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 Introduction 1.

During the last half-century, the poultry industry has grown substantially. The 

productivity of modern poultry flocks has increased in both meat and egg production 

sectors. However, the evolution of intensive poultry industry (chickens and turkeys) is 

associated with difficulties in the control of infectious diseases, which may spread 

readily due to high poultry densities in some regions of the world.  

The poultry industry in Africa faces many problems related to difficulties in control 

and prevention of respiratory diseases. Often, pathogens may not be easily identified 

due to the lack of diagnostic tools. Despite field reports about the incidence of 

respiratory pathogens including infectious bronchitis virus (IBV), avian influenza virus 

(AIV) and avian Metapneumovirus (aMPV) in several African countries, information is 

still missing regarding their involvement in respiratory diseases in Algeria. In order to 

determine if respiratory pathogens such as IBV, AIV, aMPV, Mycoplasma (M.) 

gallisepticum and M. synoviae are also possibly involved in the observed increased 

mortality due to respiratory disease in Algeria, we conducted a field study. Diseased 

chicken and turkey flocks were sampled and investigated for the respective 

pathogens. Multiple respiratory infections were detected in all flocks. Frequently 

observed co-infections of M. gallisepticum, AIV, IBV or aMPV raised the question 

about possible interaction of bacterial and viral pathogens in the avian respiratory 

tract and how this may lead to modifications in the disease outcome compared to 

mono-infections.    

AIV is responsible for disastrous outbreaks in poultry (AKEY 2003; HENZLER et al. 

2003). Depending on virus pathogenicity in chickens, AIV is divided into highly 

pathogenic AIV (HPAIV) and low pathogenic AIV (LPAIV). In gallinaceous birds, 

HPAIV causes systemic infection associated with rapid mortality. Systemic infection 

is related to the multibasic cleavage site of the viral hemagglutinin (HA). Cleavage of 

HA0 by ubiquitous endogenous endoproteases is associated with the systemic 

spread of HPAIV (SUGUITAN et al. 2012). In contrast, infection with LPAIV leads to 

moderate to severe respiratory signs associated with decrease in egg production in 

layers and breeders. The HA0 of LPAIV is cleaved by trypsin-like proteases which 
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are present in a limited number of organs such as the respiratory and intestinal 

tracts. Sporadically, systemic LPAIV infections were described where the virus was 

found in the kidneys, pancreatic epithelium and oviduct. Infection of poultry with 

different influenza A viruses (IAV) was shown to infect the reproductive tract of layer 

hens and may be responsible of major losses in egg production (KILANY et al. 2010; 

MATHIEU et al. 2010). The intimate interaction of LPAIV with the mucosal surface of 

the oviduct is not well characterized. 

Mycoplasmas are the smallest self-replicating eukaryotes. In gallinaceous birds, M. 

gallisepticum is a primary pathogen of the upper respiratory tract. The interaction of 

M. gallisepticum with the respiratory epithelium may cause thickening of the epithelial 

layer and loss of cilia. The infection leads to high morbidity and predisposes the birds 

to viral infections. Nevertheless, it is not known how this bacterium prepares the 

ground for other pathogens including AIV. Attachment of M. gallisepticum to the host 

cell is crucial for its pathogenicity. M. gallisepticum may also infect non-phagocytic 

cells, which was suggested to mediate the M. gallisepticum-transport through the 

respiratory mucosal barrier allowing a systemic infection (WINNER et al. 2000).  

Therefore, mucosal surfaces are the main target for most respiratory pathogens. 

Preliminary results indicate that LPAIV infection of the respiratory tract could also 

spread to other organs and the severity of the disease may be exacerbated in the 

presence of bacterial pathogens including M. gallisepticum. Co-infection of poultry 

with these two pathogens was reported in field outbreaks where severe clinical signs 

and high mortality rates were observed (NILI u. ASASI 2003; ROUSSAN et al. 2015; 

SID et al. 2015). 

The interaction of LPAIV with avian mucosal surfaces has been only partially 

investigated. In previous studies, the mono-infection of tracheal organ cultures with 

respiratory viruses including AIV and avian Metapneumovirus (aMPV) allowed the 

study of different parameters related to the kinetics of infection including virus 

replication and innate immune response. The possible role of type I interferon (IFN) 

during infection was demonstrated (PETERSEN et al. 2013; HARTMANN et al. 

2015). We may speculate that different aspects related to the innate immune 

response could be modulated in the face of co-infecting pathogens. Mono-infections 
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with AIV lead to induction of type I IFN response including IFN-α, which is known to 

be important for the antiviral state in host tissue. Recently IFN type III (IFN-λ) was 

shown to be involved in viral defense against IAV at the trachea and intestinal tract of 

chickens. However, effect of bacterial co-infection on the antiviral response has not 

been elucidated.   

Organ cultures may provide a suitable model for the investigation of host-pathogen 

interactions during co-infections. Tracheal organ cultures (TOC), a well-established 

model for the study of mono-infection with AIV or M. gallisepticum but they were not 

used for co-infection. In addition, oviduct explants were previously used to 

characterize the interaction of coronaviruses with the chicken reproductive tract. 

Though, the host-pathogen interaction of IAV with oviduct explants has not been 

tested. 

The goal of this project was to better understand the host-pathogen interaction at 

epithelial surfaces in cases of mono- and co-infection with AIV or AIV + M. 

gallisepticum, respectively. The following objectives were addressed: 

1. To conduct a field study in Algerian poultry flocks for the detection of possible 

respiratory co-infections.  

2. To study the interaction of M. gallisepticum-AIV at the respiratory epithelium by 

using tracheal organ cultures (TOC) of chickens and turkeys.  

3. To establish magnum organ cultures (MOC) for the investigation of IAV interaction 

with the mucosal surface of the reproductive tract of chickens.  

Our field study in Algeria highlighted the wide distribution of multiple respiratory 

infections. More than 3 respiratory pathogens were frequently detected in affected 

flocks, which probably contributed to high mortality rates. The in vitro studies gave 

new insights into the interaction of AIV with mucosal surfaces and co-infecting M. 

gallisepticum. This included the upper respiratory tract as co-infection and the 

reproductive tract as mono-infection. We showed for the first time that M. 

gallisepticum facilitated subsequent AIV infection by modifying innate immune 

parameters as well as reducing AIV-receptor binding sites. Using MOC, we 

demonstrated for the first time the in vitro efficient replication of LPAIV H9N2, 



2. Literature 

 

4 

associated with significant upregulation of antiviral immune response, specifically 

IFN-λ. On the other hand, pandemic H1N1 swine IAV (pH1N1) showed lower 

replication rate combined with minor changes in IFN expression patterns.  

 Literature  2.

2.1. Influenza A virus (IAV) 

2.1.1. Classification and taxonomy 

Influenza A viruses belong to the family Orthomyxoviridae (from the Greek orthos, 

"straight" and myxo "mucus"). It includes six genera: Influenza A virus, Influenza B 

virus, Influenza C virus, Isavirus, Thogotovirus and Quaranjavirus (PRESTI et al. 

2009). Classification of influenza A viruses (IAV) is based on different antigenic 

properties of the two surface glycoproteins hemagglutinin (HA) and neuraminidase 

(NA). Until 2004, 16 HA and 9 NA antigenic subtypes were distinguished 

(FOUCHIER et al. 2005). In 2012, H17N10 was discovered in fruit bats and more 

recently, the H18N11 was found in a Peruvian bat (TONG et al. 2013).   

2.1.2. Structure and genome 

Viral particles can be either spherical or pleomorphic with a diameter between 80-120 

nm. Occasionally, filamentous forms can be found (CHU et al. 1949). IAV is envelopped 

with projections of three proteins: hemagglutinin (HA), neuraminidase (NA), and 

matrix 2 (M2) (Fig. 1); it has a single-stranded, negative-sense, segmented RNA 

consisting of eight gene segments that encode for eleven viral proteins (CHEUNG u. 

POON 2007) (Table 1).  
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Table 1: Influenza A virus proteins. 

 

Segment           Protein     Function     Reference 

1 Basic polymerase 2 
(PB2) 

Transcription and replication 
 

(HU u. LIU 2014) 

2 

 
Basic polymerase 1 
(PB1) + basic 
polymerase F2 
(PB1-F2) 

 

Transcription and replication 
(CONENELLO u. 
PALESE 2007) 

3 Acidic polymerase 
(PA) 

Transcription and replication (HU u. LIU 2014) 
 

4 Hemagglutinin (HA) 

Binding to the viral receptors 
on host cells and fusion of 
viral and host cell membranes 
upon endocytosis 

 
(RUSSELL et al. 
2013) 
 
 

5 Nucleocapsid 
protein (NP) 

 
Binding to viral RNA and 
formation of ribonucleoprotein 
complexes (RNPs). 

 
(BAUDIN et al. 
1994) 
 
 
 

6 

 
Neuraminidase (NA) 

Cleavage of sialic acids from 
host cells 

(RUSSELL et al. 
2013) 
 
 

7 

Matrix structural 
protein (M1) + ion-
channel protein (M2) 
 

Participates in virus assembly 
and release 

(CHLANDA et al. 
2015) 
 

8 

Nonstructural protein 
(NS1) + nucleic 
export protein (NEP) 

IFN-antagonist, Nuclear 
export of RNPs into the 
cytoplasm 

(WANG et al. 
2000; PATERSON 
u. FODOR 2012) 
 



2. Literature 

 

6 

 

Fig.1. Structure of the influenza A virion. Polymerase basic 2 (PB2), polymerase 

basic 1 (PB1), polymerase acidic (PA) proteins, hemagglutinin (HA), nucleoprotein 

(NP), neuraminidase (NA), matrix protein 1 (M1), ion channel protein (M2), non-

structural 1 (NS1), nuclear export protein (NEP). Negative single stranded RNA (-) ss 

RNA.  

2.1.3. Antigenic variation  

Frequent mutations in the amino-acid sequence of the HA and NA antigenic epitopes 

allow IAV to escape the adaptive immune response. Antigenic drift takes place during 

virus replication and leads to changes of the virus antigenic structure over time 

(WEBSTER et al. 1982). Immune-driven natural selection is thought to originate from 

the human immune response. Series of point mutations that possibly also result in 

amino-acid substitutions, occur in the HA and NA but most frequently in the HA1 

domain of the HA protein since it contains the highest concentration of virus epitopes 

(NELSON u. HOLMES 2007). A single point mutation in the HA of an H3 human virus 

was shown to be responsible for detectable antigenic variation (WILSON et al. 1981). 
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Antigenic shift takes place through genetic reassortment of parental genes originating 

from different viruses infecting the same cell (HINSHAW et al. 1980). Influenza 

pandemics may appear after novel combinations of different HA and NA and possibly 

other segments. The most important antigenic shifts that occurred in  the 20th century 

were responsible for three influenza pandemics: 1918, 1957 and 1968 (NELSON u. 

HOLMES 2007).  

2.1.4. Receptor specificity and replication  

Host cell infection with IAV is initiated by the binding of the virus to the specific viral 

receptors. Avian influenza virus (AIV) preferentially binds to α2-3-linked sialic acids 

(Sias) which are considered avian type receptors (MATROSOVICH et al. 2008) while 

human and swine influenza viruses bind to α2,6-linked Sias which are considered 

human type receptors (MATROSOVICH et al. 2004).  

Chicken, turkeys and quail express both α2-3- and α2-6- linked Sias, which highlights 

their potential intermediate role in viral transmission from aquatic birds to humans 

(GAMBARYAN et al. 2002). 85% of the epithelial cells in the chicken trachea were 

shown to be positive for α2-3-linked Sias, while only 10% were positive for sialic acid 

2,6-Gal receptors (WAN u. PEREZ 2006; PILLAI u. LEE 2010). 

The influenza virus life cycle can be divided into different stages: entry into the host 

cell, which is mediated by the HA protein that binds to host cell receptors and initiates 

endocytosis. The fusion of the viral envelope with the endosome membrane depends 

on proteolytic cleavage of the HA0 protein into HA1 and HA2. Fusion of viral and 

endosomal membranes is triggered by the low pH of the endosome which is around 

5 to 6. Viral ribonucleoproteins (vRNPs) are then uncoated and released into the 

cytoplasm. This step is followed by the active entry of vRNPs into the nucleus where 

transcription and replication of mRNAs takes place. Initiation of RNA synthesis is 

done internally on viral RNA by viral RNA dependent RNA polymerase (RdRp). Viral 

transcription is initiated by the binding of virus RdRp to the 5’ methylated caps of 

cellular mRNAs. The PB2 cleavage of the cellular mRNAs’ 10 to 15 nucleotides 3’ to 

the cap structure is known as ‘’cap-snatching’’ (SAMJI 2009). Progeny vRNPs are 

transported from the nucleus to the cytoplasm for packaging. It is possible to form 
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viral particles that do not contain all vRNPs, but all viral proteins are normally present 

within the lipid bilayer (SAMJI 2009). Budding at the host cell plasma membrane 

gives rise to new viral particles (NAYAK et al. 2004). They are released from the cell 

surface using NA that cleaves the sialic acid residues from the cell surface 

(WAGNER et al. 2002).  

2.1.5. Avian influenza virus (AIV) 

AIVs are divided into low pathogenic AIV (LPAIV) and highly pathogenic AIV 

(HPAIV). Only H5 and H7 AIV subtypes were found to be highly-pathogenic while 

other AIV subtypes and the majority of H5 and H7 subtypes are considered as low-

pathogenic. HPAIV possess multiple basic amino acids at the HA cleavage site 

allowing cleavage by ubiquitous host proteases (STEINHAUER 1999). Hence, 

HPAIV may replicate in cells of different vital organs causing systemic infection and 

acute death (KOBAYASHI et al. 1996).  On the other side, LPAIV contain monobasic 

amino acids at the HA cleavage site which limits the cleavage to organs containing 

trypsin-like enzymes, which are found mainly in epithelia of the intestine and the 

respiratory tract (ALEXANDER 2007). The risk of LPAIV evolving to HPAIV was 

demonstrated based on phylogeographic analysis (MONNE et al. 2014). The most 

commonly detected AIV in poultry are of subtype H5, H7, H9 and H6, while H1 and 

H3 are occasionally detected (FOUCHIER u. MUNSTER 2009).  

Birds of the order Anseriformes (ducks and geese) and Charadriiformes (shorebirds, 

gulls, terns, and ducks) are considered the natural reservoirs of all AIV. All 16 HA 

and 9NA were found in free flying aquatic birds (STALLKNECHT 2003). AIV is 

transmitted via direct contact between infected and susceptible birds or indirect 

contact via aerosol droplets, fomites, contaminated water and virus movement in the 

air. The chance of AIV to be transmitted largely depends on the amount of the virus 

released from respiratory and intestinal tracts.  
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2.1.5.1.  LPAIV 

Epidemiology 

Wild birds are the reservoir for LPAIV, which represent the precursors to HPAIV 

being a high risk for animal and human health (STALLKNECHT et al. 2008). The H3, 

H4, H6, N2, N6 and N8 subtypes have been frequently isolated from free-flying 

ducks.   

LPAIV infection in poultry usually leads to epidemics. Some studies suggest that 

chickens are less susceptible to LPAIV than turkeys, pheasants and Japanese quail. 

LPAIV H9N2 was first isolated in USA in 1966 and became endemic in poultry across 

large geographical areas (HOMME u. EASTERDAY 1970). Afterwards, it was 

reported in other regions of the world including China, South Africa, the Middle East, 

Europe, North America and South Korea (ALEXANDER 2000).  

 

Pathogenesis 

Pathogenesis of LPAIV greatly depends on host species, virulence of the infecting 

virus, age, and pre-existing immunity (PERKINS u. SWAYNE 2003). In wild aquatic 

birds, LPAIV replicates preferentially in intestinal epithelial cells. It is excreted 

asymptomatically in the feces. Field observations and experimental studies suggest 

that the virus-host interaction and clinical disease of LPAIV may be influenced by 

other co-infecting pathogens (NILI u. ASASI 2002; STIPKOVITS et al. 2012b). The 

distribution of LPAIV in the host is highly influenced by the local presence of trypsin-

like proteases in the respiratory and intestinal tracts. In poultry, the nasal cavity is the 

predominant initial replication site for LPAIV with a release of virions in the 

respiratory and intestinal tracts (PANTIN-JACKWOOD u. SWAYNE 2009). Virus 

replication in the kidneys of chickens results in kidney failure leading to sporadic 

deaths. Successful replication of different LPAIV subtypes was demonstrated in 

primary chicken kidney cells without exogenous trypsin supplementation (CAUTHEN 

et al. 2007). It was speculated that these cells produce trypsin-like enzymes 

responsible for the cleavage of HA protein. The age of susceptible birds was 

demonstrated to be an important factor in the pathogenesis of LPAIV. Intravenous 

inoculation of one day-old specific pathogen free (SPF) chickens with LPAIV A/ 
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turkey/Oregon/1971 led to the death of seven chicks out of a group of eight 

(SWAYNE u. HALVORSON 2008). In contrast, inoculation of four-week-old chickens 

at the same dose and route resulted in the mortality of only one of eight chicks.    

  

Clinical disease and pathological lesions 

Infection of wild birds with LPAIV does not usually cause clinical disease (SWAYNE 

u. HALVORSON 2008). However, experimental infection of mallard ducks with LPAIV 

H7N7 caused minor clinical symptoms including transient hyperthermia (JOURDAIN 

et al. 2010). In domestic ducks and geese, infection with LPAIV may cause lesions in 

the respiratory tract such as sinusitis and conjunctivitis (SWAYNE u. HALVORSON 

2008). In chickens and turkeys, clinical signs are often associated with dysfunction of 

respiratory, digestive, urinary and reproductive organs (SWAYNE u. HALVORSON 

2008). Non-specific clinical signs include ruffled feathers, depression and decreased 

feed and water consumption. Presence of edema was described in the tracheal 

mucosa and was associated with congestion and hemorrhage. In addition, 

fibrinopurulent inflammation usually occurs due to the presence of co-infecting 

bacterial pathogens. Occurrence of lesions in the oviduct could be associated with 

misshapen and fragile eggshells shortly before involution (SWAYNE u. HALVORSON 

2008). However, a recent study showed that LPAIV including H9N2 may also spread 

systematically in chickens (POST et al. 2013). In addition to lungs and intestine, viral 

RNA was detected in the brain, peripheral blood mononuclear cells, heart, liver, 

kidneys and spleen.  

2.1.5.2.  HPAIV 

Epidemiology  

HPAIV pose a threat to global public health since they may gain the ability to transmit 

among humans in a sustained manner (COX u. UYEKI 2008). Infection with HPAIV is 

caused only by viruses of H5 and H7 subtypes. Compared to LPAIV, HPAIV showed 

lower ability of spread from infected to susceptible birds (ALEXANDER 2007). Wild 

ducks may act as a long distance vectors for HPAIV (KEAWCHAROEN et al. 2008). 

It was suggested that gallinaceous birds may facilitate the adaptation of AIV to more 
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efficient binding to the human SA α-2,6 receptors (PEIRIS et al. 2007). Experimental 

infection of chickens with HPAIV H5N1 demonstrated that the risk of virus 

transmission is dependent on the infectious dose (SPEKREIJSE et al. 2011). In 

contrast, the dose had no effect on the survival of chickens from HPAIV H5N1-

infection. Following the emergence of HPAIV H5N1 in China in 1997 (SWAYNE u. 

HALVORSON 2008), several outbreaks were reported worldwide in the past years 

(ALEXANDER 2000). Most recently, an outbreak of HPAIV H5N8 in several 

European countries including Great Britain, Holland, and Germany was reported 

(HANNA et al. 2015; HARDER et al. 2015). The virus shared high similarity with the 

recently described H5N8 in Korea during the start of 2014 and was possibly 

introduced by infected wild birds (HARDER et al. 2015). 

 
Pathogenesis  

The outcome of HPAIV infection depends greatly on virus strain and bird species 

(ALEXANDER et al. 1986). HA proteolytic cleavage by ubiquitous furin-like proteases 

leads to pantropic replication (SWAYNE u. HALVORSON 2008). Replication of 

HPAIV in wild birds and domestic ducks is very limited due to different factors 

including a possible lack of adaptation in non-gallinaceous birds, receptor specificity 

and immune status of the host (PEIRIS et al. 2007). Increased resistance of ducks to 

IAV infection was found to be greatly dependent on the presence of RIG-I (BARBER 

et al. 2010). Authors reported a significant upregulation of RIG-I early after the 

infection of ducks with HPAIV H5N1. In addition, transfection of duck RIG-I into DF-1 

cells reduced virus replication. Interestingly, Asian lineage H5N1 HPAIV was able to 

produce clinical disease in domestic ducks associated with neurological signs 

(SWAYNE u. PANTIN-JACKWOOD 2008). However, pathogenicity in domestic 

ducks may be age dependent. High lethality was reported in two week-old H5N1 

infected domestic ducks but not in five week-old infected ducks (PANTIN-

JACKWOOD et al. 2007). In poultry, after initial replication in the respiratory 

epithelium, the virus extensively replicates in vascular endothelial cells and spreads 

via the vascular system to infect variety of inner organs within the visceral organs, 

brain and skin (SWAYNE u. HALVORSON 2008). The virus was detected in the 

lungs 16 hours after nasal inoculation (SWAYNE 2007). Necrosis has been reported 
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in different tissues including kidney cells, pancreatic epithelium, adrenal cortical cells 

and pulmonary epithelial cells (SUAREZ et al. 1998). Necrosis was associated with a 

high level of virus replication where the NP was abundantly found in the cytoplasm 

and the nucleus of infected cells (SWAYNE u. SLEMONS 1990). In addition, 

induction of apoptosis in association with IFN induction was reported (HINSHAW et 

al. 1994; TAKIZAWA et al. 1995). 

    

Clinical disease and pathological lesions 

HPAIV-infection of poultry results in systemic disease that may lead to 100% 

mortality within 48 hours (SWAYNE 2009). In chickens and turkeys, HPAIV replicates 

systematically and causes lesions in visceral organs, cardiovascular and nervous 

systems (SWAYNE u. HALVORSON 2008). Occasionally, symptoms including 

torticollis and opisthotonus are observed if the course of infection is less peracute 

(survival for three to seven days). In some cases, 24 hours before detection of 

mortality, birds manifested decreased activity, low vocalization, and reduced feed 

and water consumption (PANTIN-JACKWOOD u. SWAYNE 2009). Bile- or urate-

stained droppings may be evident with variable amount of mucus.   A drop in egg 

production was observed in broiler breeders following HPAIV H7N3 infection in 

British Columbia (PASICK et al. 2005). Previous reports indicated that HPAIV 

infection of breeders and layers leads to a sudden drop in egg production (PANTIN-

JACKWOOD u. SWAYNE 2009). Total cessation of egg production may occur within 

six days. Lesions in gallinaceous birds are localized in visceral organs and the skin 

when death is not peracute. In the acute phase of the disease (days two to five), 

chickens exhibit swelling of the head, face and upper neck. Necrotic foci in pancreas, 

spleen, and heart are frequently described. In addition, edema of the eyelids, 

conjunctiva, and trachea are occasionally described. Lesions in internal organs 

mostly include hemorrhages on serosal and mucosal surfaces. Hemorrhages may be 

found on the fat of the epicardium, the mucosa of the proventriculus, and within the 

pectoral muscles. Oral infection of layer hens with HPAIV H5N2 showed wide 

distribution of virus antigens in all oviduct parts associated with hemorrhages (E 

SILVA et al. 2013). In immature birds, lesions could be associated with atrophy in the 



2.1. Influenza A virus (IAV) 

 

13 

bursa and thymus with or without hemorrhages (PANTIN-JACKWOOD u. SWAYNE 

2009).  

2.1.6. Immune response  

2.1.6.1.  Innate immune response 

In mammals, pro-inflammatory cytokines were shown to be upregulated during IAV 

infection. H1N1-infected mice showed high concentration of IL-1β in bronchoalveolar 

lavage (HENNET et al. 1992). In addition to IL-1β, IL-16 was also produced after 

infection of human macrophages with H3N2 (PIRHONEN et al. 1999). Severe 

infection of humans with H5N1 induced upregulation of IFN-γ, sIL-2R, IL-6 and IP-10 

in serum (TO et al. 2001; PEIRIS et al. 2004).  

Rapid replication of IAV in mammalian respiratory epithelial cells upregulates the 

expression of chemokines and cytokines. The infiltration of macrophages to the site 

of infection causes a second wave of cytokine release which amplifies the 

inflammatory response and leads to a severe disease outcome (MAINES et al. 

2008). Mild experimental influenza infection of ferrets induced a rapid and strong 

expression of IFN-α, IFN-γ, and TNF-α, while ferrets with severe infection exhibited a 

delay in cytokine upregulation (SVITEK et al. 2008). Authors suggested that low 

virulent IAV induce a stronger innate immune response in ferrets.  

The interferon (IFN) response is an important line of defense against viral infections. 

Several studies demonstrated the beneficial role of type I and type III IFN in 

protection against AIV infection. Administration of type I IFN (IFN α) to H5N1-infected 

chickens ameliorated disease progression (PLACHÝ et al. 1999). Similar 

observations of the protective role of type III IFN (IFN-λ) were made after in ovo and 

in vivo infection with AIV (REUTER et al. 2014). The NS1 protein was suggested to 

be the antagonist of type I IFN (HALE et al. 2008). The ability of NS-1 and PB1-F2 to 

counteract the type I IFN response were previously reviewed (EHRHARDT et al. 

2010). NS-1 inhibits NF-kB pathway which consequently suppresses IFN-α and –β 

synthesis (WANG et al. 2000). Later on, it was demonstrated that IFN production is 

not greatly affected by NS1 and it confers protection only against viruses with low 

pathogenicity (PENSKI et al. 2011). 
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In addition to IFN, pro-inflammatory cytokines play also a role in protection against 

IAV. Differences in immune gene expression were reported between chickens and 

ducks (ADAMS et al. 2009). Interleukin (IL)-1β and IL-6 gene expression in LPAIV 

H11N9-infected peripheral blood mononuclear cells (PBMC) of ducks was almost 

unchanged, which may explain the asymptomatic infection observed in ducks 

compared to clinical disease and rapid clearance in chickens. Different factors 

including RIG-I (BARBER et al. 2010) and recently, interferon-induced 

transmembrane protein (IFITM) gene family (BLYTH et al. 2016) were found to play a 

role in the tolerance of ducks to most AIV. It was suggested that chickens lack RIG-I 

which may explain the high susceptibility of chickens to influenza infection 

(KARPALA et al. 2011). 

2.1.6.2.  Acquired immune response 

The acquired immune response is developed primarily against HA and NA. Immune 

response to the internal proteins, such as NP or M, is insufficient to induce a 

protective effect (SWAYNE u. KAPCZYNSKI 2008). Immune competent birds are 

protected against AIV mainly by neutralizing IgG after vaccination. Developing 

protective immunity against IAV depends greatly on the recognition of HA and NA 

(GERHARD et al. 2006). This was demonstrated by passive transfer of monoclonal 

antibodies to the HA or NA which protected mice from influenza challenge (MURPHY 

u. CLEMENTS 1989). However, other proteins including M and NP failed to protect 

against infection (TAMURA et al. 2005). Interestingly, IAV may escape from humoral 

immunity by antigenic drift within the regions encoding for the antibody binding sites 

in the HA. Antibodies developed against seasonal IAV confer very limited protection 

against other IAV subtypes (KREIJTZ et al. 2011).  

Cell mediated immune response plays a role in the protection against IAV infection. 

Human infection with HPAIV H5N1 was responsible for lymphocyte infiltration and 

depletion in lymphoid organs (UIPRASERTKUL et al. 2007). Furthermore, mice 

infected with a human-derived H5N1 showed reduction in the number of CD4+ and 

CD8+ T cells in lungs and lymphoid tissues and up to 80% drop in blood lymphocytes 

by day 4 post infection (TUMPEY et al. 2000). Similar observations were reported in 
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mice where CD8+ T cells cleared H3N2 from the lungs which was demonstrated by 

transfer of immune CD8+ T cells to athymic mice (WELLS et al. 1981).  

A comparative study between chickens and ducks indicated that ducks developed 

robust CD4+ and CD8+ T cells compared to chickens after H9N2 AIV infection 

(HUANG et al. 2012). Experimental infection of chickens with H9N2 AIV provided 

cross protection against H5N1 AIV, which was mediated by CD8+ T cells (SEO u. 

WEBSTER 2001). 

Infection of naïve poultry with HPAIV causes rapid mortality (1.5-5.5 days), which 

does not allow the development of a protective immune response (SWAYNE u. 

PANTIN-JACKWOOD 2005). Infection of chickens with two different LPAIV strains 

showed no efficient induction of neutralizing antibodies in AIV H9N2-infected 

chickens, which was not the case after AIV H6N2 infection that induced robust 

humoral immune response (XING et al. 2008). Authors raised the question about 

possible immune regulation depending on the involved LPAIV strain. Cross-

protective cell mediated immunity was previously described (SEO u. WEBSTER 

2001). Authors suggested that adoptive transfer of CD8+ T cells from AIV H9N2-

infected chicken to naïve birds provided protection against AIV H5N1. However, the 

cross protection did not inhibit virus shedding in the feces, which could play a role in 

the perpetuation of the virus. 

2.1.7. Diagnostics  

AIV strains are considered highly pathogenic if they cause more than 75% mortality 

within 10 days after intravenous inoculation of 10 susceptible 6-week-old chickens, 

which results in intravenous pathogenicity index (IVPI) of greater than 1.2 (OIE 

2015). 

2.1.7.1.  Isolation and identification  

Recovery of AIV from tracheal, oropharyngeal or cloacal swabs is efficient during 

outbreaks. The use of sterile transport medium such as BHI (brain heart infusion 

broth) supplemented with antibiotics may increase the chances for virus isolation 

(SPACKMAN et al. 2013).  Internal organs should be carefully separated from lungs 
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and intestine and placed in sterile plastic tubes or bags. Samples should be kept at 

4°C for virus detection within 48 hours and stored at -70°C for longer time. The use of 

(Flinders Technology Associate) FTA® technology showed its efficacy for rapid 

detection of nucleic acids, particularly when appropriate transport conditions are not 

possible (ABDELWHAB et al. 2011). 

AIV can be isolated via allantois inoculation of 9-11 days-old embryonated SPF 

chicken eggs with approximately 0.2 mL of sample (SWAYNE u. HALVORSON 

2008). Allantois fluids should be collected 72 hours after inoculation. Mortality within 

16-24 h post inoculation is usually caused by bacterial contamination. The 

identification of isolated IAV can be done by hemagglutination test (HA); presence of 

other viruses such as paramyxoviruses (Newcastle disease virus [NDV]) that also 

hemagglutinate erythrocytes should be taken into consideration. Identification of 

different HA and NA subtypes is done by HI test and micro-NI assay, respectively, 

using antibodies developed against the different known subtypes (VAN DEUSEN et 

al. 1983; PEDERSEN 2008).  

Genotyping can be accomplished using HA and NA subtype specific primers in RT-

PCR and real-time RT-PCR tests; or using sequence analysis of HA and NA genes. 

RT-PCR and real time RT-PCR are routinely used as diagnostic screening tests and 

for experimental studies. Real time RT-PCR based on the matrix gene is being 

extensively used (SPACKMAN et al. 2002). Degenerated primers for the detection 

and sequencing of HA cleavage site and NA gene fragments were described (GALL 

et al. 2008; GALL et al. 2009). 

Detection and localization of viral antigens in tissues could be achieved with 

immunofluorescent or immunoperoxidase methods using monoclonal or polyclonal 

antibodies (HE et al. 2009; CHAMNANPOOD et al. 2011). Localization of infected 

cells can be achieved with in situ hybridization based on radiolabeled gene probes 

(FELDMANN et al. 2000). 

2.1.7.2. Serology 

Serological methods such as Enzyme Linked Immunosorbent Assay (ELISA) and HI 

test are used as standard methods used in surveillance programs. Following the 
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detection of influenza by ELISA, a HI test can be used to determine the HA subtype. 

The efficacy of ELISA systems based on the detection of anti-NP antibodies was 

demonstrated in the screening of IAV (ZHOU et al. 1998; STARICK et al. 2006). 

A practical problem that should be taken into consideration is the presence of 

nonspecific inhibitors that may interfere with serological tests. Treatment against 

inhibitors using receptor destroying enzyme (RDE) and potassium periodate may 

improve the sensitivity of serological tests (SWAYNE u. HALVORSON 2008). 

2.1.8. Intervention strategies 

2.1.8.1.  Management procedures 

Improving biosecurity is the key to prevent AIV introduction. Contaminated materials 

represent high potential risk for transmission (ALEXANDER 2007). Avoiding shared 

equipment between different farms and improving cleaning and disinfection methods 

reduce risks of infection. In addition, controlling the movement of persons, birds and 

equipment may limit the spread of the virus. 

Random testing of daily mortality for the presence of the virus and serological 

surveillance are crucial for early diagnosis especially in the case of LPAIV. Due to the 

epizootic character of HPAIV, fast elimination of infected poultry flocks by 

depopulation and disposal of carcasses, eggs, and manure is an important measure 

(SWAYNE 2009).      

2.1.8.2. Vaccination  

Different vaccines were developed to protect against both LPAIV and HPAIV. In 

Europe, vaccination against HPAIV is not allowed due to the fact that currently 

available vaccines only protect against the disease and not the infection; therefore, 

field virus infection may spread unrecognized. Inactivated, oil adjuvanted whole virus 

vaccines are the most commonly used in poultry (SWAYNE et al. 2014). Vectored 

vaccines are also internationally available; they are based on AIV HA gene and 

provide the advantage of being used with mass application methods such as drinking 

water, in ovo, as well as by spray or aerosols. Different viral vectors are used 
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including fowl pox virus (FPV), herpesvirus of turkeys (HVT) and avian 

paramyxovirus type 1 (APMV-1) (BUBLOT et al. 2006; QIAO et al. 2006; SARFATI-

MIZRAHI et al. 2010). However, vectored vaccines should be complemented by 

inactivated vaccine in order to ensure long term protection (SPACKMAN u. PANTIN-

JACKWOOD 2014). 

2.1.8.3.  Treatment 

For AIV, no specific treatment exists. Antivirals, such as Amantadine inhibitor of the 

function of the M2 ion channel) may reduce mortality under experimental conditions 

but the problem of emerging resistant viruses is inevitable (ISON 2011). Association 

of different antivirals such as Oseltamivir (NA inhibitor), and Ribavirin (viral 

polymerase inhibitor) with Amantadine showed synergy against Amantadine-resistant 

viruses in mice (NGUYEN et al. 2012). A novel molecule called Dryocrassin that acts 

against Amantadine-resistant H5N1 showed effectiveness following experimental 

infection of mice (OU et al. 2015). The antiviral mechanism of Dryocrassin is still 

unclear. 

2.2. Mollicutes 

2.2.1. Classification and taxonomy 

Mycoplasmas belong to the class Mollicutes, order Mycoplasmatales which are the 

smallest self-replicating prokaryotes (MANILOFF et al. 1992). The genus 

Mycoplasma has more than 120 species that may colonize humans and animals. 

Most mycoplasmas are non-invasive and are known to colonize mucosal surfaces, 

whereas some species including M. gallisepticum were shown to penetrate 

erythrocytes and chicken embryo fibroblasts (WINNER et al. 2000; VOGL et al. 

2008). 

2.2.2. Structure and genome 

Mycoplasmas lack cell walls. They are surrounded by a cytoplasmic membrane that 

is composed of a high amount of lipoproteins compared to other bacteria (RAZIN et 
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al. 1998). They have a genome size of 600-1350 kb. The most important virulence 

genes of mycoplasmas are those responsible for adhesion, which is considered a 

crucial step for colonization or even cell penetration (INDIKOVÁ et al. 2013). 

Virulence genes of different mycoplasma species are presented in Table 2. 
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Table 2. Virulence genes in mycoplasmas. Adapted from (BROWNING et al. 2014) 
 

 
 
 

 

 

 

 

Gene name Species Function 

gapA M. gallisepticum Adhesin 
 

crmA M. gallisepticum Cytadhesin accessory protein 
 

lpd M. gallisepticum Subunit of pyruvate dehydrogenase 
 

mslA M. gallisepticum Unknown 
 

gtsABC M. mycoides ss 
mycoides SC 

Glycerol transport 
 
 

mam M. arthridis Superantigen and DNase 
 

glpO M. mycoides ss 
mycoides SC 

Glycerol-3-phosphate oxidase-hydrogen 
peroxide production 
 

P1 M. pneumoniae Cytadhesin 
 

hmw1 M. pneumoniae Cytadhesin accessory protein 
 

hmw2 M. pneumoniae Cytadhesin accessory protein 
 

hmw3  M. pneumoniae Cytadhesin accessory protein 
 

P30 M. pneumoniae Cytadhesin  
 

mpn142 (orf6) M. pneumoniae Cytadhesin accessory protein P40 and P90 
 

glpD M. pneumoniae Glycerol-3-phosphate oxidase-hydrogen 
peroxide production 
 

mpn372 M. pneumoniae Vacuolating toxin 
 

nifS M. agalactiae Putative cysteine desulfurase 
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Fig.2. Structure of Mycoplasma gallisepticum 
 

2.2.3. Receptor specificity and replication 

N-acetylneuraminic acid (Neu5Ac) is the favored sialic acid for binding of M. 

gallisepticum while no strict specificity to one of the linkages (α-2,3 or α-2,6 linked 

sialic acids) was observed (GLASGOW u. HILL 1980). In contrast, M. pneumoniae 

was demonstrated to bind specifically to α-2,3 linked sialic acids (ROBERTS et al. 

1989). Furthermore, M. mobile showed higher affinity for  α-2,3 than for α-2,6 linked 

sialic acids, respectively (NAGAI u. MIYATA 2006). 

Prior to the attachment of mycoplasma to the host cell, structural changes may occur. 

In the case of M. gallispeticum and M. pneumoniae, the attachment is done by the 

bleb structure which is a well-defined highly structured polar body (COLLIER u. 

CLYDE 1971; UPPAL u. CHU 1977).   

Cellular division of mycoplasma starts with elongation of the cell followed by 

formation of blebs. A constriction appears between the two compartments which 

leads to the formation of two daughter cells after 140 min. of incubation in the case of 

M. gallisepticum (MOROWITZ u. MANILOFF 1966). Other mycoplasmas may exhibit 

other forms such as knob like structure for M. pneumoniae (COLLIER u. CLYDE 

1971) or capsular substance around M. mycoides (GOURLAY u. THROWER 1968).  
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2.2.4. Mycoplasma (M.) gallisepticum  

The genome of M. gallisepticum is composed of 996 422 bp with an overall G+C 

content of 31 mol% (PAPAZISI et al. 2003). M. gallisepticum has a coccoid form and 

measures approximately 0.25-0.5 µm in size. It may exhibit a flask-like cell body after 

infection of the tracheal epithelium of chickens (MOROWITZ u. MANILOFF 1966). 

Culture of M. gallisepticum on special agar media (FREY et al. 1968) results in small 

circular colonies that range between 0.2-0.3 mm in diameter with a dense central 

area (‘’fried egg’’ appearance).  

M. gallisepticum ferments glucose and maltose with production of acid but no gas. It 

is phosphatase negative and does not hydrolyze arginine. It causes complete 

hemolysis of horse erythrocytes and agglutinates chicken and turkey erythrocytes 

(LEY 2008).  

Epidemiology  

M. gallisepticum has a worldwide distribution (LEVISOHN u. KLEVEN 2000). It 

infects mainly gallinaceous birds particularly chickens and turkeys (LEY 2008). 

However, it was isolated from different other bird species including pheasants, 

partridge and Japanese quail (MURAKAMI et al. 2002; BENCINA et al. 2003; 

VITULA et al. 2011). Potential reservoirs of M. gallisepticum are free range song bird 

species, backyard poultry, and multiple-age commercial layer flocks. 

Horizontal transmission occurs frequently by direct or indirect contact between 

clinical or subclinical infected birds and susceptible birds (LEY 2008). Transmission 

of M. gallisepticum  via fomites may cause widespread outbreaks which was reported 

in house finches (DHONDT et al. 2007). M. gallisepticum transmission-rate depends 

greatly on survival outside the host which is considered an important epidemiological 

factor. M. gallisepticum remained viable in chicken feces for three days at 20 °C and 

in egg yolk for 18 weeks at 37°C (CHANDIRAMANI et al. 1966).  

Vertical transmission is an important aspect in the epidemiology of M. gallisepticum. 

It occurs especially during the acute stage of the disease (GLISSON u. KLEVEN 

1984) while much lower levels of vertical transmission were detected during chronic 

stages (LEVISOHN 1984). Vertical transmission was confirmed in layers which had 

been infected with two different M. gallisepticum strains by aerosol. In addition, lower 
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fertility was observed in eggs obtained from M. gallisepticum infected groups, which 

was then associated with significant loss in egg production in the first four  weeks 

post infection (LIN u. KLEVEN 1982). 

Pathogenesis  

M. gallisepticum-pathogenesis is initiated by successful attachment to the host cell. It 

is speculated that cell invasion is a prerequisite for pathogenicity (MUCH et al. 2002). 

In vitro inoculation of human epithelial cells (HeLa-229) and chicken embryo 

fibroblasts (CEF) demonstrated that M. gallisepticum invades non-phagocytic cells. 

These findings raised the question about the ability of M. gallisepticum to pass 

through the respiratory mucosal barrier causing a systemic infection (WINNER et al. 

2000). Low virulent M. gallisepticum strain (Rhigh) was not isolated from inner organs. 

This was the other way around after infection with virulent strain (Rlow) which was 

found to be more invasive. Infection of chicken embryos with M. gallisepticum led to 

loss of cilia and inflammatory cell infiltration in the trachea (LAM 2003b).  

Pathogenicity was suggested to be associated with changes in the shape of red 

blood cells (RBCs). M. gallisepticum-infection of RBCs induced perforations in the 

cells combined with alterations in size,  shape, and surface of erythrocytes (LAM 

2003a). 

Clinical disease and pathological lesions 

Infection of chickens with M. gallisepticum is commonly known as ‘’chronic 

respiratory disease’’ (CRD). In adult poultry flocks, the infection is associated with 

weight loss, coughing, tracheal rales, nasal discharge as well as swelling of facial 

skin and eyelids. In laying hens, loss of egg production was also reported 

(MOHAMMED et al. 1987). Co-infecting pathogens including NDV or IBV may 

exacerbate the infection leading to aerosacculitis associated with high mortality (LEY 

2008). 

M. gallisepticum infection of turkeys is known as ‘’infectious sinusitis’’. Turkeys were 

reported to be more susceptible to the infection with M. gallisepticum than chickens 

(LEY 2008). Typical swelling of the infraorbital sinuses and severe respiratory 

symptoms are frequently observed. In addition, encephalitis with neurological signs 
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including torticollis and opisthotonus was reported in M. gallisepticum-infected 

commercial turkeys (CHIN et al. 1991). 

2.2.5. Immune response 

2.2.5.1. Innate immune response 

Variation in the immunomodulation of innate immune responses is frequently 

described. Mycoplasmas express lipoproteins (LP) that interact with pattern 

recognition receptors (PRRs) including toll like receptors (TLRs) and NOD-like 

receptors (MEDZHITOV 2007). One of the earliest discovered LP was macrophage 

activating lipopeptide-2 of M. fermentens which binds to TLR2 and MyD88 

(TAKEUCHI et al. 2000). Later on, it was determined that M. fermentens LP also  

induces a proinflammatory response in permanent HEK293 cells  through TLR6 

stimulation  (INTO et al. 2004).  

The role of LP in the induction of proinflammatory cytokines in chickens was 

investigated. Infection of macrophages showed that VlhA LP, which is a major 

membrane immunogen of M. synoviae, induced high upregulation of IL1-β and IL-6 

expression (LAVRIČ et al. 2007). In vivo experimental infection of chickens with M. 

gallisepticum downregulated the mRNA expression of CCL20, IL-1β, IL-8 and IL-

12p40 in the trachea (MOHAMMED et al. 2007). In contrast, in vitro infection of 

chicken tracheal epithelial cells demonstrated a significant upregulation of the latter 

inflammatory cytokines and chemokines (MAJUMDER et al. 2014). Upregulation of 

proinflammatory cytokines including IL-1β was also confirmed in mammals after 

infection of mice with M. pneumoniae (SHIMIZU et al. 2011). Results suggest that 

cytadherence may be crucial for the induction of the immune response.  

Apoptosis is a well-defined cellular defense mechanism against some invading 

pathogens. Some mycoplasma species are capable of inducing apoptosis during 

infection. LP of M. fermentens and M. salivarum induced necrosis or apoptosis in 

human lymphocyte and monocyte cell lines via NF-kB pathway (INTO et al. 2002). 

Similar results were found after inoculation of a permanent monocyte cell line with 

LPs from M. genitalium when cells died through apoptosis following the activation of 

NF-kB pathway (WU et al. 2008). In contrast, infection of bovine monocytes with M. 
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bovis delayed apoptosis and suppressed TNF-α and IFN-γ expression (MULONGO 

et al. 2014). Authors suggested that apoptosis delay may be a mechanism to prolong 

bacterial survival and to ensure systemic infection. 

2.2.5.2.  Adaptive immune response 

Antibodies in respiratory secretions play a protective role against M. gallispeticum by 

inhibiting the attachment of the organism to the tracheal epithelial cells (LEY 2008). 

Immunization of chickens with a modified live-vaccine induced higher amount of 

secretory IgA and IgG. Antibodies protected birds against virulent Rlow strain 

compared to non-vaccinated animals (PAPAZISI et al. 2002). This was demonstrated 

by absence of Rlow  strain-induced lesions in the trachea in vaccinated group 

compared to non-vaccinated group. Authors suggested that antibody response may 

play a role in the inhibition of early M. gallisepticum colonization (PAPAZISI et al. 

2002). Presence of maternal antibodies has increased the survival rate in M. 

gallisepticum-infected chicken embryos (LEVISOHN et al. 1985). This was confirmed 

by treatment of M. meleagridis-infected turkey embryos. Yolk-sac inoculation of 

infected turkey embryos with purified IgM and IgG significantly reduced embryo 

mortality (BIGLAND et al. 1979). On the other hand, maternally transferred 

antibodies against M. meleagridis and high persistent antibody levels did not protect 

turkey poults against M. meleagridis (YAMAMOTO et al. 1966; MOHAMED u. BOHL 

1968). Antibiotic treatment of M. gallisepticum-experimentally-infected chickens and 

turkeys at the early course of infection reduced antibody levels against M. 

gallisepticum (STANLEY et al. 2001). Four weeks after treatment, detection of M. 

gallisepticum by hemagglutination inhibition (HI) was reduced by 40%.  

The role of cell-mediated immunity in the control of M. gallisepticum infection may 

vary and seems to be dependent on mycoplasma and host species. Infection of mice 

with M. pulmonis increased the number of CD4+ and CD8+ T cells in the lungs and 

lymph nodes (JONES et al. 2002). In contrast, infection of sheep with M. agalactiae 

induced a prolonged depletion of T lymphocytes (MARINARO et al. 2015). In 

addition, a possible protective role of cytotoxic T cells in the chicken trachea was 

suggested (GAUNSON et al. 2006). Experimental infection of chickens with M. 
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gallisepticum caused infiltration of lymphocytes particularly CD8+ cells in the chicken 

trachea especially at the acute phase of the disease (GAUNSON et al. 2000).  

2.2.6. Diagnostics 

2.2.6.1.  Isolation and identification  

One very important diagnostic tool is the positive culture of M. gallisepticum. Tissue 

homogenates from trachea, sac exudates, turbinates, or lungs may be cultured in 

broth or on agar (LEVISOHN u. KLEVEN 2000). In addition, the possibility of  M. 

gallisepticum isolation from oviduct and cloaca was reported (NUNOYA et al. 1997).  

Identification of M. gallisepticum colonies can be achieved by antibody-mediated 

immunofluorescence or immunoperoxidase tests (BENCINA u. BRADBURY 1992).  

Diagnostic methods based on molecular biology were developed and have been 

frequently used during the last years (CARLI u. EYIGOR 2003). The use of multiplex 

real-time PCR allowed the differentiation between M. gallisepticum and M. synoviae 

(FRAGA et al. 2013). 

2.2.6.2.  Serology 

Serological tests provide a powerful tool for the diagnosis of suspected infections. 

The initial screening of M. gallisepticum infection can be done with serum plate 

agglutination (SPA) based on the detection of IgM antibodies (AVAKIAN et al. 1988). 

The SPA test may give false positive results when the infection is caused by M. 

synoviae or after recent vaccination with oil-emulsion vaccines (GLISSON et al. 

1984). 

In comparison to SPA, ELISA has been described as less sensitive but more specific 

test (AVAKIAN et al. 1988). Using egg yolk for the detection of M. gallisepticum 

antibodies provided comparable results to the serum, which suggested the possibility 

of using egg yolk as an alternative for serum in the ELISA (MOHAMMED et al. 1986). 

Efficiency of serological detection of M. gallisepticum has increased by the 

development of commercial ELISA test kits (KEMPF et al. 1994). 
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2.2.7. Intervention strategies 

2.2.7.1.  Management procedures 

Maintaining breeding flocks free of M. gallisepticum is a crucial step in the control of 

the disease. Biosecurity measures should be based on the prevention of M. 

gallisepticum introduction to the farm.  Such measures have been largely successful 

at reducing M. gallisepticum outbreaks. In addition, the “all in-all out” system may 

allow eradication of M. gallisepticum (EVANS et al. 2005; KLEVEN 2008). The use of 

antibiotics in the prevention of egg transmission was investigated. Dipping or 

injection of eggs with antibiotics helped to limit vertical transmission (HALL et al. 

1963; HOFSTAD 1974; GHAZIKHANIAN et al. 1980). However, a complete 

elimination of the pathogen was not always achieved. 

Heating eggs in a forced-air incubator (12-14 hours to reach an internal temperature 

of 46.1°C) was suggested to be an alternate method (YODER 1970). Although 

transmission was limited, a reduced hatchability that ranged from 2 to 12 % was 

reported (LEY 2008). 

2.2.7.2.  Vaccination 

Vaccination is an option to control clinical disease of M. gallisepticum on multi-age 

farms where biosecurity is not sufficient to control M. gallisepticum-associated losses 

(KLEVEN 2008). A wide range of choices are available including inactivated, oil-

emulsion bacterins, live-vaccines, or recombinant live vaccines. 

Oil-emulsion bacterins are immunogenic and can be used to avoid the introduction of 

live-vaccine strains. Studies showed that M. gallisepticum bacterin prevents 

respiratory signs, airsacculitis and loss in egg production (YODER u. HOPKINS 

1985). However, it provided minimal protection in the contact-challenge model 

(FEBERWEE et al. 2006). 

The use of live vaccine strains has been reported and licensed in different countries. 

The F strain protected against airsacculitis, respiratory signs, egg production losses 

and egg transmission of M. gallisepticum (GLISSON u. KLEVEN 1985; CUMMINGS 

u. KLEVEN 1986). This live vaccine may be applied by spray, eye drop via drinking 

water. Other live vaccines, which originated from field isolates such as 6/85 and ts-
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11, also induced protection against M. gallisepticum (EVANS u. HAFEZ 1992; BÍRÓ 

et al. 2005). 

2.2.7.3.  Treatment 

Because mycoplasmas lack a cell wall, they are resistant to β-lactamic antibiotics 

such as penicillin and cephalosporin. However, they are sensitive to several other 

antibiotics including macrolides, tetracyclines and fluoroquinolones. The use of 

antibiotic treatment may ameliorate clinical symptoms, improve egg production and 

reduce egg transmission of M. gallisepticum (ELMAHI u. HOFSTAD 1979; OSE et al. 

1979; ARZEY u. ARZEY 1992). 

2.3. Co-infection with IAV and Mycoplasma  

2.3.1. Field investigations 

Co-infection of mycoplasma species with different viral pathogens is thought to be 

the reason for high morbidity and mortality in different animal species in the field. A 

field study conducted in pigs reported increased mortality related to co-infection with 

M. hyopneumoniae, porcine reproductive and respiratory syndrome virus (PRRS) 

and porcine circovirus (PASMA u. JOSEPH 2010). Mild clinical signs without 

mortality were observed in herds naturally infected with only one virus, suggesting 

that co-infection was responsible for increased clinical signs associated with 

mortality. 

In poultry, field studies described the occurrence of co-infection with mycoplasma 

and AIV. In Jordan, a four years survey conducted in broilers showed that 12.9% and 

5.7% of these flocks were co-infected with AIV H9 subtype and M. synoviae or M. 

gallisepticum, respectively (ROUSSAN et al. 2015). Similar results were reported in 

Iraq where 45.71% of investigated broiler samples were positive for IBV, H9 subtype 

and M. gallisepticum (AL-DABHAWE et al. 2013). Severe mortality associated with 

respiratory symptoms was described in broiler flocks in Iran (NILI u. ASASI 2003). No 

information is available for Algeria although high mortality was observed in the field 

due to respiratory disease.  
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2.3.2. In vivo studies 

Co-infection with mycoplasma species may modify the outcome of viral 

pathogenesis. Experimental infection of pigs with M. pneumoniae resulted in slower 

viral clearance of PRRS compared to pigs infected with either pathogen alone 

(THANAWONGNUWECH et al. 2004). Co-infection of pigs with M. pneumoniae and 

swine influenza virus (SIV) H1N1 led to more severe lesions co-infected animals 

including epithelial disruption, degeneration and hyperplasia. Authors suggested that 

primary infection with M. pneumoniae caused functional disorder of ciliated epithelial 

cells and consequently clearance of subsequent SIV infection was reduced 

(YAZAWA et al. 2004). 

In poultry, co-infection of chickens with M. gallisepticum and AIV H3N8 increased M. 

gallisepticum colonization of the inner organs and induced significant weight loss 

compared to mono-infected birds (STIPKOVITS et al. 2012a). Authors observed that 

AIV H3N8 affected anti-mycoplasma antibody production, which was suggested as a 

possible cause for increased pathogenicity of M. gallisepticum observed in co-

infected birds.  

2.4. Organ culture models 

Using different organ culture systems is a valid alternative for animal experiments. 

According to the three Rs principle (reduce, refine, and replace), organ culture 

models can prevent unnecessary animal suffering (KULPA-EDDY et al. 2011). Due 

to frequently observed individual variations between animals, immune status of the 

host, etc., it is difficult to obtain detailed information regarding host-pathogen 

interaction. In the case of M. gallisepticum and AIV, in vitro model systems such as 

CEF and Hela cells helped to elucidate important data regarding host-pathogen 

interaction (WINNER et al. 2000). However, an example of a model closer to the 

avian respiratory tract is tracheal organ cultures (TOC) that provide further 

information under controlled conditions (ABDUL-WAHAB et al. 1996; PETERSEN et 

al. 2012).  
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Precision cut lung slices (PCLS) were used to characterize the interaction of IAV and 

M. pneumoniae with the lung epithelium in pigs. Studies showed that PCLS allow the 

investigation of replication kinetics of different IAV by quantification of virus loads in 

the supernatants (MENG et al. 2013). Assessment of ciliary activity can be 

considered as a valid indicator of pathogenicity. Authors demonstrated that SIV 

H1N1 was less virulent in PCLS than IAV H3N2 which was also confirmed by an in 

vivo study in pigs. This may indicate that this in vitro model is comparable to the in 

vivo experiment. Furthermore, infection of porcine respiratory air-liquid interface (ALI) 

cultures with S. pneumoniae revealed the role of suilysin as virulence factor. Suiliysin 

contributed to the adherence of bacteria to airways cells, promoted bacterial invasion 

and induced loss of ciliated cells and apoptosis (MENG et al, submitted).  

In poultry, interaction of AIV with mucosal surfaces was investigated with precision 

cut intestinal slices (PCIS) and tracheal organ cultures (TOC) (PETERSEN et al. 

2012; PUNYADARSANIYA et al. 2015). TOC presented a valid tool for the 

assessment of the antiviral immune response, virus replication, induction of 

ciliostasis and apoptosis after LPAIV infection (PETERSEN et al. 2012). Chicken and 

duck TOC were used for the assessment of pathogenicity of M. imitans and M. 

gallisepticum (ABDUL-WAHAB et al. 1996). Both pathogens were comparable in 

their attachment pattern to the respiratory epithelium via the terminal tip structure. 

Susceptibility of chicken PCIS to the infection with AIV H9N2 was investigated 

(PUNYADARSANIYA et al. 2015). PCIS were viable for up to 4 days and showed 

abundant apical distribution of α2,3-linked sialic acids in the epithelial cells. Authors 

found that PCIS were highly susceptible to the infection with AIV H9N2. 

Interaction of coronaviruses with immature chicken oviduct explants was investigated 

(MORK et al. 2014). Authors suggested that avian coronavirus replicates efficiently in 

all oviduct parts. The in vitro interaction of IAV with the chicken oviduct was not 

investigated. 

Co-inoculation of PCLS with SIV H1N1 and Streptococcus (S.) pneumoniae showed 

that the bacterium facilitates SIV by at least two different mechanisms:  bacterial 

attachment to SIV-infected cells and virus-mediated damage of ciliated epithelial cells 

(MENG et al. 2015). SIV bound to bacteria which affected its infectivity as indicated 
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by low virus titers compared to mono-infected porcine tracheal epithelial cells (WU et 

al. 2015). Co-infection of porcine alveolar macrophages or PCLS with PRRSV and 

SIV indicated synergistic effects between the two pathogens. Inflammatory genes 

including  RIG-I and IFN-β were upregulated in co-infected cultures compared to 

mono-infected cells (DOBRESCU et al. 2014). To date, co-infection of M. 

gallisepticum and IAV has not been investigated in vitro. 
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3.1. Abstract 

Respiratory infections are a common cause for increased mortality rates in poultry 

worldwide. To improve intervention strategies, circulating pathogens have to be 

identified and further characterized. Because of the lack of diagnostic tools, it was not 

known what pathogens contribute to the high mortality rates in association with 

respiratory disease in Algeria. Our objective was to determine if primary pathogens 

including Mycoplasma gallisepticum (MG), Mycoplasma synoviae (MS), avian 

influenza virus (AIV), infectious bronchitis virus (IBV), and avian metapneumovirus 

(aMPV), known to be present in neighboring countries, can also be detected in 

Algerian chicken and turkey flocks. Results demonstrate the circulation of the 

investigated pathogens in Algerian poultry flocks as multi-infections. Phylogenetic 

characterization of the Algerian IBV strains confirmed the circulation of 

nephropathogenic viruses that are different from the strains isolated in neighboring 

countries. This could suggest the existence of a new IBV genotype in North Africa. 

Additionally, we detected for the first time an aMPV subtype B field strain and avian 

influenza virus. Interestingly, all viral pathogens were present in co-infections with 

MG, which could exacerbate clinical disease. Additional pathogens may be present 

and should be investigated in the future. Our results suggest that multiple respiratory 

infections may be responsible for high mortality in Algerian poultry flocks and very 

probably also in other regions of the world, which demonstrates the need for the 

establishment of more comprehensive control strategies. 
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4.1. Abstract 

Multiple respiratory infections have a significant impact on health and economy. 

Pathogenesis of co-infecting viruses and bacteria and their interaction with mucosal 

surfaces are poorly characterized. In this study we established a co-infection model 

based on pre-incubation of tracheal organ cultures (TOC) with Mycoplasma (M.) 

gallisepticum and a subsequent infection with avian influenza virus (AIV). M. 

gallisepticum modified the pathogenesis of AIV as demonstrated in TOC of two 

different avian species (chickens and turkeys).  Co-infection promoted bacterial 

growth in tracheal epithelium. Depending on the interaction time of M. gallisepticum 

with the host cells, AIV replication was either promoted or suppressed. M. 

gallisepticum inhibited the antiviral gene expression and affected AIV attachment to 

the host cell by desialylation of α-2,3 linked sialic acids. Ultrastructural analysis of co-

infected TOC suggests that both pathogens may attach to and possibly infect the 

same epithelial cell. The obtained results contribute to better understanding of the 

interaction dynamics between M. gallisepticum and AIV. They highlight the 

importance of the time interval between infections as well as the biological properties 

of the involved pathogens as influencing factors in the outcome of respiratory 

infections. 
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5.1. Abstract 

Infection of poultry with low pathogenic (LP) influenza A viruses (IAV) is often 

associated with mild respiratory symptoms and loss in egg production. In vivo 

susceptibility of the reproductive tract for IAV infection was reported in turkeys and 

chickens, but virus-interaction with epithelial cells and stimulation of the local antiviral 

immune responses have not been characterized.  In this study, we investigated the 

susceptibility of chicken oviduct explants for H9N2 and pandemic H1N1 (pH1N1). 

Although, both viruses replicated efficiently without the need for exogenous trypsin 

activation, the course of infection varied between strains. The replication rate of 

pH1N1 was significantly lower during the investigated time points between 12 and 

48hpi compared to H9N2 (p<0.05). Furthermore, the infection with H9N2 resulted in a 

significant upregulation of IFN-λ mRNA expression (p<0.05), which was not observed 

after pH1N1 infection suggesting a correlation between virus replication rate and IFN-

λ expression in the mucosal surface of the oviduct. 
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5.2. Introduction 

Influenza A viruses have been isolated from a wide range of bird species including 

ducks, turkeys and chickens but also from mammals (Yoon et al., 2014). Depending 

on their pathogenicity in specific pathogen free (SPF) chickens, avian influenza 

viruses (AIV) are divided into highly pathogenic AIV (HPAIV) and low pathogenic AIV 

(LPAIV). HPAIV are associated with systemic infections and high mortality rates in 

poultry. Their infectivity is greatly determined by the multibasic cleavage site of the 

hemagglutinin (HA) which is cleaved by ubiquitous endogenous endoproteases 

including furin and the protein convertase 5/6 allowing systemic spread of the 

infection (Feldmann et al., 2000; Horimoto et al., 1994). HPAIV have been isolated 

from different organs including breast muscle, feather follicle, liver, blood, egg 

contents and oviduct of chicken and Japanese quail (Beato and Capua, 2011; e Silva 

et al., 2013; Promkuntod et al., 2006). On the other side, LPAIV are of low virulence 

for most avian species (Alexander, 2000). They have a monobasic cleavage site that 

needs to be activated by trypsin-like proteases which are present in a restricted 

number of organs such as the respiratory and intestinal tract (Böttcher‐

Friebertshäuser et al., 2013). It has been shown that in vitro infection of tissue 

cultures with LPAIV requires exogenous trypsin for proteolytic activation (Klenk and 

Garten, 1994; Klenk and Rott, 1988).  

An infection with pandemic H1N1 (pH1N1) was reported in turkey breeders in Chile 

where birds manifested a decline in egg production and shell quality (Mathieu et al., 

2010). A different study reported limited susceptibility of turkeys to pH1N1 infection 

(Kalthoff et al., 2010). Intrauterine infection of turkey hens with pH1N1 was shown to 

be possible by insemination, which revealed the importance of this route of exposure 

in turkey production (Pantin-Jackwood et al., 2010). Breeder turkeys infected with 

H3N2 layed virus-contaminated eggs, which raised concerns regarding AIV 

dissemination in hatcheries (Pillai et al., 2010). In vivo infection of laying hens with 

H9N2 induced mild bleeding in digestive, respiratory and reproductive tracts (Pantin-

Jackwood et al., 2012). Layer hens infected with H9N2 exhibited pathological lesions 

in the oviduct including hemorrhages, degeneration of epithelial cells and apoptosis 
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(Wang et al., 2015). In addition, immune-related genes including interleukin (IL)2 and 

interferon (IFN)β were upregulated.  

Only few data regarding the interaction of LPAIV with the epithelium of the chicken 

oviduct are available. In this study we compared the susceptibility of chicken oviduct 

explants for the infection with H9N2 and pH1N1. We quantified virus replication and 

antiviral gene expression at different times post infection to identify a possible 

correlation between viral titers and induction of type I and type III IFN responses. 

5.3. Material and Methods 

Oviduct explants 

The oviduct was aseptically isolated from 15 to 17 week-old layer type specific 

pathogen free (SPF) chickens (VALO BioMedia GmbH, Osterholz-Scharmbeck, 

Germany) and placed immediately in DMEM/Ham’s F-12  medium (Biochrom AG, 

Berlin, Germany) supplemented with 5% fetal bovine serum (FBS) (Biochrom), 2 % 

chicken serum (Sigma-Aldrich, Steinheim, Germany), 1% Penicillin/Streptomycin 

(P/S; 10.000 U/ml, 10.000 mg/ml) (Biochrom) 1% Amphotericin B (Biochrom) and 1% 

of non-essential amino acids (Biochrom). The magnum part of the oviduct was 

manually cut into small rings of 1-2 mm as previously described (Mork et al., 2014). 

Each magnum explant was subsequently placed in 500µl medium and infected 

individually. After infection, magnum organ cultures (MOC) were incubated at 37°C 

and incubated with 5% CO2. 

Viruses 

A/chicken/Saudi Arabia/CP7/1998 (H9N2), a field isolate from a meat-type chicken 

flock, was propagated in embryonated chicken eggs. The virus had been kindly 

provided by Hans-Christian Philipp from Lohmann Tierzucht (Cuxhaven, Germany). 

Pandemic A/Giessen/06/09 (pH1N1) was propagated and titrated in MDCK (Madin-

Darby canine kidney) cells. pH1N1 and MDCK cells had been kindly provided by 

Stephan Pleschka, Institute of Medical Virology, Justus-Liebig-Universität (Gießen, 

Germany). Virus stocks were stored at -70°C.   
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Experimental design 

Two experiments were conducted. In each experiment magnum-explants (n= 5/time 

point) were infected with 104 FFU (focus forming units) H9N2 or pH1N1/MOC. Virus-

negative control MOC (n= 5/time point) were incubated with medium only. Both 

infected and virus-negative control MOC were incubated for one hour before the fluid 

was aspirated and replaced by 1ml virus-free medium. In the first experiment (exp. 

1), five MOC per virus-infected group and the same number of virus-negative control 

group were collected and investigated for antigen detection and β-tubulin staining at 

12, 24 and 48 hpi. Additionally, ciliary activity and live/dead staining were performed 

at 12 hpi (exp. 1).  

In experiment 2, five MOC per virus-infected group and the same number of virus-

negative control group were collected at 12, 24 and 48 hpi for RNA isolation and the 

quantification of mRNA expression levels for IFN-α and λ by qRT-PCR.  Each 

experiment was repeated once.  

Immunofluorescence staining for virus-antigen and β-tubulin 

MOC were mounted on filter papers using tissue freezing medium (Surgipath®, Leica 

Biosystems Richmond, USA). They were snap-frozen in liquid nitrogen and stored at 

−70°C. Sections of 7 μm were cut with a Leica cryostat (Nußloch, Germany). AIV 

nucleoprotein was detected with monoclonal antibodies developed in mouse at a 

dilution of 1:1000 (AbD Serotec, Bio-Rad, Kidlington, UK). Bound primary antibodies 

were visualized by Cy3- sheep anti-mouse antibodies (Sigma-Aldrich, Steinheim, 

Germany) or Alexa fluor® 488 goat anti-mouse antibodies (Life Technologies, 

Carlsbad, CA).  For β-tubulin staining, Cy3- labeled monoclonal antibodies directed 

against β -tubulin (Sigma-Aldrich) were used as previously described 

(Punyadarsaniya et al., 2011).   

Viability of oviduct explants 

Viability of MOC was tested at 12 hpi with LIVE/DEAD® Viability/Cytotoxicity Kit 

according to the manufacturer’s instructions (Invitrogen, Darmstadt, Germany). Living 
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cells stained green whereas dead cells stained red. In addition, ciliary activity was 

assessed under the light microscope at the same time point.   

RNA isolation and qRT-PCR 

Total RNA was isolated with peqGOLD TriFastTM following the instruction guide 

(PEQLAB Biotechnologie GmbH, Erlangen, Germany).   

Quantitative reverse transcription-PCR (qRT-PCR) was conducted with the Ambion 

AgPath-ID One-Step RT-PCR kit (Life Technologies, Carlsbad, CA) according to the 

manufacturer’s instructions. Quantification of AIV was done by assessment of the M 

gene and normalization to the 28S rRNA housekeeping gene of the same sample 

(∆CT) as previously described (Petersen et al., 2013).   

IFN-α mRNA expression was quantified using the primers and probe that were 

previously described (Petersen et al., 2013). Detection of IFN-λ for chicken was 

achieved with the following primers and probe: Forward: 5’-

CATCAGCCCTCTGGGAAAC-3’. Reverse: 5’-CTTGGAAGATGTGGAGGATGG-3’. 

Probe: 5’-(FAM)-ACAGCCAAGAAGAAGGAGACCGC-3’ (TAMRA). The 

quantification of IFN-α and λ mRNA expression was based on the cycle threshold 

(CT) values of the chicken IFNs which were normalized against the CT values of the 

28S rRNA housekeeping gene as previously described (Petersen et al., 2013). 

Statistical analysis 

The Shapiro-Wilk Normality Test was used to test for normal distribution of the data. 

Statistically significant differences between two kinds of treatment were determined 

with Wilcoxon Rank sum test (Statistix 9.0). Differences were considered significant 

at P < 0.05. 

5.4. Results and discussion 

The chicken oviduct can be divided into four different functional parts, the 

infundibulum, the magnum (the largest section of the oviduct) (Rahman, 2014), the 

isthmus and the uterus. In vitro infection of immature chicken oviduct explants was 

reported to be a successful model for the characterization of the interaction of avian 

coronavirus with host cells (Mork et al., 2014). Authors suggested that avian 
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coronavirus replicates efficiently in all oviduct parts. In vivo infection of chickens 

showed that all oviduct parts were susceptible to infection with H9N2 with highest 

susceptibility of magnum. In our study, magnum organ cultures (MOC) were used to 

investigate the interaction of H9N2 and pH1N1 with the epithelial layer of the chicken 

oviduct.  

In vitro infection with LPAIV usually requires exogenous trypsin in order to ensure 

proteolytic cleavage of HA0 to HA1 and HA2 (Klenk and Garten, 1994). Our study is 

the first to report that H9N2 and pH1N1 do replicate in reproductive explants of 

chickens without the need for exogenous proteolytic activation which is probably due 

the presence of endogenous proteases in the epithelial cells of the chicken 

reproductive tract capable of cleaving monobasic cleavage sites (Fig. 1). Also, results 

of in vitro infection studies of oviduct explants with avian coronavirus suggested that 

the virus may possibly be activated by endogenous proteases (Mork et al., 2014).  

In our study, dynamics of infection were investigated at 12, 24 and 48 hpi by antigen 

detection with immunofluorescence staining and quantification by real time PCR (Fig. 

1). Overall, our data indicates less efficient replication of pH1N1 compared to H9N2. 

H9N2 antigen was detectable by immunofluorescence staining already at 12 hpi. The 

number of H9N2 positive cells reached a peak at 24 hpi followed by slight decrease 

at 48 hpi. At 48 hpi we noticed partial destruction of the epithelium as demonstrated 

by inconsistent beta-tubulin staining (Fig. 2a). Similar observations were made after 

experimental in vivo infection of layer hens with H9N2 that resulted in lesions in the 

oviduct including cellular degeneration, necrosis and edema at 5 days post infection 

(dpi) (Wang et al., 2015).  Immunofluorescence analysis clearly indicates that the 

infection with H9N2 was exclusively limited to the epithelial lining even at later time 

points (48 hpi) when the infection was accompanied by epithelial damage (Fig. 2a).  

Viability of MOC was evaluated by the control of ciliary activity (Video, 

Supplementary file) and live/dead staining (Fig. 2b, c). H9N2-infection led to an 

increase in ciliostasis and death rate at 12 hpi as determined by live-dead staining 

compared to virus-free MOC. Experimental infection of layer hens with H9N2 

demonstrated more efficient replication of H9N2 in the magnum compared to other 

oviduct parts (Wang et al., 2015).   
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pH1N1-inoculation did not lead to an increase in dead cell numbers up to 48 hpi, the 

last time point of investigation while newly produced virus particles were detected in 

all investigated time points with plaque assay (data not shown). pH1N1 antigen 

detection by immunofluorescence was possible starting at 48 hpi (Fig. 1). 

Combination of pH1N1 qRT-PCR results and antigen detection by 

immunofluorescence staining suggests that the virus may replicate slowly in the 

chicken reproductive tract. Turkey breeders were shown to be susceptible to pH1N1 

in vivo (Pantin-Jackwood et al., 2010) whereas this is the first report that confirm the 

susceptibility of chicken oviduct to such infection.  

It is believed that human influenza viruses including pH1N1 bind preferably to alpha 

2,6-linked sialic acids whereas avian influenza viruses including H9N2 preferentially 

bind to alpha 2,3-linked sialic acids (Wan and Perez, 2006). Overall, higher amounts 

of alpha 2,3-linked sialic acids are detectable in all parts of the oviduct  compared to 

only a minimal frequency of alpha 2,6-linked sialic acid particularly in the magnum 

(Mork et al., 2014; Wang et al., 2015). This may explain differences in replication rate  

between H9N2 and pH1N (Sun et al., 2015). Exclusive H9N2 binding to the epithelial 

cell layer lining (Fig. 1a) could be due to the expression pattern of sialic acids (Winter 

et al., 2008). α2,3-linked sialic acids are expressed in the epithelial cell layer lining 

while α2,6-linked sialic acids are found in the basal cell layer making it less 

accessible for pH1N1.  

In order to understand the host-pathogen interaction of LPAIV with the chicken 

reproductive tract, we investigated the antiviral gene expression. We quantified the 

mRNA expression of IFN-α and -λ after infection with pH1N1 and H9N2 at 12, 24 and 

48 hpi (Fig. 3). No significant differences in IFN-α mRNA expression were observed 

between infected and virus-negative control MOC.  Previous in vivo findings 

suggested even a downregulation of IFN-α mRNA expression in the reproductive 

tract of layer hens after H9N2 infection (Wang et al., 2015). However, the same study 

reported an upregulation of other inflammatory genes including IFN-β, MDA5, IL2, 

CXCLi1, CXCLi2, XCL1, XCR1 and CCR5. In vivo infection of chickens with H5N2 

suggested that virus-induced IFN-α does not contribute substantially to protection 

against the infection (Penski et al., 2011). Infection of primary chicken lung cells with 
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pH1N1 did not induce an upregulation of IFN-α expression while infection with H5N9 

led to a significant upregulation (Jiang et al., 2011). We may speculate that AIV, to 

which chicken epithelial cells are more adapted, may induce higher IFN response 

than human influenza viruses which are less adapted to the chicken and have 

possibly a different receptor spectrum. 

Upregulation of the expression of β-defensin, IL1-β, and IL-6 was reported in theca 

cells of ovarian follicles of layer hens upon inoculation with lipopolysaccharide from 

Salmonella minnesota (Abdelsalam et al., 2012) . Expression of IFN type III in the 

chicken reproductive tract has not been investigated yet. Compared to the negative-

controls, a significant upregulation of IFN-λ mRNA expression at 12, 24 and 48 hpi 

was found in the H9N2-infected MOC (P<0.05) (Fig. 3b). At 12hpi, highest levels of 

IFN-λ expression were detected that declined afterwards (Fig. 3b). This suggests a 

possible role of type III IFN during H9N2 infection of the chicken reproductive tract. 

The protective role of IFN-λ against AIV in the upper respiratory tract was previously 

described (Reuter et al., 2014). Our results demonstrate that the infection of MOC 

with pH1N1 did not induce significant upregulation of IFN-α nor IFN-λ compared to 

the virus-negative controls (P<0.05). Exogenous trypsin activation of pH1N1 or H9N2 

increased virus replication rate and induced upregulation in IFN-λ mRNA expression 

by 80 and 20 fold change for H9N2 and pH1N1, respectively  (unpublished data). 

This may suggest a correlation between replication rate and the induction of IFN-λ 

mRNA expression and has to be elucidated further in the future. Infection of primary 

porcine airway epithelial cells with human pH1N1 induced rapid upregulation of the 

expression of IFN-β, IFN-λ1 and IFN-λ3 while significantly less expression was 

observed after infection with swine H1N1 that replicated more efficiently compared to 

human pH1N1(Krishna et al., 2015); this may suggest possible differences in the 

stimulation of the innate immune response between viruses isolated from different 

species due to different host adaptation. In mice, IFN-λ was shown to be highly 

efficient in preventing respiratory and gastrointestinal tract infections with pathogens 

such as influenza viruses, human Metapneumovirus and severe acute respiratory 

syndrome (SARS) coronavirus (Mordstein et al., 2010). 



5.5. Conflict of interest 

 

45 

A possible epidemiological role of the reproductive tract as a source for viral 

shedding should be taken into consideration. Our study demonstrated that MOC are 

suitable to investigate and compare susceptibility of oviduct to different AIV. 

Therefore also MOC from other bird species especially wild aquatic birds in which the 

infection with some AIV subtypes may be clinically unapparent, could be investigated 

for the susceptibility of the reproductive tract to influenza infection (Hénaux and 

Samuel, 2011).  

Overall, our results suggest that MOC is a valid model to study virus-host interaction 

at the epithelial surface of the reproductive tract of chickens and possibly other birds. 

Susceptibility of MOC to AIV infection differed between H9N2 and pH1N1 suggesting 

that this model could be used for the assessment of differences in virus pathogenesis 

and distribution in the reproductive tract. 
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5.7. Figures 

 
 
Fig. 1 Replication of H9N2 and pH1N1 in magnum organ cultures (Exp. 1+ Exp. 
2). Magnum organ cultures (MOC) were infected with H9N2 or pH1N1 (infectious 
dose of 104FFU/explant). a) MOC were collected at 12, 24 and 48 hours post 
infection (hpi) and stained for H9N2 and pH1N1 (Cy3, red) and cell nuclei (DAPI, 
blue) and analyzed by fluorescence microscopy. Cy3, Cyanine. DAPI, 4’,6-diamidino-
2-phenylindole (Exp. 1). b) MOC were collected at 12, 24 and 48 hpi and processed 
for RNA isolation and quantification of the M gene by qRT-PCR. Threshold (CT) 
values are presented, which were normalized against the CT values of the 28S rRNA 
housekeeping gene of the same sample (∆CT) (Exp. 2) (Petersen et al., 2013). (n=5 
MOC/group/time point). p<0.05, Wilcoxon Rank Sum Test. Error bars indicate the 
standard deviation (SD). Presented is one of the repeated experiments. 
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Fig. 2 Immunofluorescence staining of infected magnum organ cultures (MOC) 
(Exp. 1). (a) Structural changes of chicken MOC after infection with H9N2 (infectious 
dose of 104 FFU/MOC). MOC were collected at 12, 24 and 48 hpi and processed for 
immunofluorescence staining. MOC sections were stained for beta-tubulin (Cy3, red), 
H9N2 (FITC, green) and cell nuclei (DAPI, blue) and analyzed by fluorescence 
microscopy. FITC, Fluorescein isothiocyanate Cy3, Cyanine. DAPI, 4’,6-diamidino-2-
phenylindole. (b) LIVE (green)/DEAD (red) staining of virus-free negative control 
MOC at 12 hpi; (c) H9N2-infected MOC at 12hpi. White arrows indicate dead 
epithelial cells which are stained in red. Presented is one of the repeated 
experiments. 
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Fig. 3 IFN mRNA expression in magnum organ cultures (MOC) after infection 
with pH1N1 and H9N2 (Exp. 2). IFN-α (a) and IFN-λ (b) mRNA expression levels 
are presented in fold-change compared to the pathogen-free controls. MOC were 
collected at 12, 24 and 48 hpi and processed for RNA isolation and quantification of 
IFN-α and -λ mRNA expression by qRT PCR. Relative IFN quantification was done 
by qRT-PCR, and values were normalized to 28S rRNA expression (Petersen et al., 
2013) (n=5 MOC/group/time point). MOC were infected with pH1N1 and H9N2 with 
an infectious dose of 104 FFU/explant. p<0.05, Wilcoxon Rank Sum Test. Error bars 
indicate standard deviation (SD). Presented is one of the repeated experiments. 
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 Discussion 6.

Mucosal surfaces represent the first port of entry for different respiratory pathogens. 

Interactions of avian respiratory pathogens, including M. gallisepticum and LPAIV, 

with mucosal surfaces have not been well investigated.  

The goal of this project was to understand more about the occurrence of respiratory 

pathogens and the interaction of LPAIV with mucosal surfaces as mono-infection or 

in the face of multi-infection with M. gallisepticum. Since only little information about 

respiratory pathogens is available in Algeria, we investigated clinically diseased 

chickens, turkeys and layers flocks for the presence of primary pathogens including: 

IBV, AIV, aMPV, M. gallisepticum and M. synoviae (manuscript 1). Overall, results 

demonstrated the occurrence of these pathogens in most cases as multiple 

respiratory infections. Synergestic or additive effects between pathogens may have 

increased mortality rates. Interestingly, M. gallisepticum was detected in all 

investigated flocks in combination with different respiratory viruses.  

The second study (manuscript 2) was devoted to the in vitro interactions of LPAIV 

with the respiratory mucosa in the face of co-infecting M. gallisepticum. Due to rapid 

lesion development after AIV H9N2 infection, tracheal organ cultures were first 

inoculated with M. gallisepticum and subsequently with AIV H9N2. Depending on the 

interaction time of M. gallisepticum with the tracheal epithelium, AIV H9N2 replication 

was either promoted or suppressed. M. gallisepticum inhibited the antiviral gene 

expression and affected AIV attachment to the host cell by desialylation of α-2,3 

linked sialic acids.  

In the third part (manuscript 3), we used MOC to study the interaction of AIV H9N2 

and pandemic IAV H1N1 (pH1N1) with the mucosal surface of the reproductive tract. 

Although the course of infection varied between strains, both viruses replicated 

efficiently without the need for exogenous trypsin activation. Induction of the antiviral 

immune response mediated by IFN-λ expression correlated with the high replication 

rate of AIV H9N2.  
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6.1. Field situation  

6.1.1. Selected pathogens 

The aim of this study was to investigate the presence of primary respiratory 

pathogens in Algeria including IBV, AIV, aMPV, M. gallisepticum, and M. synoviae 

that may be involved in respiratory infections with high mortality rates. The detected 

pathogens had already been described in neighboring African countries (ABDEL-

MONEIM et al. 2006; ALY et al. 2008; DUCATEZ et al. 2009; ABDEL-AZEEM et al. 

2014; FELLAHI et al. 2015).   

Although, all investigated pathogens were detected in Algerian poultry flocks, other 

pathogens may also have been present and possibly contributed to respiratory 

infections. Newcastle disease virus (NDV) was reported to be endemic in West 

African countries including Benin and Togo (SAMUEL et al. 2013). Field isolates 

were found to be highly virulent after experimental in vivo infections of chickens. 

Mortality reached 100 % within four days after NDV-inoculation. In addition, bacterial 

infections such as infectious coryza were previously described in South Africa 

(BRAGG 2002). Therefore, further studies should also address detection of other 

pathogens to obtain more complete picture. This may help to improve prevention 

strategies. 

Our results together with previously published data about M. gallisepticum and M. 

synoviae in Algerian poultry flocks situated in the east of the country (HELEILI et al. 

2011; HELEILI et al. 2012), suggest a high incidence of these pathogens. Avian 

mycoplasmosis was also shown to be problem in other African countries including 

Zimbabwe and South Africa (MORETTI et al. 2013).  

In our study, different combinations of co-infecting pathogens were found. Three 

broiler flocks were positive for two pathogens: M. gallisepticum + IBV. Likewise, the 

two turkey flocks were positive for M. gallisepticum + aMPV or M. gallisepticum + 

AIV. Three flocks were positive for three pathogens: flock B1 and B5 for M. 

gallisepticum + AIV + IBV and flock L for M. gallisepticum + M. synoviae + IBV. 

Broiler flock B6 was positive for four pathogens: M. gallisepticum + M. synoviae, AIV 

+ IBV. The number of involved pathogens may have significantly influenced the 



6.1. Field situation 

 

53 

outcome of multiple respiratory infections. Triple infection of chickens with  E.coli, IBV 

and M. synoviae led to a higher air sac score compared to dual infected birds 

(SPRINGER et al. 1974). Interaction between a bivalent ND + IBV vaccine with 

bacterial infections including M. gallisepticum and E. coli resulted in persistent 

histopathological lesions in the trachea compared to the group that received only 

vaccine combined with E. coli (NAKAMURA et al. 1994). 

6.1.2. Sampling, transportation and analysis  

The gold standard for diagnosis of respiratory infections is the isolation and 

subsequent characterization of the pathogen. Sera, tracheal and cloacal swabs were 

collected during two sampling periods and analyzed at the Clinic for Poultry, 

Hannover, Germany. At the first sampling (February 2012), dry swabs were used. 

The second time (August 2013), swabs were embedded in BHI transport medium 

which would increase the possibility for further characterization of replicating 

pathogens. No isolation of replicating pathogens was possible with the tested 

procedures of culturing. We may speculate that this result was due to variation in 

storage temperature during transportation, which reduced the survival of the 

pathogens. The lack of availability of laboratory infrastructures in many African 

countries makes rapid detection and isolation of potential pathogens impossible. 

Improvement of diagnostic infrastructures would be a prerequisite to ameliorate 

intervention measure and to reduce the risk of pathogen dissemination.  

Samples were collected from nine poultry flocks with increased mortality (between 

5% and 47%) and associated acute respiratory disease. Samples were randomly 

collected from live birds. Although the obtained results gave an idea about circulating 

pathogens, the number of flocks cannot be considered representative of the poultry 

population in the selected area. Performing an epidemiological investigation would be 

necessary to obtain more comprehensive picture of circulating pathogens in Algerian 

poultry flocks. This would require more data to be available about the actually flock 

populations.  
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6.1.3. Significance and perspectives 

Data regarding the circulation of viral pathogens in Africa, particularly in the northern 

countries, are limited. We described the presence of aMPV and AIV for the first time 

in Algeria.   

aMPV subtype A and B seem to be the most predominant subtypes in the African 

continent while no reports about subtype C are available (OWOADE et al. 2008; 

ABDEL-AZEEM et al. 2014). Our results indicated that the circulation of aMPV 

subtype B did not show genetic relatedness to available vaccine strains. However, 

circulation of other subtypes including subtype A cannot be excluded. In Egypt, the 

circulation of aMPV subtype A and B was reported (ABDEL-AZEEM et al. 2014), 

while aMPV subtype A was detected in Nigeria (OWOADE et al. 2008).  

In neighboring North African countries such as Egypt, it was shown that AIV H5N1 

and H9N2 are endemic and are responsible for several outbreaks in poultry flocks in 

addition to several reported human cases (ALY et al. 2008; DUDLEY 2009; ARAFA 

et al. 2012). We reported, for the first time, the circulation of AIV in Algerian poultry 

flocks. Continuous spread of HPAIV H5 was reported in Vietnam when ducks had 

contact to backyard chickens (HENNING et al. 2011). It was suggested that contact 

between wild birds and backyard poultry could be a risk factor in the emergence and 

spread of new pathogenic influenza virus subtypes (TERREGINO et al. 2007). In 

Algeria, an increase in the industrialization of poultry production during the last years 

led to recurrence of backyard poultry. In addition, the majority of the country is 

covered by desert which reduces the amount of waterfowl in comparison to Egypt, 

where the highest number of AIV H5N1 cases was reported in Nile Delta region (ALY 

et al. 2008). Therefore, risk of introduction and spread of AIV in Algeria and other 

countries with large desert regions may be low.  

Partial analysis of the S1 gene of IBV suggests the circulation of a novel genotype in 

North Africa that could have originated from a Massachusetts nephropathogenic 

strain. Our findings coincide with a recent study performed in Morocco, which 

reported the co-circulation of Massachusetts like strains and Italy 02 strain (FELLAHI 

et al. 2015). In addition, IBV new variant strains were described in Libya (AWAD et 

al. 2014). Previous studies in broilers indicated sufficient cross protection against 
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new variant strains after vaccination with a live attenuated nephropathogenic vaccine 

(LIM et al. 2012). Therefore, the establishment of a reasonable vaccination program 

that ensures a certain level of cross protection may also allow protection against new 

variants (DE WIT et al. 2015). This may have practical implications for developing 

countries and possibly should be considered in Algeria in the future.  

Our results reported the circulation of M. synoviae in one investigated layer flock. 

Phylogenetic characterization was not possible. Therefore, it is difficult to speculate 

on the epidemiology of the circulating strain. M. synoviae may be a serious health 

problem for Algerian poultry flocks since high prevalence of this pathogen had been 

reported before (HELEILI et al. 2012). Establishing a routine diagnostic system 

combined with a national eradication program based on the control of parent flocks is 

important to limit avian mycoplasmosis (EVANS et al. 2005). Continuous antibiotic 

treatment showed its efficacy in the eradication of M. synoviae from broiler flocks 

(HONG et al. 2015). This may not be an option due to the worldwide efforts in 

reducing antibiotic use in farm animals. 

Multiple respiratory infections may complicate the clinical picture of the disease and 

may be difficult to diagnose. Overall, improving biosecurity, intervention strategies, 

appropriate disposal of dead birds, professional training of farmers, provision of 

competent laboratory staff as well as the establishment of diagnostic tools and 

monitoring programs may be needed to improve the health status of poultry flocks in 

developing countries. 

6.2. Interaction of IAV with mucosal surfaces 

Different in vitro systems for the investigation of IAV host-interaction at mucosal 

surfaces have been described including: TOC, PCLS and PCIS (PETERSEN et al. 

2012; MENG et al. 2015; PUNYADARSANIYA et al. 2015). We investigated, for the 

first time, virus-bacterium-host interaction in TOC, and also for the first time IAV-host 

interaction in oviduct explants. 
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6.2.1. Tracheal organ cultures (TOC)  

TOC allowed the investigation of lesion development after infection including 

ciliostasis, histological lesions and apoptosis as well as several parameters related to 

the innate immune response. This model does not cover aspects of the adaptive 

immune response. Therefore, TOC may allow to study only certain parameters of 

pathogen-host interaction, while in vivo studies will continue to be obligatory for the 

study of AIV-pathogenesis (PETERSEN et al. 2012).  

In our study, we investigated the effect of pre-infection of TOC with M. gallisepticum 

on the outcome of AIV H9N2 infection. M. gallisepticum pre-infection indicated that 

M. gallisepticum may modify the pathogenesis of AIV by reduction of sialic acid 

receptors and modification of the innate immune parameters. TOC had also been 

pre-infected with AIV H9N2 and subsequently infected with M. gallisepticum. Due to 

the AIV H9N2 induced detachment of the epithelium at already 24 h post infection, 

further investigations of secondary M. gallisepticum infection were impossible. Co-

infection of AIV H9N2 and M. gallisepticum at the same time point was not performed 

and should be investigated further. 

M. gallisepticum modified the outcome of AIV infection by downregulation of the 

antiviral gene expression of type I and type III IFNs. Mechanisms behind this 

observation are not known. However, it is well established that virulence of M. 

gallisepticum depends greatly on adhesion proteins such as CrmA and GapA 

(INDIKOVÁ et al. 2013; BROWNING et al. 2014). Furthermore, we found that M. 

gallisepticum may delay AIV H9N2-induced apoptosis in turkey TOC but not in 

chicken TOC. Induction or inhibition of apoptosis could be related to lipoproteins 

(LPs). Incubation of TPH-1 cells (human monocytic cell line) with LPs isolated from 

M. genitalum activated apoptosis via NF-KB pathway while the inhibition of NF-KB 

pathway prevented cells from undergoing apoptosis (WU et al. 2008). 

Different mycoplasma species and other bacteria including O. rhinotracheale have 

neuraminidase enzymatic activity (NEAC) which desialylates the linked sialic acids 

(BERČIČ et al. 2011; KASTELIC et al. 2013). In our study, M. gallisepticum reduced 

AIV-receptor density, which may possibly be mediated by neuraminidase activity. 

Inactivation of the MGA_0329 gene encoding for neuraminidase in M. gallisepticum 
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indicated its role in pathogenesis (MAY et al. 2012). Significantly less severe lesions 

were observed in tracheae of chickens infected with knockout bacteria compared to 

those infected with M. gallisepticum Rlow strain. High virulence of M. gallisepticum 

strains in tracheae of chickens including R low and F strains was demonstrated by in 

vivo experiments (WINNER et al. 2000; BURNHAM et al. 2002a; BURNHAM et al. 

2002b).  

The incubation time between subsequent infections had an important effect on the 

pathogenesis of the secondary pathogen as demonstrated for AIV H9N2 in our study. 

A longer time interval (72h) allowed higher desialylation rate of the linked sialic acid 

receptors, whereas this effect seemed to be less pronounced in the case of 24h time 

interval. Therefore, the time interval between co-infecting pathogens could have a 

significant impact on the outcome of disease. A six hours time interval separating the 

infections of human dendritic cells with pH1N1 and S. pneumonia resulted in higher 

numbers of apoptotic cells as well as increased expression of pro-inflammatory 

cytokines compared to mono-infected groups (WU et al. 2011). This exacerbation of 

pathogenesis was not detected when S. pneumonia infection took place just 24h 

after pH1N1 infection (WU et al. 2011). Ferrets pre-infected with pH1N1 showed a 

state of temporary protection against H3N2 when the time interval between the two 

infections was less than one week (LAURIE et al. 2015). pH1N1 was able to induce a 

state of temporary immunity mediated by innate antiviral mechanisms leading to 

prevention of the secondary infection.  

Since the infection of TOC enables only the study of host-pathogen interaction in 

upper respiratory tract tissue, PCLS could be a possible alternative for the lower 

respiratory tract and needs to be further investigated.  

6.2.2. Magnum organ cultures (MOC) 

The magnum is the largest part of the oviduct; therefore it has the practical 

advantage of providing a large number of MOC for the in vitro studies. We observed 

differences in the susceptibility of MOC for human and avian derived IAV pH1N1 and 

AIV H9N2, respectively. A comparative study of the susceptibility to IAV with other 

parts of the oviduct may give further details about virus interaction with the 
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reproductive tract. Differences in the susceptibility of different oviduct parts to 

nephropathogenic IBV were demonstrated in oviduct explants. The infundibulum was 

shown to be more susceptible to IBV-infection compared to the other parts (MORK et 

al. 2014). In our studies, no major differences were found in IAV-kinetics of infection 

between different oviduct parts (unpublished data). However, it is possible that 

differences may exist between chickens and other species including turkeys and 

ducks. M. gallisepticum F strain was previously shown to alter performances and egg 

characteristics in layers (BURNHAM et al. 2002b). 

6.2.3. Antiviral immune response in TOC and MOC  

The innate immune response mediated by IFN-α and –λ plays a crucial role in the 

control of viral infection of chickens. Pre-incubation of primary lung cell cultures of 

chickens, turkeys and ducks with IFN-α protected against pH1N1 and H5N9 (JIANG 

et al. 2011). Epithelial tissue such as intestine, skin or lung is known to be the most 

responsive to IFN-λ (SOMMEREYNS et al. 2008). Antiviral activity of IFN-λ against 

AIV including H5N1, H7N1 and H9N2 was demonstrated in chickens (REUTER et al. 

2014). Our in vitro studies showed significant upregulation of IFN- λ in both TOC and 

MOC.  It was demonstrated for the first time that AIV H9N2 infection induced a 

significant up-regulation of IFN-λ also in turkey TOC. This suggests that IFN-λ may 

also play a role in the protection of turkeys against viral infection.  Interestingly, M. 

gallisepticum pre-infection of chicken and turkey TOC interfered with AIV H9N2-

induced IFN-λ upregulation, which was reported for the first time. Further studies 

using recombinant IFN-λ are needed to elucidate its role in the protection of mucosal 

surfaces against viral infections further. IFN-λ upregulation coincided with a high 

replication rate of AIV H9N2 in the oviduct while low replication rates of pH1N1 did 

not affect IFN-λ expression rates. Further AIV subtypes should be compared to 

confirm this observation. 

At this point it is not clear, if the upregulation of IFN-λ induced signal transduction 

cascade in our organ cultures. Further investigations have to also address the 

expression pattern of IFN-λ receptors in these organ cultures and subsequently the 

IFN-stimulated genes after IFN-λ upregulation.   
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6.3. Practical implications 

The obtained results in this study may have direct field implications on poultry health. 

Our field studies confirm co-infections as a major problem. This may confirm the 

importance of multiple respiratory infections in the field and require improvement of 

prophylaxis strategies. 

The influence of co-infecting pathogens may be very variable and depends not only 

on the involved pathogens but also on time interval between two infecting pathogens. 

This may explain why it is not recommended to vaccinate flocks with M. gallisepticum 

problems against NDV. It was found that using bivalent live vaccine (NDV and IBV) 

increases M. gallisepticum-induced lesions in the tracheae of chickens (NAKAMURA 

et al. 1994). Understanding the pathogenesis of different live vaccines in combination 

with co-existing M. gallisepticum is required to prevent severe post vaccine reactions.    

The antiviral immunosuppressive effect of M. gallisepticum suggests a possible way 

for rapid virus replication caused by downregulated local immune response. This may 

help to develop new methods to compensate for the negative immune response of 

the host. Further development of anti-infectives would help to prevent the severe 

outcome of co-infections.  
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 Summary 7.

Host-pathogen interactions during mono- and multicausal 

infections of avian mucosal surfaces 

Hicham Sid 

Interactions of different respiratory pathogens with mucosal surfaces of poultry may 

vary and subsequently lead to differences in pathogenesis. Secondary infections may 

complicate the disease which is often accompanied by difficulties in diagnosis of 

participating pathogens. Avian influenza virus (AIV) and Mycoplasma gallisepticum 

(M. gallisepticum) are two primary pathogens that share high tropism for the upper 

respiratory tract. Co-infection with these two pathogens may lead to high mortality. 

Mechanisms behind possible synergistic or additive effects between M. gallisepticum 

and AIV are not known. 

The first objective was to detect selected respiratory pathogens as mono- or multiple 

infections in Algerian poultry flocks (1st manuscript). We demonstrated the circulation 

of M. gallisepticum, M. synoviae, AIV, infectious bronchitis virus (IBV), and avian 

metapneumovirus (aMPV) mainly as multiple infections with at least 2 co-infecting 

pathogens. Phylogenetic analysis indicated the presence of variant IBV and aMPV 

subtype B field strains. All viral pathogens were detected for the first time in Algerian 

poultry flocks.  

The second objective was to investigate host-pathogen interactions in the face of co-

infection of M. gallisepticum and AIV at mucosal surfaces using tracheal organ 

cultures (TOC) as a model (2nd manuscript). TOC of chickens and turkeys were pre-

infected with M. gallisepticum followed by AIV H9N2 inoculation after either 24h or 

72h. H9N2 replication was either promoted or suppressed depending on the time 

interval between the two infections. M. gallisepticum inhibited the antiviral gene 

expression and induced desialylation of α-2,3 linked sialic acids which affected AIV 

attachment to the host cell. Ultrastructural analysis of co-infected TOC allowed the 
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speculation that both pathogens may attach to and possibly infect the same epithelial 

cell. Data revealed for the first time possible mechanisms by which M. gallisepticum 

may modify the outcome of AIV-infection.  

The third objective was to establish a chicken magnum organ cultures (MOC) model 

for the comparison of the susceptibility for different influenza A subtypes (H9N2 and 

pandemic H1N1 [pH1N1]) (3rd manuscript). The course of infection varied between 

both strains. Data suggest a possible correlation between virus replication rate at the 

mucosal surface of the oviduct and the induction of antiviral immune response, as 

determined by IFN-λ expression, being significantly upregulated for H9N2-infected 

MOC. 

Taken together, our results provide new insights to the occurrence of multiple 

respiratory infections in the field. In vitro data provide circumstantial evidence about 

possible mechanisms of M. gallisepticum being involved in the modification of 

subsequent AIV pathogenesis. Both MOC and TOC showed higher expression levels 

of IFN-λ than -α after AIV-infection, supporting the speculation of its significant 

antiviral role at mucosal surfaces. TOC and MOC were suitable models to investigate 

host-pathogen interactions.   
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 Zusammenfassung 8.

Wirt-Erreger-Interaktionen auf aviären Schleimhautoberflächen 

bei mono- und multikausalen Infektionen 

Hicham Sid 

Die Interaktionen von verschiedenen Atemwegserregern mit der 

Schleimhautoberfläche von Geflügel können variieren und dadurch Unterschiede in 

der Pathogenese hervorrufen. Sekundärinfektionen können nicht nur die Erkrankung 

verkomplizieren, sondern auch die Diagnose der beteiligten Erreger erschweren. Das 

aviäre Influenza Virus (AIV) und Mycoplasma gallisepticum (M. gallisepticum) sind 

zwei primärpathogene Erreger, die beide einen starken Tropismus für Epithelien des 

oberen Respirationstraktes aufweisen. Koinfektionen mit diesen Erregern können zu 

einer erhöhten Mortalität führen. Der Mechanismus dieser möglicherweise 

synergistischen oder additiven Effekte zwischen M. gallisepticum und AIV sind 

jedoch bisher unbekannt.  

Im ersten Teil der Studie wurden algerische Geflügelbestände auf mono- oder 

multikausale Infektionen mit Atemwegserregern untersucht (erstes Manuskript). Es 

konnte gezeigt werden, dass hauptsächlich multiple Infektionen mit mindestens zwei 

verschiedenen Errgern wie M. gallisepticum, M. synoviae, AIV, dem Virus der 

infektiösen Bronchitis (IBV) oder aviären Metapneumoviren (aMPV) vorlagen. Alle 

viralen Erreger wurden zum ersten Mal in algerischen Geflügelbeständen 

nachgewiesen.  

Im zweiten Teil der Studie wurde die Wirt-Erreger-Interaktion bei einer Koinfektion 

mit M. gallisepticum und AIV mithilfe der Trachealorgankultur (TOC) als Modell für 

Schleimhautoberflächen untersucht (zweites Manuskript). TOC von Hühnern und 

Puten wurden mit M. gallisepticum infiziert, gefolgt von einer Inokulation mit AIV 

H9N2 nach 24 oder 72 Stunden. Je nach Zeitintervall zwischen den beiden 

Infektionen wurde die Replikation von H9N2 entweder gefördert oder unterdrückt. M. 

gallisepticum verhinderte die antivirale Genexpression, induzierte die Desialylierung 
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der α-2,3-gebundenen Sialinsäuren und beeinflusste damit die Bindung von AIV an 

die Wirtszelle. Ultrastrukturelle Untersuchungen von koinfizierten TOC erlauben die 

Vermutung, dass beide Pathogene nicht nur an dieselbe Epithelzelle binden, sondern 

sie auch zusammen infizieren können. Diese Daten zeigen zum ersten Mal mögliche 

Mechanismen, mit denen eine M. gallisepticum-Infektion den Verlauf einer AIV-

Infektion verändern kann.  

Das Ziel des dritten Teils der Studie war die Etablierung einer Hühner-Magnum-

Organkultur (MOC) als Modell zum Vergleich der Empfänglichkeit gegenüber 

verschiedenen Influenza-A-Subtypen (H9N2 und pandemisches H1N1 (pH1N1), 

drittes Manuskript). Der Verlauf der Infektion unterschied sich zwischen den beiden 

Stämmen. Aufgrund der Daten lässt sich ein Zusammenhang zwischen der 

Virusreplikationsrate in der Legedarmschleimhaut und der antiviralen Immunantwort 

vermuten. So war die IFN-λ-Expression bei H9N2 infizierten MOC signifikant erhöht. 

Zusammenfassend ermöglichen die Ergebnisse neue Einblicke in das Vorkommen 

von multiplen Infektionen mit Respirationserregern im Feld. Die Daten aus den In-

vitro-Versuchen liefern Hinweise auf die möglichen Mechanismen mit denen M. 

gallisepticum die Pathogenese einer nachfolgenden AIV-Infektion beeinflussen kann. 

Die Expression von IFN-λ war gegenüber IFN-α sowohl in den TOC als auch den 

MOC nach einer AIV-Infektion erhöht, sodass auf eine signifikante antivirale Rolle 

von IFN-λ auf Schleimhautoberflächen geschlossen werden kann. Insgesamt 

erwiesen sich die eingesetzten TOC und MOC als gute Modelle zur Untersuchung 

der Wirt-Erreger-Interaktionen. 

 
 
 
 
 
 
 
 
 
 
 



9.References 

 

65 

 References  9.

ABDEL-AZEEM, A.-A. S., G. FRANZO, A. DALLE ZOTTE, M. DRIGO, E. CATELLI, 
C. LUPINI, M. MARTINI u. M. CECCHINATO (2014): 

First evidence of avian metapneumovirus subtype A infection in turkeys in Egypt. 

Trop Anim Health Prod 46, 1093-1097 

 

ABDEL-MONEIM, A. S., M. F. EL-KADY, B. S. LADMAN u. J. GELB, JR. (2006): 

S1 gene sequence analysis of a nephropathogenic strain of avian infectious 
bronchitis virus in Egypt. 

Virol J 3, 78 

 

ABDELWHAB, E., D. LÜSCHOW, T. C. HARDER u. H. M. HAFEZ (2011): 

The use of FTA® filter papers for diagnosis of avian influenza virus. 

J Virol Methods 174, 120-122 

 

ABDUL-WAHAB, O. M., G. ROSS u. J. M. BRADBURY (1996): 

Pathogenicity and cytadherence of Mycoplasma imitans in chicken and duck embryo 
tracheal organ cultures. 

Infect Immun 64, 563-568 

 

ADAMS, S. C., Z. XING, J. LI u. C. J. CARDONA (2009): 

Immune-related gene expression in response to H11N9 low pathogenic avian 
influenza virus infection in chicken and Pekin duck peripheral blood mononuclear 
cells. 

Mol Immunol 46, 1744-1749 

 

AKEY, B. (2003): 

Low-pathogenicity H7N2 avian influenza outbreak in Virginia during 2002. 

Avian Dis 47, 1099-1103 

 

AL-DABHAWE, A., H. KADHIM u. H. SAMAKA (2013): 

Molecular detection of infectious bronchitis virus and it is relation with avian influenza 
virus (H9) and Mycoplasma gallisepticum from different geographical regions in Iraq. 

Iraqi J Vet Sci 27, 97-101 

 

ALEXANDER, D., G. PARSONS u. R. MANVELL (1986): 

Experimental assessment of the pathogenicity of eight avian influenza A viruses of 
H5 subtype for chickens, turkeys, ducks and quail. 

Avian pathol 15, 647-662 



9. References 

 

66 

ALEXANDER, D. J. (2000): 

A review of avian influenza in different bird species. 

Vet Microbiol 74, 3-13 

 

ALEXANDER, D. J. (2007): 

An overview of the epidemiology of avian influenza. 

Vaccine 25, 5637-5644 

 

ALY, M., A. ARAFA u. M. HASSAN (2008): 

Epidemiological findings of outbreaks of disease caused by highly pathogenic H5N1 
avian influenza virus in poultry in Egypt during 2006. 

Avian Dis 52, 269-277 

 

ARAFA, A.-S., N. M. HAGAG, N. YEHIA, A. M. ZANATY, M. M. NAGUIB u. S. A. 
NASEF (2012): 

Effect of cocirculation of highly pathogenic avian influenza H5N1 subtype with low 
pathogenic H9N2 subtype on the spread of infections. 

Avian Dis 56, 849-857 

 

ARZEY, G. u. K. ARZEY (1992): 

Successful treatment of mycoplasmosis in layer chickens with single dose therapy. 

Aust Vet J 69, 126-128 

 

AVAKIAN, A. P., S. KLEVEN u. J. GLISSON (1988): 

Evaluation of the specificity and sensitivity of two commercial enzyme-linked 
immunosorbent assay kits, the serum plate agglutination test, and the 
hemagglutination-inhibition test for antibodies formed in response to Mycoplasma 
gallisepticum. 

Avian Dis 32, 262-272 

 

AWAD, F., M. BAYLIS u. K. GANAPATHY (2014): 

Detection of variant infectious bronchitis viruses in broiler flocks in Libya. 

Int J Vet Sci Med 2, 78-82 

 

BARBER, M. R., J. R. ALDRIDGE, R. G. WEBSTER u. K. E. MAGOR (2010): 

Association of RIG-I with innate immunity of ducks to influenza. 

Proc Natl Acad Sci 107, 5913-5918 

 

 

 



9.References 

 

67 

BAUDIN, F., C. BACH, S. CUSACK u. R. RUIGROK (1994): 

Structure of influenza virus RNP. I. Influenza virus nucleoprotein melts secondary 
structure in panhandle RNA and exposes the bases to the solvent. 

EMBO J 13, 3158 

 

BENCINA, D. u. J. M. BRADBURY (1992): 

Combination of immunofluorescence and immunoperoxidase techniques for 
serotyping mixtures of Mycoplasma species. 

J Clin Microbiol 30, 407-410 

 

BENCINA, D., I. MRZEL, O. Z. ROJS, A. BIDOVEC u. A. DOVC (2003): 

Characterisation of Mycoplasma gallisepticum strains involved in respiratory disease 
in pheasants and peafowl. 

Vet Rec 152, 230-234 

 

BERČIČ, R. L., I. CIZELJ, D. DUŠANIĆ, M. NARAT, O. ZORMAN-ROJS, P. DOVČ 
u. D. BENČINA (2011): 

Neuraminidase of Mycoplasma synoviae desialylates heavy chain of the chicken 
immunoglobulin G and glycoproteins of chicken tracheal mucus. 

Avian Pathol 40, 299-308 

 

BIGLAND, C., M. WARENYCIA u. M. DENSON (1979): 

Specific immune gammaglobulin in the control of Mycoplasma meleagridis. 

Poult Sci 58, 319-328 

 

BÍRÓ, J., J. POVAZSAN, L. KORÖSI, R. GLAVITS, L. HUFNAGEL u. L. 
STIPKOVITS (2005): 

Safety and efficacy of Mycoplasma gallisepticum TS-11 vaccine for the protection of 
layer pullets against challenge with virulent M. gallisepticum R-strain. 

Avian Pathol 34, 341-347 

 

BLYTH, G. A., W. F. CHAN, R. G. WEBSTER u. K. E. MAGOR (2016): 

Duck Interferon-Inducible Transmembrane Protein 3 Mediates Restriction of 
Influenza Viruses. 

J Virol 90, 103-116 

 

BRAGG, R. R. (2002): 

Virulence of South African isolates of Haemophilus paragallinarum. Part 2: Naturally 
occurring NAD-independent field isolates. 

Onderstepoort J Vet Res 69, 171-176 



9. References 

 

68 

 

BROWNING, G. F., A. H. NOORMOHAMMADI u. P. F. MARKHAM (2014): 

Identification and Characterization of Virulence Genes in Mycoplasmas. 

Mollicutes: Molecular Biology and Pathogenesis 18, 283-93. 

 

BUBLOT, M., N. PRITCHARD, D. E. SWAYNE, P. SELLECK, K. KARACA, D. L. 
SUAREZ, J. C. AUDONNET u. T. R. MICKLE (2006): 

Development and use of fowlpox vectored vaccines for avian influenza. 

Ann N Y Acad Sci 1081, 193-201 

 

BURNHAM, M., S. BRANTON, E. PEEBLES, B. LOTT u. P. GERARD (2002a): 

Effects of F-strain Mycoplasma gallisepticum inoculation at twelve weeks of age on 
performance and egg characteristics of commercial egg-laying hens. 

Poult Sci 81, 1478-1485 

 

BURNHAM, M., E. PEEBLES, S. BRANTON, M. JONES, P. GERARD u. W. MASLIN 
(2002b): 

Effects of F-strain Mycoplasma gallisepticum inoculation at twelve weeks of age on 
digestive and reproductive organ characteristics of commercial egg laying hens. 

Poult Sci 81, 1884-1891 

 

CARLI, K. T. u. A. EYIGOR (2003): 

Real-time polymerase chain reaction for detection of Mycoplasma gallisepticum in 
chicken trachea. 

Avian Dis 47, 712-717 

 

CAUTHEN, A. N., D. E. SWAYNE, M. J. SEKELLICK, P. I. MARCUS u. D. L. 
SUAREZ (2007): 

Amelioration of influenza virus pathogenesis in chickens attributed to the enhanced 
interferon-inducing capacity of a virus with a truncated NS1 gene. 

J Virol 81, 1838-1847 

 

CHAMNANPOOD, C., D. SANGUANSERMSRI, S. PONGCHAROEN u. P. 
SANGUANSERMSRI (2011): 

Detection of distribution of avian influenza H5N1 virus by immunohistochemistry, 
chromogenic in situ hybridization and real-time PCR techniques in experimentally 
infected chickens. 

Southeast Asian J Trop Med Public Health 42, 303-313 

 

 



9.References 

 

69 

CHANDIRAMANI, N., H. VAN ROEKEL u. O. M. OLESIUK (1966): 

Viability studies with Mycoplasma gallisepticum under different environmental 
conditions. 

Poult Sci 45, 1029-1044 

 

CHEUNG, T. K. u. L. L. POON (2007): 

Biology of influenza a virus. 

Ann N Y Acad Sci 1102, 1-25 

 

CHIN, R., B. DAFT, C. METEYER u. R. YAMAMOTO (1991): 

Meningoencephalitis in commercial meat turkeys associated with Mycoplasma 
gallisepticum. 

Avian Dis 35, 986-993 

 

CHLANDA, P., O. SCHRAIDT, S. KUMMER, J. RICHES, H. OBERWINKLER, S. 
PRINZ, H.-G. KRÄUSSLICH u. J. A. BRIGGS (2015): 

Structural analysis of the roles of influenza a virus membrane-associated proteins in 
assembly and morphology. 

J Virol 89, 8957-8966 

 

CHU, C., I. DAWSON u. W. ELFORD (1949): 

Filamentous forms associated with newly isolated influenza virus. 

Lancet 253, 602-603 

 

COLLIER, A. M. u. W. A. CLYDE (1971): 

Relationships between Mycoplasma pneumoniae and human respiratory epithelium. 

Infect Immun 3, 694-701 

 

CONENELLO, G. M. u. P. PALESE (2007): 

Influenza A virus PB1-F2: a small protein with a big punch. 

Cell Host Microbe 2, 207-209 

 

COX, N. J. u. T. M. UYEKI (2008): 

Public health implications of avian influenza viruses. 

Avian Influenza 453-484 

 

 

 

 



9. References 

 

70 

CUMMINGS, T. S. u. S. KLEVEN (1986): 

Evaluation of protection against Mycoplasma gallisepticum infection in chickens 
vaccinated with the F strain of Mycoplasma gallisepticum. 

Avian Dis 30, 169-171 

 

DE WIT, J., P. BRANDAO, C. TORRES, R. KOOPMAN u. L. VILLARREAL (2015): 

Increased level of protection of respiratory tract and kidney by combining different 
infectious bronchitis virus vaccines against challenge with nephropathogenic 
Brazilian genotype subcluster 4 strains. 

Avian Pathol 44, 352-357 

 

DHONDT, A. A., K. V. DHONDT, D. M. HAWLEY u. C. S. JENNELLE (2007): 

Experimental evidence for transmission of Mycoplasma gallisepticum in house 
finches by fomites. 

Avian Pathol 36, 205-208 

 

DOBRESCU, I., B. LEVAST, K. LAI, M. DELGADO-ORTEGA, S. WALKER, S. 
BANMAN, H. TOWNSEND, G. SIMON, Y. ZHOU u. V. GERDTS (2014): 

In vitro and ex vivo analyses of co-infections with swine influenza and porcine 
reproductive and respiratory syndrome viruses. 

Vet Microbiol 169, 18-32 

 

DUCATEZ, M. F., A. M. MARTIN, A. A. OWOADE, I. O. OLATOYE, B. R. ALKALI, I. 
MAIKANO, C. J. SNOECK, A. SAUSY, P. CORDIOLI u. C. P. MULLER (2009): 

Characterization of a new genotype and serotype of infectious bronchitis virus in 
Western Africa. 

J Gen Virol 90, 2679-2685 

 

DUDLEY, J. (2009): 

Age-specific infection and death rates for human A (H5N1) avian influenza in Egypt. 

Euro surveillance: bulletin Europeen sur les maladies transmissibles= European 
communicable disease bulletin 14, pii: 19201  

 

E SILVA, M. S., D. RISSI, M. PANTIN-JACKWOOD u. D. SWAYNE (2013): 

High-pathogenicity avian influenza virus in the reproductive tract of chickens. 

Vet Pathol 50, 956-960 

 

 

 



9.References 

 

71 

EHRHARDT, C., R. SEYER, E. R. HRINCIUS, T. EIERHOFF, T. WOLFF u. S. 
LUDWIG (2010): 

Interplay between influenza A virus and the innate immune signaling. 

Microbes Infect 12, 81-87 

 

ELMAHI, M. u. M. HOFSTAD (1979): 

Prevention of egg transmission of Mycoplasma meleagridis by antibiotic treatment of 
naturally and experimentally infected turkey eggs. 

Avian Dis 23, 88-94 

 

EVANS, J., S. LEIGH, S. BRANTON, S. COLLIER, G. PHARR u. S. BEARSON 
(2005): 

Mycoplasma gallisepticum: current and developing means to control the avian 
pathogen. 

J Appl Poult Res 14, 757-763 

 

EVANS, R. u. Y. HAFEZ (1992): 

Evaluation of a Mycoplasma gallisepticum strain exhibiting reduced virulence for 
prevention and control of poultry mycoplasmosis. 

Avian Dis 36, 197-201 

 

FEBERWEE, A., T. VON BANNISEHT-WYSMULLER, J. VERNOOIJ, A. GIELKENS 
u. J. STEGEMAN (2006): 

The effect of vaccination with a bacterin on the horizontal transmission of 
Mycoplasma gallisepticum. 

Avian Pathol 35, 35-37 

 

FELDMANN, A., M. K.-H. SCHÄFER, W. GARTEN u. H.-D. KLENK (2000): 

Targeted infection of endothelial cells by avian influenza virus A/FPV/Rostock/34 
(H7N1) in chicken embryos. 

J Virol 74, 8018-8027 

 

FELLAHI, S., M. DUCATEZ, M. E. HARRAK, J. L. GUERIN, N. TOUIL, G. SEBBAR, 
E. A. BOUAITI, K. KHATABY, M. M. ENNAJI u. M. EL-HOUADFI (2015): 

Prevalence and molecular characterization of avian infectious bronchitis virus in 
poultry flocks in Morocco from 2010 to 2014 and first detection of Italy 02 in Africa. 

Avian Pathol 44, 1-27 

 

 

 



9. References 

 

72 

FOUCHIER, R. u. V. MUNSTER (2009): 

Epidemiology of low pathogenic avian influenza viruses in wild birds. 

Revue scientifique et technique (International Office of Epizootics) 28, 49-58 

 

FOUCHIER, R. A., V. MUNSTER, A. WALLENSTEN, T. M. BESTEBROER, S. 
HERFST, D. SMITH, G. F. RIMMELZWAAN, B. OLSEN u. A. D. OSTERHAUS 
(2005): 

Characterization of a novel influenza A virus hemagglutinin subtype (H16) obtained 
from black-headed gulls. 

J Virol 79, 2814-2822 

 

FRAGA, A. P., T. D. VARGAS, N. IKUTA, A. S. K. FONSECA, Á. J. CELMER, E. K. 
MARQUES u. V. R. LUNGE (2013): 

A Multiplex real-time PCR for detection of Mycoplasma gallisepticum and 
Mycoplasma synoviae in clinical samples from Brazilian commercial poultry flocks. 

Braz J Microbiol 44, 505-510 

 

FREY, M., R. HANSON u. D. ANDRSON (1968): 

A medium for the isolation of avian mycoplasmas. 

Am J Vet Res 29, 2163-2171 

 

GALL, A., B. HOFFMANN, T. HARDER, C. GRUND u. M. BEER (2008): 

Universal primer set for amplification and sequencing of HA0 cleavage sites of all 
influenza A viruses. 

J Clin Microbiol 46, 2561-2567 

 

GALL, A., B. HOFFMANN, T. HARDER, C. GRUND, R. EHRICHT u. M. BEER 
(2009): 

Rapid and highly sensitive neuraminidase subtyping of avian influenza viruses by use 
of a diagnostic DNA microarray. 

J Clin Microbiol 47, 2985-2988 

 

GAMBARYAN, A., R. WEBSTER u. M. MATROSOVICH (2002): 

Differences between influenza virus receptors on target cells of duck and chicken. 

Arch Virol 147, 1197-1208 

 

GAUNSON, J., C. PHILIP, K. WHITHEAR u. G. BROWNING (2000): 

Lymphocytic infiltration in the chicken trachea in response to Mycoplasma 
gallisepticum infection. 

Microbiology 146, 1223-1229 



9.References 

 

73 

 

GAUNSON, J., C. PHILIP, K. WHITHEAR u. G. BROWNING (2006): 

The cellular immune response in the tracheal mucosa to Mycoplasma gallisepticum 
in vaccinated and unvaccinated chickens in the acute and chronic stages of disease. 

Vaccine 24, 2627-2633 

 

GERHARD, W., K. MOZDZANOWSKA u. D. ZHARIKOVA (2006): 

Prospects for universal influenza virus vaccine. 

Emerg Infect Dis 12, 569 

 

GHAZIKHANIAN, G. Y., R. YAMAMOTO, R. MCCAPES, W. DUNGAN u. H. 
ORTMAYER (1980): 

Combination dip and injection of turkey eggs with antibiotics to eliminate Mycoplasma 
meleagridis infection from a primary breeding stock. 

Avian Dis 24 57-70 

 

GLASGOW, L. R. u. R. L. HILL (1980): 

Interaction of Mycoplasma gallisepticum with sialyl glycoproteins. 

Infect Immun 30, 353-361 

 

GLISSON, J. R., J. F. DAWE u. S. H. KLEVEN (1984): 

The effect of oil-emulsion vaccines on the occurrence of nonspecific plate 
agglutination reactions for Mycoplasma gallisepticum and Mycoplasma synoviae. 

Avian Dis 28, 397-405 

 

GLISSON, J. R. u. S. H. KLEVEN (1984): 

Mycoplasma gallisepticum vaccination: effects on egg transmission and egg 
production. 

Avian Dis 28, 406-415 

 

GLISSON, J. R. u. S. H. KLEVEN (1985): 

Mycoplasma gallisepticum vaccination: further studies on egg transmission and egg 
production. 

Avian Dis 29, 408-415 

 

GOURLAY, R. u. K. THROWER (1968): 

Morphology of Mycoplasma mycoides thread-phase growth. 

J Gen Microbiol 54, 155-159 

 

 



9. References 

 

74 

HALE, B. G., R. E. RANDALL, J. ORTÍN u. D. JACKSON (2008): 

The multifunctional NS1 protein of influenza A viruses. 

J Gen Virol 89, 2359-2376 

 

HALL, C., A. FLOWERS u. L. GRUMBLES (1963): 

Dipping of hatching eggs for control of Mycoplasma gallisepticum. 

Avian Dis 7, 178-183 

 

HANNA, A., J. BANKS, D. A. MARSTON, R. J. ELLIS, S. M. BROOKES u. I. H. 
BROWN (2015): 

Genetic Characterization of Highly Pathogenic Avian Influenza (H5N8) Virus from 
Domestic Ducks, England, November 2014. 

Emerg Infect Dis 21, 879 

 

HARDER, T., S. MAURER-STROH, A. POHLMANN, E. STARICK, D. HÖRETH-
BÖNTGEN, K. ALBRECHT, G. PANNWITZ, J. TEIFKE, V. GUNALAN u. R. T. LEE 
(2015): 

Influenza A (H5N8) virus similar to strain in Korea causing highly pathogenic avian 
influenza in Germany. 

Emerg Infect Dis 21, 860 

 

HARTMANN, S., H. SID u. S. RAUTENSCHLEIN (2015): 

aMPV infection of chicken and turkey tracheal organ cultures: comparison of virus-
host interactions. 

Avian Pathol 44, 480-9. 

 

HE, F., Q. DU, Y. HO u. J. KWANG (2009): 

Immunohistochemical detection of Influenza virus infection in formalin-fixed tissues 
with anti-H5 monoclonal antibody recognizing FFWTILKP. 

J Virol Methods 155, 25-33 

 

HELEILI, N., A. AYACHI, B. MAMACHE u. A. CHELIHI (2012): 

Seroprevalence of Mycoplasma synoviae and Mycoplasma gallisepticum at Batna 
commercial poultry farms in Algeria. 

Vet World 5, 709-712 

 

HELEILI, N., B. MAMACHE u. A. CHELIHI (2011): 

Incidence of Avian Mycoplasmosis in the region of Batna, Eastern Algeria. 

Vet World 4, 101-105  

 



9.References 

 

75 

HENNET, T., H. ZILTENER, K. FREI u. E. PETERHANS (1992): 

A kinetic study of immune mediators in the lungs of mice infected with influenza A 
virus. 

J Immunol 149, 932-939 

 

HENNING, J., K. A. HENNING, J. M. MORTON, N. T. LONG, N. T. HA, L. T. VU, P. 
P. VU, D. M. HOA u. J. MEERS (2011): 

Highly pathogenic avian influenza (H5N1) in ducks and in-contact chickens in 
backyard and smallholder commercial duck farms in Viet Nam. 

Prev Vet Med 101, 229-240 

 

HENZLER, D., D. KRADEL, S. DAVISON, A. ZIEGLER, D. SINGLETARY, P. 
DEBOK, A. CASTRO, H. LU, R. ECKROADE u. D. SWAYNE (2003): 

Epidemiology, production losses, and control measures associated with an outbreak 
of avian influenza subtype H7N2 in Pennsylvania (1996-98). 

Avian Dis 47, 1022-1036 

 

HINSHAW, V., W. BEAN, R. WEBSTER u. G. SRIRAM (1980): 

Genetic reassortment of influenza A viruses in the intestinal tract of ducks. 

Virology 102, 412-419 

 

HINSHAW, V. S., C. W. OLSEN, N. DYBDAHL-SISSOKO u. D. EVANS (1994): 

Apoptosis: a mechanism of cell killing by influenza A and B viruses. 

J Virol 68, 3667-3673 

 

HOFSTAD, M. (1974): 

The injection of turkey hatching eggs with tylosin to eliminate Mycoplasma 
meleagridis infection. 

Avian Dis 134-138 

 

HOMME, P. u. B. EASTERDAY (1970): 

Avian influenza virus infections. IV. Response of pheasants, ducks, and geese to 
Influenza A/Turkey/Wisconsin/1966 virus. 

Avian Dis 14, 285-290 

 

HONG, Y.-H., J.-S. KWON, H.-J. LEE, C.-S. SONG u. S.-W. LEE (2015): 

Eradication of Mycoplasma synoviae from a multi-age broiler breeder farm using 
antibiotics therapy. 

Poult Sci 94, 2364-2368 

 



9. References 

 

76 

HU, J. u. X. LIU (2014): 

Crucial role of PA in virus life cycle and host adaptation of influenza A virus. 

Med Microbiol Immunol 204, 137-149  

 

HUANG, Z., D. FANG, P. LV, X. BIAN, X. RUAN, Y. YAN u. J. ZHOU (2012): 

Differential cellular immune responses between chickens and ducks to H9N2 avian 
influenza virus infection. 

Vet Immunol Immunopathol 150, 169-180 

 

INDIKOVÁ, I., P. MUCH, L. STIPKOVITS, K. SIEBERT-GULLE, M. P. SZOSTAK, R. 
ROSENGARTEN u. C. CITTI (2013): 

Role of the GapA and CrmA cytadhesins of Mycoplasma gallisepticum in promoting 
virulence and host colonization. 

Infect Immun 81, 1618-1624 

 

INTO, T., K. KIURA, M. YASUDA, H. KATAOKA, N. INOUE, A. HASEBE, K. 
TAKEDA, S. AKIRA u. K. I. SHIBATA (2004): 

Stimulation of human Toll‐like receptor (TLR) 2 and TLR6 with membrane 
lipoproteins of Mycoplasma fermentans induces apoptotic cell death after NF‐κB 
activation. 

Cell Microbiol 6, 187-199 

 

INTO, T., K. OKADA, N. INOUE, M. YASUDA u. K. I. SHIBATA (2002): 

Extracellular ATP Regulates Cell Death of Lymphocytes and Monocytes Induced by 
Membrane‐Bound Lipoproteins of Mycoplasma fermentans and Mycoplasma 
salivarium. 

Microbiol Immunol 46, 667-675 

 

ISON, M. G. (2011): 

Antivirals and resistance: influenza virus. 

Curr Opin Virol 1, 563-573 

 

JIANG, H., H. YANG u. D. R. KAPCZYNSKI (2011): 

Chicken interferon alpha pretreatment reduces virus replication of pandemic H1N1 
and H5N9 avian influenza viruses in lung cell cultures from different avian species. 

Virol J 22, 8-447 

 

 

 

 



9.References 

 

77 

JONES, H. P., L. TABOR, X. SUN, M. D. WOOLARD u. J. W. SIMECKA (2002): 

Depletion of CD8+ T cells exacerbates CD4+ Th cell-associated inflammatory lesions 
during murine mycoplasma respiratory disease. 

J Immunol 168, 3493-3501 

 

JOURDAIN, E., G. GUNNARSSON, J. WAHLGREN, N. LATORRE-MARGALEF, C. 
BRÖJER, S. SAHLIN, L. SVENSSON, J. WALDENSTRÖM, Å. LUNDKVIST u. B. 
OLSEN (2010): 

Influenza virus in a natural host, the mallard: experimental infection data. 

Plos One 28, 5:e8935. 

 

KARPALA, A. J., C. STEWART, J. MCKAY, J. W. LOWENTHAL u. A. G. BEAN 
(2011): 

Characterization of chicken Mda5 activity: regulation of IFN-β in the absence of RIG-I 
functionality. 

J Immunol 186, 5397-5405 

 

KASTELIC, S., R. L. BERČIČ, I. CIZELJ, M. BENČINA, L. MAKRAI, O. ZORMAN-
ROJS, M. NARAT, M. BISGAARD, H. CHRISTENSEN u. D. BENČINA (2013): 

Ornithobacterium rhinotracheale has neuraminidase activity causing desialylation of 
chicken and turkey serum and tracheal mucus glycoproteins. 

Vet Microbiol 162, 707-712 

 

KEAWCHAROEN, J., D. VAN RIEL, G. VAN AMERONGEN, T. BESTEBROER, W. 
BEYER, R. VAN LAVIEREN, A. OSTERHAUS, R. FOUCHIER u. T. KUIKEN (2008): 

Wild ducks as long-distance vectors of highly pathogenic avian influenza virus 
(H5N1). 

Emerg Infect Dis 14, 600-607 

 

KEMPF, I., F. GESBERT, M. GUITTET, G. BENNEJEAN u. L. STIPKOVITS (1994): 

Evaluation of two commercial enzyme‐linked immunosorbent assay kits for the 
detection of Mycoplasma gallisepticum antibodies. 

Avian Pathol 23, 329-338 

 

KILANY, W., A. ARAFA, A. ERFAN, M. AHMED, A. NAWAR, A. SELIM, S. 
KHOULOSY, M. HASSAN, M. ALY u. H. HAFEZ (2010): 

Isolation of highly pathogenic avian influenza H5N1 from table eggs after vaccinal 
break in commercial layer flock. 

Avian Dis 54, 1115-1119 

 

 



9. References 

 

78 

KLEVEN, S. (2008): 

Control of avian mycoplasma infections in commercial poultry. 

Avian Dis 52, 367-374 

 

KOBAYASHI, Y., T. HORIMOTO, Y. KAWAOKA, D. ALEXANDER u. C. ITAKURA 
(1996): 

Pathological studies of chickens experimentally infected with two highly pathogenic 
avian influenza viruses. 

Avian Pathol 25, 285-304 

 

KREIJTZ, J., R. FOUCHIER u. G. RIMMELZWAAN (2011): 

Immune responses to influenza virus infection. 

Virus Res 162, 19-30 

 

KULPA-EDDY, J., G. SRINIVAS, M. HALDER, K. BROWN, H. DRAAYER, J. 
GALVIN, I. CLAASSEN, G. GIFFORD, R. WOODLAND u. V. DOELLING (2011): 

Alternative methods and strategies to reduce, refine, and replace animal use for 
veterinary vaccine post-licensing safety testing: state of the science and future 
directions. 

Procedia Vaccinol 5, 106-119 

 

LAM, K. (2003a): 

Mycoplasma gallisepticum-induced alterations in chicken red blood cells. 

Avian Dis 47, 485-488 

 

LAM, K. (2003b): 

Scanning electron microscopic studies of Mycoplasma gallisepticum infection in 
embryonic tracheae. 

Avian Dis 47, 193-196 

 

LAURIE, K. L., T. A. GUARNACCIA, L. A. CAROLAN, A. W. YAN, M. ABAN, S. 
PETRIE, P. CAO, J. M. HEFFERNAN, J. MCVERNON u. J. MOSSE (2015): 

The time-interval between infections and viral hierarchies are determinants of viral 
interference following influenza virus infection in a ferret model. 

J Infect Dis 212, 1701-10 

 

LAVRIČ, M., D. BENČINA, S. KOTHLOW, B. KASPERS u. M. NARAT (2007): 

Mycoplasma synoviae lipoprotein MSPB, the N-terminal part of VlhA haemagglutinin, 
induces secretion of nitric oxide, IL-6 and IL-1β in chicken macrophages. 

Vet Microbiol 121, 278-287 



9.References 

 

79 

 

LEVISOHN, S. (1984): 

Early stages in the interaction between Mycoplasma gallisepticum and the chick 
trachea, as related to pathogenicity and immunogenicity. 

Isr J Med Sci 20, 982-984  

 

LEVISOHN, S., J. GLISSON u. S. KLEVEN (1985): 

In ovo pathogenicity of Mycoplasma gallisepticum strains in the presence and 
absence of maternal antibody. 

Avian Dis 29, 188-197 

 

LEVISOHN, S. u. S. KLEVEN (2000): 

Avian mycoplasmosis (Mycoplasma gallisepticum). 

Revue scientifique et technique (International Office of Epizootics) 19, 425-442 

 

LEY, D. (2008): 

Mycoplasma gallisepticum infection. 

Diseases of Poultry 12th Edition, 807-821 

 

LIN, M. u. S. KLEVEN (1982): 

Egg transmission of two strains of Mycoplasma gallisepticum in chickens. 

Avian Dis 26, 487-495 

 

MAINES, T. R., K. J. SZRETTER, L. PERRONE, J. A. BELSER, R. A. BRIGHT, H. 
ZENG, T. M. TUMPEY u. J. M. KATZ (2008): 

Pathogenesis of emerging avian influenza viruses in mammals and the host innate 
immune response. 

Immunol Rev 225, 68-84 

 

MAJUMDER, S., F. ZAPPULLA u. L. K. SILBART (2014): 

Mycoplasma gallisepticum lipid associated membrane proteins up-regulate 
inflammatory genes in chicken tracheal epithelial cells via TLR-2 ligation through an 
NF-kappaB dependent pathway. 

Plos One 9, e112796 

 

MANILOFF, J., R. N. MCELHANEY, L. R. FINCH u. J. B. BASEMAN (1992): 

Mycoplasmas: molecular biology and pathogenesis. 

American Society for Microbiology  

 



9. References 

 

80 

MARINARO, M., G. GRECO, E. TARSITANO, G. VENTRELLA, M. CAMERO, M. 
CORRENTE, G. REZZA u. D. BUONAVOGLIA (2015): 

Changes in peripheral blood leucocytes of sheep experimentally infected with 
Mycoplasma agalactiae. 

Vet Microbiol 175, 257-264 

 

MATHIEU, C., V. MORENO, P. RETAMAL, A. GONZALEZ, A. RIVERA, J. FULLER, 
C. JARA, C. LECOCQ, M. ROJAS u. A. GARCÍA (2010): 

Pandemic (H1N1) 2009 in breeding turkeys, Valparaiso, Chile. 

Emerg Infect Dis 16, 709 

 

MATROSOVICH, M., A. GAMBARYAN u. H. KLENK (2008): 

Receptor specificity of influenza viruses and its alteration during interspecies 
transmission. 

J Vet Med Sci 73, 125-7 

 

MATROSOVICH, M. N., T. Y. MATROSOVICH, T. GRAY, N. A. ROBERTS u. H.-D. 
KLENK (2004): 

Human and avian influenza viruses target different cell types in cultures of human 
airway epithelium. 

Proc Natl Acad Sci 101, 4620-4624 

 

MAY, M., S. M. SZCZEPANEK, S. FRASCA, A. E. GATES, D. L. DEMCOVITZ, C. G. 
MONEYPENNY, D. R. BROWN u. S. J. GEARY (2012): 

Effects of sialidase knockout and complementation on virulence of Mycoplasma 
gallisepticum. 

Vet Microbiol 157, 91-95 

 

MEDZHITOV, R. (2007): 

Recognition of microorganisms and activation of the immune response. 

Nature 449, 819-826 

 

MENG, F., D. PUNYADARSANIYA, S. UHLENBRUCK, I. HENNIG-PAUKA, C. 
SCHWEGMANN-WESSELS, X. REN, R. DURRWALD u. G. HERRLER (2013): 

Replication characteristics of swine influenza viruses in precision-cut lung slices 
reflect the virulence properties of the viruses. 

Vet Res 44, 110 

 

 

 



9.References 

 

81 

MENG, F., N. WU, A. NERLICH, G. HERRLER, P. VALENTIN-WEIGAND u. M. 
SEITZ (2015): 

Dynamic viral-bacterial interactions in a porcine precision-cut lung slice co-infection 
model: swine influenza virus paves the way for Streptococcus suis infection in a two-
step process. 

Infect Immun IAI. 00171-00115 

 

MOHAMED, Y. u. E. BOHL (1968): 

Serologic studies on Mycoplasma meleagridis in turkeys. 

Avian Dis 12, 554-566 

 

MOHAMMED, H., R. YAMAMOTO, T. CARPENTER u. H. ORTMAYER (1986): 

Comparison of egg yolk and serum for the detection of Mycoplasma gallisepticum 
and Mycoplasma synoviae antibodies by enzyme-linked immunosorbent assay. 

Avian Dis 30, 398-408 

 

MOHAMMED, H. O., T. E. CARPENTER u. R. YAMAMOTO (1987): 

Economic impact of Mycoplasma gallisepticum and M. synoviae in commercial layer 
flocks. 

Avian Dis 31, 477-482 

 

MOHAMMED, J., S. FRASCA, JR., K. CECCHINI, D. ROOD, A. C. NYAOKE, S. J. 
GEARY u. L. K. SILBART (2007): 

Chemokine and cytokine gene expression profiles in chickens inoculated with 
Mycoplasma gallisepticum strains Rlow or GT5. 

Vaccine 25, 8611-8621 

 

MONNE, I., A. FUSARO, M. I. NELSON, L. BONFANTI, P. MULATTI, J. HUGHES, 
P. R. MURCIA, A. SCHIVO, V. VALASTRO, A. MORENO, E. C. HOLMES u. G. 
CATTOLI (2014): 

Emergence of a highly pathogenic avian influenza virus from a low-pathogenic 
progenitor. 

J Virol 88, 4375-4388 

 

MORETTI, S. A., C. E. BOUCHER u. R. R. BRAGG (2013): 

Molecular characterisation of Mycoplasma gallisepticum genotypes from chickens in 
Zimbabwe and South Africa. 

S Afr J Sci 109, 11-12 

 

 



9. References 

 

82 

MORK, A.-K., M. HESSE, S. A. EL RAHMAN, S. RAUTENSCHLEIN, G. HERRLER 
u. C. WINTER (2014): 

Differences in the tissue tropism to chicken oviduct epithelial cells between avian 
coronavirus IBV strains QX and B1648 are not related to the sialic acid binding 
properties of their spike proteins. 

Vet Res 45, 67  

 

MOROWITZ, H. J. u. J. MANILOFF (1966): 

Analysis of the life cycle of Mycoplasma gallisepticum. 

J Bacteriol 91, 1638-1644 

 

MUCH, P., F. WINNER, L. STIPKOVITS, R. ROSENGARTEN u. C. CITTI (2002): 

Mycoplasma gallisepticum: influence of cell invasiveness on the outcome of 
experimental infection in chickens. 

FEMS Immunol Med Microbiol 34, 181-186 

 

MULONGO, M., T. PRYSLIAK, E. SCRUTEN, S. NAPPER u. J. PEREZ-CASAL 
(2014): 

In vitro infection of bovine monocytes with Mycoplasma bovis delays apoptosis and 
suppresses production of gamma interferon and tumor necrosis factor alpha but not 
interleukin-10. 

Infect Immun 82, 62-71 

 

MURAKAMI, S., M. MIYAMA, A. OGAWA, J. SHIMADA u. T. NAKANE (2002): 

Occurrence of conjunctivitis, sinusitis and upper region tracheitis in Japanese quail 
(Coturnix coturnix japonica), possibly caused by Mycoplasma gallisepticum 
accompanied by Cryptosporidium sp. infection. 

Avian Pathol 31, 363-370 

 

MURPHY, B. u. M. CLEMENTS (1989): 

The systemic and mucosal immune response of humans to influenza A virus. 

In: New Strategies for Oral Immunization 

Springer, S. 107-116 

 

NAGAI, R. u. M. MIYATA (2006): 

Gliding motility of Mycoplasma mobile can occur by repeated binding to N-
acetylneuraminyllactose (sialyllactose) fixed on solid surfaces. 

J Bacteriol 188, 6469-6475 

 

 



9.References 

 

83 

NAKAMURA, K., H. UEDA, T. TANIMURA u. K. NOGUCHI (1994): 

Effect of Mixed Live Vaccine (Newcastle-Disease and Infectious-Bronchitis) and 
Mycoplasma gallisepticum on the Chicken Respiratory-Tract and on Escherichia-Coli 
Infection. 

J Comp Pathol 111, 33-42 

 

NAYAK, D. P., E. K.-W. HUI u. S. BARMAN (2004): 

Assembly and budding of influenza virus. 

Virus Res 106, 147-165 

 

NELSON, M. I. u. E. C. HOLMES (2007): 

The evolution of epidemic influenza. 

Nat Rev Genet 8, 196-205 

 

NGUYEN, J. T., D. F. SMEE, D. L. BARNARD, J. G. JULANDER, M. GROSS, M. D. 
DE JONG u. G. T. WENT (2012): 

Efficacy of combined therapy with amantadine, oseltamivir, and ribavirin in vivo 
against susceptible and amantadine-resistant influenza A viruses. 

Plos One 7, e31006 

 

NILI, H. u. K. ASASI (2002): 

Natural cases and an experimental study of H9N2 avian influenza in commercial 
broiler chickens of Iran. 

Avian Pathol 31, 247-252 

 

NILI, H. u. K. ASASI (2003): 

Avian influenza (H9N2) outbreak in Iran. 

Avian Dis 47, 828-831 

 

NUNOYA, T., K. KANAI, T. YAGIHASHI, S. HOSHI, K. SHIBUYA u. M. TAJIMA 
(1997): 

Natural case of salpingitis apparently caused by Mycoplasma gallisepticum in 
chickens. 

Avian Pathol 26, 391-398 

 

OIE (2015): 

Avian Influenza. 

In: Manual of Diagnostic Tests and Vaccines for Terrestrial Animals S. Chapter 
2.7.12 

 



9. References 

 

84 

OSE, E., R. WELLENREITER u. L. TONKINSON (1979): 

Effects of feeding tylosin to layers exposed to Mycoplasma gallisepticum. 

Poultry Sci 58, 42-49 

 

OU, C., G. WU, Q. ZHANG, N. SHI u. C. HE (2015): 

Dryocrassin ABBA, a novel active substance for use against amantadine-resistance 
H5N1 avian Influenza virus. 

Front Microbiol 6, 592 

 

OWOADE, A., M. DUCATEZ, J. HÜBSCHEN, A. SAUSY, H. CHEN, Y. GUAN u. C. 
MULLER (2008): 

Avian metapneumovirus subtype A in China and subtypes A and B in Nigeria. 

Avian Dis 52, 502-506 

 

PANTIN-JACKWOOD, M., D. SUAREZ, E. SPACKMAN u. D. SWAYNE (2007): 

Age at infection affects the pathogenicity of Asian highly pathogenic avian influenza 
H5N1 viruses in ducks. 

Virus Res 130, 151-161 

 

PANTIN-JACKWOOD, M. u. D. SWAYNE (2009): 

Pathogenesis and pathobiology of avian influenza virus infection in birds. 

Revue scientifique et technique (International Office of Epizootics) 28, 113-136 

 

PAPAZISI, L., T. S. GORTON, G. KUTISH, P. F. MARKHAM, G. F. BROWNING, S. 
SWARTZELL, A. MADAN, G. MAHAIRAS u. S. J. GEARY (2003): 

The complete genome sequence of the avian pathogen Mycoplasma gallisepticum 
strain Rlow. 

Microbiology 149, 2307-2316 

 

PAPAZISI, L., L. SILBART, S. FRASCA, D. ROOD, X. LIAO, M. GLADD, M. JAVED 
u. S. GEARY (2002): 

A modified live Mycoplasma gallisepticum vaccine to protect chickens from 
respiratory disease. 

Vaccine 20, 3709-3719 

 

 

 

 

 



9.References 

 

85 

PASICK, J., K. HANDEL, J. ROBINSON, J. COPPS, D. RIDD, K. HILLS, H. 
KEHLER, C. COTTAM-BIRT, J. NEUFELD u. Y. BERHANE (2005): 

Intersegmental recombination between the haemagglutinin and matrix genes was 
responsible for the emergence of a highly pathogenic H7N3 avian influenza virus in 
British Columbia. 

J Gen Virol 86, 727-731 

 

PASMA, T. u. T. JOSEPH (2010): 

Pandemic (H1N1) 2009 infection in swine herds, Manitoba, Canada. 

Emerg Infect Dis 16, 706-708 

 

PATERSON, D. u. E. FODOR (2012): 

Emerging roles for the influenza A virus nuclear export protein (NEP). 

PLoS Pathog 8 e1003019 

 

PEDERSEN, J. C. (2008): 

Hemagglutination-inhibition test for avian influenza virus subtype identification and 
the detection and quantitation of serum antibodies to the avian influenza virus. 

In: Avian influenza virus 

Springer, S. 53-66 

 

PEIRIS, J., W. YU, C. LEUNG, C. CHEUNG, W. NG, J. A. NICHOLLS, T. NG, K. 
CHAN, S. LAI u. W. LIM (2004): 

Re-emergence of fatal human influenza A subtype H5N1 disease. 

Lancet 363, 617-619 

 

PEIRIS, J. M., M. D. DE JONG u. Y. GUAN (2007): 

Avian influenza virus (H5N1): a threat to human health. 

Clin Microbiol Rev 20, 243-267 

 

PENSKI, N., S. HÄRTLE, D. RUBBENSTROTH, C. KROHMANN, N. RUGGLI, B. 
SCHUSSER, M. PFANN, A. REUTER, S. GOHRBANDT u. J. HUNDT (2011): 

Highly pathogenic avian influenza viruses do not inhibit interferon synthesis in 
infected chickens but can override the interferon-induced antiviral state. 

J Virol 85, 7730-7741 

 

PERKINS, L. E. u. D. E. SWAYNE (2003): 

Comparative susceptibility of selected avian and mammalian species to a Hong 
Kong-origin H5N1 high-pathogenicity avian influenza virus. 

Avian Dis 47, 956-967 



9. References 

 

86 

 

PETERSEN, H., M. MATROSOVICH, S. PLESCHKA u. S. RAUTENSCHLEIN 
(2012): 

Replication and Adaptive Mutations of Low Pathogenic Avian Influenza Viruses in 
Tracheal Organ Cultures of Different Avian Species. 

Plos One 7, e42260 

 

PETERSEN, H., Z. WANG, E. LENZ, S. PLESCHKA u. S. RAUTENSCHLEIN (2013): 

Reassortment of NS segments modifies highly pathogenic avian influenza virus 
interaction with avian hosts and host cells. 

J Virol 87, 5362-5371 

 

PILLAI, S. P. u. C. W. LEE (2010): 

Species and age related differences in the type and distribution of influenza virus 
receptors in different tissues of chickens, ducks and turkeys. 

Virol J 12 7-5 

 

PIRHONEN, J., T. SARENEVA, M. KURIMOTO, I. JULKUNEN u. S. MATIKAINEN 
(1999): 

Virus infection activates IL-1β and IL-18 production in human macrophages by a 
caspase-1-dependent pathway. 

J Immunol 162, 7322-7329 

 

PLACHÝ, J., K. C. WEINING, E. KREMMER, F. PUEHLER, K. HALA, B. KASPERS 
u. P. STAEHELI (1999): 

Protective effects of type I and type II interferons toward Rous sarcoma virus-induced 
tumors in chickens. 

Virology 256, 85-91 

 

POST, J., E. D. DE GEUS, L. VERVELDE, J. CORNELISSEN u. J. REBEL (2013): 

Systemic distribution of different low pathogenic avian influenza (LPAI) viruses in 
chicken. 

Virol J 10, 118-123 

 

PRESTI, R. M., G. ZHAO, W. L. BEATTY, K. A. MIHINDUKULASURIYA, A. P. DA 
ROSA, V. L. POPOV, R. B. TESH, H. W. VIRGIN u. D. WANG (2009): 

Quaranfil, Johnston Atoll, and Lake Chad viruses are novel members of the family 
Orthomyxoviridae. 

J Virol 83, 11599-11606 

 



9.References 

 

87 

 

PUNYADARSANIYA, D., C. WINTER, A.-K. MORK, M. AMIRI, H. Y. NAIM, S. 
RAUTENSCHLEIN u. G. HERRLER (2015): 

Precision-cut intestinal slices as a culture system to analyze the infection of 
differentiated intestinal epithelial cells by avian influenza viruses. 

J Virol Methods 212, 71-75 

 

QIAO, C., G. TIAN, Y. JIANG, Y. LI, J. SHI, K. YU u. H. CHEN (2006): 

Vaccines developed for H5 highly pathogenic avian influenza in China. 

Ann N Y Acad Sci 1081, 182-192 

 

RAZIN, S., D. YOGEV u. Y. NAOT (1998): 

Molecular biology and pathogenicity of mycoplasmas. 

Microbiol Mol Biol Rev 62, 1094-1156 

 

REUTER, A., S. SOUBIES, S. HARTLE, B. SCHUSSER, B. KASPERS, P. 
STAEHELI u. D. RUBBENSTROTH (2014): 

Antiviral Activity of Lambda Interferon in Chickens. 

J Virol 88, 2835-2843 

 

ROBERTS, D., L. OLSON, M. BARILE, V. GINSBURG u. H. KRIVAN (1989): 

Sialic acid-dependent adhesion of Mycoplasma pneumoniae to purified 
glycoproteins. 

J Biol Chem 264, 9289-9293 

 

ROUSSAN, D. A., G. KHAWALDEH u. I. A. SHAHEEN (2015): 

A survey of Mycoplasma gallisepticum and Mycoplasma synovaie with avian 
influenza H9 subtype in meat-type chicken in Jordan between 2011–2015. 

Poult Sci 94,1499-503 

 

RUSSELL, R. J., S. J. GAMBLIN u. J. J. SKEHEL (2013): 

Influenza glycoproteins: Hemagglutinin and neuraminidase. 

Textbook of Influenza, 2nd Edition 67-100 

 

SAMJI, T. (2009): 

Influenza A: understanding the viral life cycle. 

Yale J Biol Med 82, 153-159 

 

 



9. References 

 

88 

 

SAMUEL, A., B. NAYAK, A. PALDURAI, S. XIAO, G. L. APLOGAN, K. A. AWOUME, 
R. J. WEBBY, M. F. DUCATEZ, P. L. COLLINS u. S. K. SAMAL (2013): 

Phylogenetic and pathotypic characterization of Newcastle disease viruses 
circulating in west Africa and efficacy of a current vaccine. 

J Clin Microbiol 51, 771-781 

 

SARFATI-MIZRAHI, D., B. LOZANO-DUBERNARD, E. SOTO-PRIANTE, F. 
CASTRO-PERALTA, R. FLORES-CASTRO, E. LOZA-RUBIO u. M. GAY-
GUTIÉRREZ (2010): 

Protective dose of a recombinant Newcastle disease LaSota-avian influenza virus H5 
vaccine against H5N2 highly pathogenic avian influenza virus and velogenic 
viscerotropic Newcastle disease virus in broilers with high maternal antibody levels. 

Avian Dis 54, 239-241 

 

SEO, S. H. u. R. G. WEBSTER (2001): 

Cross-reactive, cell-mediated immunity and protection of chickens from lethal H5N1 
influenza virus infection in Hong Kong poultry markets. 

J Virol 75, 2516-2525 

 

SHIMIZU, T., Y. KIDA u. K. KUWANO (2011): 

Cytoadherence‐dependent induction of inflammatory responses by Mycoplasma 
pneumoniae. 

Immunology 133, 51-61 

 

SID, H., K. BENACHOUR u. S. RAUTENSCHLEIN (2015): 

Co-infection with Multiple Respiratory Pathogens Contributes to Increased Mortality 
Rates in Algerian Poultry Flocks. 

Avian Dis 59, 440-6 

 

SOMMEREYNS, C., S. PAUL, P. STAEHELI u. T. MICHIELS (2008): 

IFN-lambda (IFN-λ) is expressed in a tissue-dependent fashion and primarily acts on 
epithelial cells in vivo. 

PLoS Pathog 4, e1000017 

 

SPACKMAN, E. u. M. J. PANTIN-JACKWOOD (2014): 

Practical aspects of vaccination of poultry against avian influenza virus. 

Vet J 202, 408-415 

 

 



9.References 

 

89 

 

SPACKMAN, E., J. C. PEDERSEN, E. T. MCKINLEY u. J. GELB (2013): 

Optimal specimen collection and transport methods for the detection of avian 
influenza virus and Newcastle disease virus. 

Vet Res 22, 9-35 

 

SPACKMAN, E., D. A. SENNE, T. MYERS, L. L. BULAGA, L. P. GARBER, M. L. 
PERDUE, K. LOHMAN, L. T. DAUM u. D. L. SUAREZ (2002): 

Development of a real-time reverse transcriptase PCR assay for type A influenza 
virus and the avian H5 and H7 hemagglutinin subtypes. 

J Clin Microbiol 40, 3256-3260 

 

SPEKREIJSE, D., A. BOUMA, J. STEGEMAN, G. KOCH u. M. DE JONG (2011): 

The effect of inoculation dose of a highly pathogenic avian influenza virus strain 
H5N1 on the infectiousness of chickens. 

Vet Microbiol 147, 59-66 

 

SPRINGER, W. T., C. LUSKUS u. S. S. POURCIAU (1974): 

Infectious bronchitis and mixed infections of Mycoplasma synoviae and Escherichia 
coli in gnotobiotic chickens. I. Synergistic role in the airsacculitis syndrome. 

Infect Immun 10, 578-589 

 

STALLKNECHT, D. E. (2003): 

Ecology and epidemiology of avian influenza viruses in wild bird populations: 
waterfowl, shorebirds, pelicans, cormorants, etc. 

Avian Dis 47, 61-69 

 

STALLKNECHT, D. E., J. D. BROWN u. D. SWAYNE (2008): 

Ecology of avian influenza in wild birds. 

Avian influenza 1, 43-58 

 

STANLEY, W. A., C. L. HOFACRE, G. SPEKSNIJDER, S. H. KLEVEN u. S. E. 
AGGREY (2001): 

Monitoring Mycoplasma gallisepticum and Mycoplasma synoviae infection in breeder 
chickens after treatment with enrofloxacin. 

Avian Dis 45, 534-539 

 

 

 

 



9. References 

 

90 

STARICK, E., O. WERNER, H. SCHIRRMEIER, B. KÖLLNER, R. RIEBE u. E. 
MUNDT (2006): 

Establishment of a competitive ELISA (cELISA) system for the detection of influenza 
A virus nucleoprotein antibodies and its application to field sera from different 
species. 

J Vet Med B Infect Dis Vet Public Health 53, 370-375 

 

STEINHAUER, D. A. (1999): 

Role of hemagglutinin cleavage for the pathogenicity of influenza virus. 

Virology 258, 1-20  

 

STIPKOVITS, L., L. EGYED, V. PALFI, A. BERES, E. PITLIK, M. SOMOGYI, S. 
SZATHMARY u. B. DENES (2012a): 

Effect of low-pathogenicity influenza virus H3N8 infection on Mycoplasma 
gallisepticum infection of chickens. 

Avian Pathol 41, 51-57 

 

STIPKOVITS, L., R. GLAVITS, V. PALFI, A. BERES, L. EGYED, B. DENES, M. 
SOMOGYI u. S. SZATHMARY (2012b): 

Pathologic lesions caused by coinfection of Mycoplasma gallisepticum and H3N8 low 
pathogenic avian influenza virus in chickens. 

Vet Pathol 49, 273-283 

 

SUAREZ, D. L., M. L. PERDUE, N. COX, T. ROWE, C. BENDER, J. HUANG u. D. E. 
SWAYNE (1998): 

Comparisons of highly virulent H5N1 influenza A viruses isolated from humans and 
chickens from Hong Kong. 

J Virol 72, 6678-6688 

 

SUGUITAN, A. L., Y. MATSUOKA, Y.-F. LAU, C. P. SANTOS, L. VOGEL, L. I. 
CHENG, M. ORANDLE u. K. SUBBARAO (2012): 

The multibasic cleavage site of the hemagglutinin of highly pathogenic 
A/Vietnam/1203/2004 (H5N1) avian influenza virus acts as a virulence factor in a 
host-specific manner in mammals. 

J Virol 86, 2706-2714 

 

SVITEK, N., P. A. RUDD, K. OBOJES, S. PILLET u. V. VON MESSLING (2008): 

Severe seasonal influenza in ferrets correlates with reduced interferon and increased 
IL-6 induction. 

Virology 376, 53-59 

 



9.References 

 

91 

SWAYNE, D. u. M. PANTIN-JACKWOOD (2005): 

Pathogenicity of avian influenza viruses in poultry. 

Developments in biologicals 124, 61-67 

 

SWAYNE, D., G. PAVADE, K. HAMILTON, B. VALLAT u. K. MIYAGISHIMA (2014): 

Assessment of national strategies for control of high-pathogenicity avian influenza 
and lowpathogenicity notifiable avian influenza in poultry, with emphasis on vaccines 
and vaccination. 

Revue Scientifique et Technique-Office International des Epizooties 30, 839-70 

 

SWAYNE, D. E. (2007): 

Understanding the complex pathobiology of high pathogenicity avian influenza 
viruses in birds. 

Avian Dis 51, 242-249 

 

SWAYNE, D. E. (2009): 

Avian influenza. 

John Wiley & Sons,  

 

SWAYNE, D. E. u. D. A. HALVORSON (2008): 

Influenza. 

Diseases of Poultry 12th Edition 153-184 

 

SWAYNE, D. E., u.D. R. KAPCZYNSKI (2008): 

Vaccines, vaccination, and immunology for avian influenza viruses in poultry. 

Avian influenza 407-437 

 

SWAYNE, D. E., u. M. PANTIN-JACKWOOD (2008): 

Pathobiology of avian influenza virus infections in birds and mammals. 

Avian influenza 87-114 

 

SWAYNE, D. E. u. R. D. SLEMONS (1990): 

Renal pathology in specific-pathogen-free chickens inoculated with a waterfowl-origin 
type A influenza virus. 

Avian Dis 34, 285-294 

 

 

 



9. References 

 

92 

TAKEUCHI, O., A. KAUFMANN, K. GROTE, T. KAWAI, K. HOSHINO, M. MORR, P. 
F. MÜHLRADT u. S. AKIRA (2000): 

Cutting edge: preferentially the R-stereoisomer of the mycoplasmal lipopeptide 
macrophage-activating lipopeptide-2 activates immune cells through a toll-like 
receptor 2-and MyD88-dependent signaling pathway. 

J Immunol 164, 554-557 

 

TAKIZAWA, T., R. FUKUDA, T. MIYAWAKI, K. OHASHI u. Y. NAKANISHI (1995): 

Activation of the apoptotic Fas antigen-encoding gene upon influenza virus infection 
involving spontaneously produced beta-interferon. 

Virology 209, 288-296 

 

TAMURA, S.-I., T. TANIMOTO u. T. KURATA (2005): 

Mechanisms of broad cross-protection provided by influenza virus infection and their 
application to vaccines. 

Jpn J Infect Dis 58, 195 

 

TERREGINO, C., R. DE NARDI, V. GUBERTI, M. SCREMIN, E. RAFFINI, A. 
MORENO MARTIN, G. CATTOLI, L. BONFANTI u. I. CAPUA (2007): 

Active surveillance for avian influenza viruses in wild birds and backyard flocks in 
Northern Italy during 2004 to 2006. 

Avian Pathol 36, 337-344 

 

THANAWONGNUWECH, R., B. THACKER, P. HALBUR u. E. L. THACKER (2004): 

Increased production of proinflammatory cytokines following infection with porcine 
reproductive and respiratory syndrome virus and Mycoplasma hyopneumoniae. 

Clin Diagn Lab Immunol 11, 901-908 

 

TO, K.-F., P. K. CHAN, K.-F. CHAN, W.-K. LEE, W.-Y. LAM, K.-F. WONG, N. L. 
TANG, D. N. TSANG, R. Y. SUNG u. T. A. BUCKLEY (2001): 

Pathology of fatal human infection associated with avian influenza A H5N1 virus. 

J Med Virol 63, 242-246 

 

TONG, S., X. ZHU, Y. LI, M. SHI, J. ZHANG, M. BOURGEOIS, H. YANG, X. CHEN, 
S. RECUENCO u. J. GOMEZ (2013): 

New world bats harbor diverse influenza A viruses. 

PLoS Pathog 9, e1003657 

 

 

 



9.References 

 

93 

TUMPEY, T. M., X. LU, T. MORKEN, S. R. ZAKI u. J. M. KATZ (2000): 

Depletion of lymphocytes and diminished cytokine production in mice infected with a 
highly virulent influenza A (H5N1) virus isolated from humans. 

J Virol 74, 6105-6116 

 

UIPRASERTKUL, M., R. KITPHATI, P. PUTHAVATHANA, R. KRIWONG, A. 
KONGCHANAGUL, K. UNGCHUSAK, S. ANGKASEKWINAI, K. 
CHOKEPHAIBULKIT, K. SRISOOK u. N. VANPRAPAR (2007): 

Apoptosis and pathogenesis of avian influenza A (H5N1) virus in humans. 

Emerg Infect Dis 13, 708-12 

 

UPPAL, P. u. H. CHU (1977): 

Attachment of Mycoplasma gallisepticum to the tracheal epithelium of fowls. 

Res Vet Sci 22, 259-260 

 

VAN DEUSEN, R., V. HINSHAW, D. SENNE u. D. PELLACANI (1983): 

Micro neuraminidase-inhibition assay for classification of influenza A virus 
neuraminidases. 

Avian Dis 27, 745-750 

 

VITULA, F., L. PECKOVA, H. BANDOUCHOVA, M. POHANKA, L. NOVOTNY, D. 
JIRA, J. KRAL, K. ONDRACEK, J. OSICKOVA u. D. ZENDULKOVA (2011): 

Mycoplasma gallisepticum infection in the grey partridge Perdix perdix: outbreak 
description, histopathology, biochemistry and antioxidant parameters. 

Vet Res 8, 7-34 

 

VOGL, G., A. PLAICKNER, S. SZATHMARY, L. STIPKOVITS, R. ROSENGARTEN 
u. M. P. SZOSTAK (2008): 

Mycoplasma gallisepticum invades chicken erythrocytes during infection. 

Infect Immun 76, 71-77 

 

WAGNER, R., M. MATROSOVICH u. H. D. KLENK (2002): 

Functional balance between haemagglutinin and neuraminidase in influenza virus 
infections. 

Rev Med Virol 12, 159-166 

 

 

 

 

 



9. References 

 

94 

WAN, H. u. D. R. PEREZ (2006): 

Quail carry sialic acid receptors compatible with binding of avian and human 
influenza viruses. 

Virology 346, 278-286 

 

WANG, X., M. LI, H. ZHENG, T. MUSTER, P. PALESE, A. A. BEG u. A. GARCıÁ-
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