPGNVENLEELRTLFSSARSYQRIQIFP

DTIWNVTYTGTSKACSDSFYRSMRWLTQKSGAYPVQDAQYTNNRGKSILFVWGIHHPPTDTEQTNLYT

RTDTTTSVMTEDLNRIFKPVIGPRPLVNGQLGRINYYWSVLKPGQTLRVRSNGNLIAPWYGHILSGGS

HGRILKTDLNSGNCVVQCQTEKGGLNSTLPFHNISKYAFGTCPKYVRVKSLKLAIGLRNVPARSSRGL

FGAIAGFIEGGWPGLVAGWYGFQHSNDQGVGMAADRDSTQKAIDKITSKVNNIIDKMNKQYEIIDHEF

SEVETRLNMINNKIDDQIQDVWAYNAELLVLLENQKTLDEHDANVNNLYNKVRRALGSNAMEDGKGCF

ELYHKCDNQCMETIRNGTYNRRKYKEESRLERQKIEGVKLESEGTYKILTIYSTVASSLVLAMGFAAF

LFWAMSNGSCRCNICI 
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6.1.16. Full length PB2 of H9N2-R66 

Nucleotide sequence: 

ATGGAGAGAATAAAAGAACTTAGAAACTTGATGTCACAATCTCGCACTCGCGAGATACTGACAAAAAC

CACTGTGGACCATATGGCCATAATCAAGAAATACACATCGGGGAGGCAGGAGAAGAACCCTGCACTCA

GAATGAAATGGATGATGGCAATGAAGTATCCGATTACAGCAAACAAAAGGATAATGGAAATGATTCCT

GAGAGAAATGAGCAGGGTCAAACTCTTTGGAGCAAAACAAATGATGCCGGATCAGACAGAGTGATGGT

ATCACCCCTGGCTGTGACGTGGTGGAACAGGAATGGACCAACAACAAGTACCGTTCATTATCCAAAGG

TCTATAAAACCTACTTTGAAAAAGTTGAAAGGTTAAAACATGGAACCTTTGGCCCAGTCCACTTCCGA

AATCAAGTTAAGATACGTCGCAGGGTTGACGTAAACCCGGGCCATGCAGACCTCAGTGCCAAAGAAGC

ACAAGATGTCATCATGGAGGTCGTTTTCCCAAATGAAGTGGGAGCCAGGATACTGACATCAGAGTCAC

AATTAACAATAACAAAGGAGAAGAAGGAGGAACTCCAGGACTGTAAGATTGCTCCTTTAATGGCGGCA

TACATGTTGGAAAGAGAGCTGGTTCGCAAGACCAGATTCCTACCAGTTGCCGGCGGGACAAGCAGCGT

ATATATCGAGGTATTACATTTGACTCAAGGAACCTGCTGGGAACAAATGTACACCCCAGGAGGGGAAG

TGAGAAATGATGATGTTGACCAGAGTTTGATCATTGCTGCCAGAAGCATTGTTAGGAGGGCAACAGTA

TCAGCGGATCCACTGGCTTCACTTTTGGAAATGTGCCATAGTACACAAATTGGCGGGATAAGAATGGT

GGACATCCTTAGACAAAACCCAACTGAAGAGCAAGCTGTGGATATATGCAAGGCAGCAATGGGTCTAA

GAATCAGTTCATCCTTCAGCTTTGGAGGTTTCACTTTCAAAAGAACAAGTGGGTCGTCTGTCAAGAGA

GAGGAAGAAATGCTCACTGGCAACCTTCAAACATTGAAAATGAGAGTACACGAAGGATATGAGGAATT

CACAATGGTTGGGCGGAGAGCAACAGCCATTCTAAGGAAAGCAACCAGAAGGCTGATTCAACTGATAG

TTAGTGGGAGAGACGAACAATCAATCGCTGAAGCGATTATAGTAGCGATGGTGTTCTCACAGGAGGAC

TGTATGATAAGGGCCGTTAGGGGCGATTTGAATTTCGTGAACAGAGCGAACCAACGGCTGAACCCCAT

GCACCAACTTCTGAGGCACTTCCAGAAGGATGCAAAAGTGTTGTTTCAAAATTGGGGGATTGAGCCCA

TCGACAATGTCATGGGGATGATCGGGATACTGCCTGACATGACTCCCAGTACAGAGATGTCACTGAGA

GGAGTGAGAGTCAGCAAAATGGGAGTGGATGAATATTCCAGCACTGAGAGAGTGGTCGTGAGCATCGA

TCGTTTTCTAAGGGTCCGAGATCAGAGGGGAAACGTGCTCTTATCTCCGGAAGAAGTTAGTGAAACAC

AAGGAACAGAAAAATTGACGATAACATACTCATCGTCCATGATGTGGGAGATCAACGGGCCGGAGTCG

GTACTAGTCAACACATATCAGTGGATCATTAGGAATTGGGAAACTGTAAAAATCCAATGGTCCCAAGA

CCCCGCAATACTATACAATAAAATGGAATTTGAGCCTTTCCAATCCTTGGTGCCCAAGGCTGCCAGGA

GCCAGTATAGTGGGTTTGTGAGAACACTATTCCAGCAAATGCGTGATGTATTAGGAACATTTGATACA

GTTCAGATAATAAAACTACTACCGTTTGCAGCAGCCCCTCCGGAGCAGAGTAGAATGCAATTTTCCTC

TTTAACTGTGAATGTGAGGGGCTCAGGAATGAGAATACTTGTGAGAGGTAATTCCCCTGTTTTTAATT

ACAACAAGGCAACCAAAAGGCTTACAGTTCTCGGGAAGGATGCAGGTACACTGGCAGAAGACCCAGAT

GAGGGGACAGCAGGAGTGGAATCTGCAGTGTTAAGAGGGTTCTTAATTCTAGGCAAAGAAGACAAAAG

ATATGGACCAGCATTGAGCATCAATGAATTGAGCAATCTTGCAAAGGGGGAGAAGGCTAATGTGTTGA

TAGGGCAAGGAGACGTGGTGTTGGTAATGAAACGGAAACGGGACTCTAGCATACTTACTGACAGCCAG

ACAGCGACCAAAAGAATTCGGATGGCCATCAATTAG 

Amino acid sequence: 

MERIKELRNLMSQSRTREILTKTTVDHMAIIKKYTSGRQEKNPALRMKWMMAMKYPITANKRIMEMIP

ERNEQGQTLWSKTNDAGSDRVMVSPLAVTWWNRNGPTTSTVHYPKVYKTYFEKVERLKHGTFGPVHFR

NQVKIRRRVDVNPGHADLSAKEAQDVIMEVVFPNEVGARILTSESQLTITKEKKEELQDCKIAPLMAA

YMLERELVRKTRFLPVAGGTSSVYIEVLHLTQGTCWEQMYTPGGEVRNDDVDQSLIIAARSIVRRATV

SADPLASLLEMCHSTQIGGIRMVDILRQNPTEEQAVDICKAAMGLRISSSFSFGGFTFKRTSGSSVKR

EEEMLTGNLQTLKMRVHEGYEEFTMVGRRATAILRKATRRLIQLIVSGRDEQSIAEAIIVAMVFSQED

CMIRAVRGDLNFVNRANQRLNPMHQLLRHFQKDAKVLFQNWGIEPIDNVMGMIGILPDMTPSTEMSLR

GVRVSKMGVDEYSSTERVVVSIDRFLRVRDQRGNVLLSPEEVSETQGTEKLTITYSSSMMWEINGPES

VLVNTYQWIIRNWETVKIQWSQDPAILYNKMEFEPFQSLVPKAARSQYSGFVRTLFQQMRDVLGTFDT

VQIIKLLPFAAAPPEQSRMQFSSLTVNVRGSGMRILVRGNSPVFNYNKATKRLTVLGKDAGTLAEDPD

EGTAGVESAVLRGFLILGKEDKRYGPALSINELSNLAKGEKANVLIGQGDVVLVMKRKRDSSILTDSQ

TATKRIRMAIN 
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6.1.17. Full length PB2 of PB2685 mutant 

Nucleotide sequence: 

ATGGAGAGAATAAAAGAACTTAGAAACTTGATGTCACAATCTCGCACTCGCGAGATACTGACAAAAAC

CACTGTGGACCATATGGCCATAATCAAGAAATACACATCGGGGAGGCAGGAGAAGAACCCTGCACTCA

GAATGAAATGGATGATGGCAATGAAGTATCCGATTACAGCAAACAAAAGGATAATGGAAATGATTCCT

GAGAGAAATGAGCAGGGTCAAACTCTTTGGAGCAAAACAAATGATGCCGGATCAGACAGAGTGATGGT

ATCACCCCTGGCTGTGACGTGGTGGAACAGGAATGGACCAACAACAAGTACCGTTCATTATCCAAAGG

TCTATAAAACCTACTTTGAAAAAGTTGAAAGGTTAAAACATGGAACCTTTGGCCCAGTCCACTTCCGA

AATCAAGTTAAGATACGTCGCAGGGTTGACGTAAACCCGGGCCATGCAGACCTCAGTGCCAAAGAAGC

ACAAGATGTCATCATGGAGGTCGTTTTCCCAAATGAAGTGGGAGCCAGGATACTGACATCAGAGTCAC

AATTAACAATAACAAAGGAGAAGAAGGAGGAACTCCAGGACTGTAAGATTGCTCCTTTAATGGCGGCA

TACATGTTGGAAAGAGAGCTGGTTCGCAAGACCAGATTCCTACCAGTTGCCGGCGGGACAAGCAGCGT

ATATATCGAGGTATTACATTTGACTCAAGGAACCTGCTGGGAACAAATGTACACCCCAGGAGGGGAAG

TGAGAAATGATGATGTTGACCAGAGTTTGATCATTGCTGCCAGAAGCATTGTTAGGAGGGCAACAGTA

TCAGCGGATCCACTGGCTTCACTTTTGGAAATGTGCCATAGTACACAAATTGGCGGGATAAGAATGGT

GGACATCCTTAGACAAAACCCAACTGAAGAGCAAGCTGTGGATATATGCAAGGCAGCAATGGGTCTAA

GAATCAGTTCATCCTTCAGCTTTGGAGGTTTCACTTTCAAAAGAACAAGTGGGTCGTCTGTCAAGAGA

GAGGAAGAAATGCTCACTGGCAACCTTCAAACATTGAAAATGAGAGTACACGAAGGATATGAGGAATT

CACAATGGTTGGGCGGAGAGCAACAGCCATTCTAAGGAAAGCAACCAGAAGGCTGATTCAACTGATAG

TTAGTGGGAGAGACGAACAATCAATCGCTGAAGCGATTATAGTAGCGATGGTGTTCTCACAGGAGGAC

TGTATGATAAGGGCCGTTAGGGGCGATTTGAATTTCGTGAACAGAGCGAACCAACGGCTGAACCCCAT

GCACCAACTTCTGAGGCACTTCCAGAAGGATGCAAAAGTGTTGTTTCAAAATTGGGGGATTGAGCCCA

TCGACAATGTCATGGGGATGATCGGGATACTGCCTGACATGACTCCCAGTACAGAGATGTCACTGAGA

GGAGTGAGAGTCAGCAAAATGGGAGTGGATGAATATTCCAGCACTGAGAGAGTGGTCGTGAGCATCGA

TCGTTTTCTAAGGGTCCGAGATCAGAGGGGAAACGTGCTCTTATCTCCGGAAGAAGTTAGTGAAACAC

AAGGAACAGAAAAATTGACGATAACATACTCATCGTCCATGATGTGGGAGATCAACGGGCCGGAGTCG

GTACTAGTCAACACATATCAGTGGATCATTAGGAATTGGGAAACTGTAAAAATCCAATGGTCCCAAGA

CCCCGCAATACTATACAATAAAATGGAATTTGAGCCTTTCCAATCCTTGGTGCCCAAGGCTGCCAGGA

GCCAGTATAGTGGGTTTGTGAGAACACTATTCCAGCAAATGCGTGATGTATTAGGAACATTTGATACA

GTTCAGATAATAAAACTACTACCGTTTGCAGCAGCCCCTCCGGAGCAGAGTAGAATGCAATTTTCCTC

TTTAACTGTGAATGTGAGGGGCTCAGGAATGAGAATACTTGTGAGAGGTAATTCCCCTGTTTTTAATT

ACAACAAGGCAACCAAAAGGCTTACAGTTCTCGGGAAGGATGCAGGTACACTGGCAGAAGACCCAGAT

GAGGGGACAGCAAGAGTGGAATCTGCAGTGTTAAGAGGGTTCTTAATTCTAGGCAAAGAAGACAAAAG

ATATGGACCAGCATTGAGCATCAATGAATTGAGCAATCTTGCAAAGGGGGAGAAGGCTAATGTGTTGA

TAGGGCAAGGAGACGTGGTGTTGGTAATGAAACGGAAACGGGACTCTAGCATACTTACTGACAGCCAG

ACAGCGACCAAAAGAATTCGGATGGCCATCAATTAG 

Amino acid sequence: 

MERIKELRNLMSQSRTREILTKTTVDHMAIIKKYTSGRQEKNPALRMKWMMAMKYPITANKRIMEMIP

ERNEQGQTLWSKTNDAGSDRVMVSPLAVTWWNRNGPTTSTVHYPKVYKTYFEKVERLKHGTFGPVHFR

NQVKIRRRVDVNPGHADLSAKEAQDVIMEVVFPNEVGARILTSESQLTITKEKKEELQDCKIAPLMAA

YMLERELVRKTRFLPVAGGTSSVYIEVLHLTQGTCWEQMYTPGGEVRNDDVDQSLIIAARSIVRRATV

SADPLASLLEMCHSTQIGGIRMVDILRQNPTEEQAVDICKAAMGLRISSSFSFGGFTFKRTSGSSVKR

EEEMLTGNLQTLKMRVHEGYEEFTMVGRRATAILRKATRRLIQLIVSGRDEQSIAEAIIVAMVFSQED

CMIRAVRGDLNFVNRANQRLNPMHQLLRHFQKDAKVLFQNWGIEPIDNVMGMIGILPDMTPSTEMSLR

GVRVSKMGVDEYSSTERVVVSIDRFLRVRDQRGNVLLSPEEVSETQGTEKLTITYSSSMMWEINGPES

VLVNTYQWIIRNWETVKIQWSQDPAILYNKMEFEPFQSLVPKAARSQYSGFVRTLFQQMRDVLGTFDT

VQIIKLLPFAAAPPEQSRMQFSSLTVNVRGSGMRILVRGNSPVFNYNKATKRLTVLGKDAGTLAEDPD

EGTARVESAVLRGFLILGKEDKRYGPALSINELSNLAKGEKANVLIGQGDVVLVMKRKRDSSILTDSQ

TATKRIRMAIN 
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6.1.18. Full length NS of H9N2-R66 

Nucleotide sequence: 

ATGGATTCTAACACTATGTCAAGCTTTCAGGTAGACTGCTTTCTTTGGCATGTCCGCAAACGATTTGC

AGACCAAGAACTGGGTGATGCCCCATTCCTTGACCGGCTTCGCCGAGATCAGAAGTCCTTAAGAGGAA

GGGGCAGCACTCTTGGTCTGGACATCGAAACAGCTACTCGTGTGGGAAAGCAGATAGTAGAGCGGATT

CTGGAGGAAGAATCTGATGAGGCACTTAAAATGACTATTGCTTCTGTGCCGGCTTCACGCTACCTAAG

TGACATGACTCTTGAAGAAATGTCAAGGGACTGGTTCATGCTCATGCCCAAGCAGAAAGTGGCAGGTT

CCCTTTGCATCAGAATGGACCAGGCAATAATGAATAAAACCATCATATTGAAAGCAAACTTCAGTGTG

ATTTTTGACCGGCTGGAAACCTTAATACTACTTAGAGCGTTCACAGAAGAAGGAGCAATTGTGGGAGA

AATCTCACCGTTACCTTCTCTTCCAGGACATACTGATGAGGATGTCAAAAATGCAATTGGGGTCCTCA

TCGGAGGACTTGAGTGGAATGATAACACAGTTCGAGTCTCTGAAACTCTACAGAGATTCGCTTGGAGA

AGCAGTAATGAGGATGGGAGACCTCCACTCCCTCCAAAGCAGAAACGGTAG 

Amino acid sequence: 

MDSNTMSSFQVDCFLWHVRKRFADQELGDAPFLDRLRRDQKSLRGRGSTLGLDIETATRVGKQIVERI

LEEESDEALKMTIASVPASRYLSDMTLEEMSRDWFMLMPKQKVAGSLCIRMDQAIMNKTIILKANFSV

IFDRLETLILLRAFTEEGAIVGEISPLPSLPGHTDEDVKNAIGVLIGGLEWNDNTVRVSETLQRFAWR

SSNEDGRPPLPPKQKR 

 

6.1.19. Full length NS of NS200 mutant 

Nucleotide sequence: 

ATGGATTCTAACACTATGTCAAGCTTTCAGGTAGACTGCTTTCTTTGGCATGTCCGCAAACGATTTGC

AGACCAAGAACTGGGTGATGCCCCATTCCTTGACCGGCTTCGCCGAGATCAGAAGTCCTTAAGAGGAA

GGGGCAGCACTCTTGGTCTGGACATCGAAACAGCTACTCGTGTGGGAAAGCAGATAGTAGAGCGGATT

CTGGAGGAAGAATCTGATGAGGCACTTAAAATGACTATTGCTTCTGTGCCGGCTTCACGCTACCTAAG

TGACATGACTCTTGAAGAAATGTCAAGGGACTGGTTCATGCTCATGCCCAAGCAGAAAGTGGCAGGTT

CCCTTTGCATCAGAATGGACCAGGCAATAATGAATAAAACCATCATATTGAAAGCAAACTTCAGTGTG

ATTTTTGACCGGCTGGAAACCTTAATACTACTTAGAGCGTTCACAGAAGAAGGAGCAATTGTGGGAGA

AATCTCACCGTTACCTTCTCTTCCAGGACATACTGATGAGGATGTCAAAAATGCAATTGGGGTCCTCA

TCGGAGGACTTGAGTGGAATGATAACACAGTTCGAGTCTCTGAAACTCTACAGAAATTCGCTTGGAGA

AGCAGTAATGAGGATGGGAGACCTCCACTCCCTCCAAAGCAGAAACGGTAG 

Amino acid sequence: 

MDSNTMSSFQVDCFLWHVRKRFADQELGDAPFLDRLRRDQKSLRGRGSTLGLDIETATRVGKQIVERI

LEEESDEALKMTIASVPASRYLSDMTLEEMSRDWFMLMPKQKVAGSLCIRMDQAIMNKTIILKANFSV

IFDRLETLILLRAFTEEGAIVGEISPLPSLPGHTDEDVKNAIGVLIGGLEWNDNTVRVSETLQKFAWR

SSNEDGRPPLPPKQKR 
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