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Preamble 1 

1. Preamble 

Avian bornaviruses constitute a genetically diverse group of at least 15 viruses belonging to the 

genus Orthobornavirus within the family Bornaviridae. After the discovery of the first avian 

bornaviruses in diseased psittacines in 2008, further viruses have been detected in passerines and 

aquatic birds. Being the causative agents of proventricular dilatation disease (PDD), parrot bor-

naviruses (PaBVs) possess the highest veterinary relevance amongst the avian bornaviruses. In 

contrast, only little is known about the pathogenic roles of passerine and waterbird bornaviruses. 

PDD is a chronic and often fatal disease that may engulf a broad range of clinical presentations, 

typically including neurologic signs as well as impaired gastrointestinal motility leading to pro-

ventricular dilatation. It is distributed worldwide in captive psittacine populations and threatens 

private bird collections, zoological gardens and rehabilitation projects of endangered species. 

Since the discovery of PaBVs as the cause of PDD, the knowledge on the disease as well as on 

the family Bornaviridae has markedly increased. However, many aspects remain elusive and es-

pecially therapies, immunoprophylaxis strategies and other  effective countermeasures are ur-

gently needed. 

This thesis summarizes the current knowledge on avian bornavirus infections and provides a de-

tailed discussion of the contributions of my research group since the start of this project in 2011. 

The work includes the discovery of several previously unknown avian bornaviruses, design and 

optimization of diagnostic strategies, gathering further knowledge on the epidemiology of those 

viruses, establishing in vivo infection models and the development of vaccination strategies pro-

tecting against avian bornavirus infection and PDD. 
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2. Introduction 

2.1. History of proventricular dilatation disease 

Proventricular dilatation disease (PDD) was first described in the late 1970s as a chronic neuro-

logic and intestinal disorder of unknown cause in psittacine birds (order Psittaciformes) in Europe 

and USA. Since initially mainly macaws appeared to be affected, the disease was first described 

as ‘macaw wasting disease’. Additional synonyms included ‘neurotropic gastric dilatation’, 

‘myenteric ganglioneuritis’ and ‘infiltrative splanchnic neuropathy’ (Gancz et al., 2010; Gregory 

et al., 1994; Gregory et al., 1997; Lierz, 2015). However, PDD was soon found to occur in captive 

individuals of more than 70 psittacine species on several continents (Gancz et al., 2010; Gregory 

et al., 1994; Lierz, 2015). Diseases resembling PDD were sporadically detected also in non-psit-

tacine species (Daoust et al., 1991; Gancz et al., 2010; Perpinan et al., 2007). 

A transmissible nature of PDD was suspected based on field observations and experimental in-

duction of the disease by transfer of tissue homogenate from diseased birds to healthy individuals 

(Gregory et al., 1997; Lierz, 2015). The typical occurrence of non-suppurative encephalitis and 

ganglioneuritis with mononuclear infiltrates pointed towards a viral origin (Berhane et al., 2001; 

Clark, 1984; Gancz et al., 2010; Gregory et al., 1994; Gregory et al., 1996; Mannl et al., 1987). 

Several viruses have been discussed as possible causative agents of PDD, including paramyxovi-

ruses, coronaviruses, alphaviruses and adenoviruses, but evidence was lacking (Gancz et al., 

2010; Gregory et al., 1997; Mannl et al., 1987). Finally in 2008, a group of newly discovered 

avian bornaviruses was found to be associated with PDD (Honkavuori et al., 2008; Kistler et al., 

2008) and subsequently Henle-Koch´s postulates were fulfilled by experimental reproduction of 

the disease (Gray et al., 2010; Mirhosseini et al., 2011; Payne et al., 2011b; Piepenbring et al., 

2012; Rubbenstroth et al., 2014a). 
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2.2. Taxonomy of Bornaviridae 

The family Bornaviridae is a member of the order Mononegavirales, with the Nyamiviridae fam-

ily being their closest relatives. Due to the discovery of new bornaviruses, the taxonomy and 

nomenclature of the family underwent several updates during the recent years, which this is likely 

to continue in the future. Currently, the family comprises the three genera Orthobornavirus, Car-

bovirus and Cultervirus (Amarasinghe et al., 2019; Kuhn et al., 2015).  

Twenty orthobornaviruses have been described in mammals, birds and reptiles. Sixteen of those 

viruses are classified into eight virus species, while four orthobornaviruses currently remain un-

classified due to lack of sufficient sequence information (Afonso et al., 2016; Amarasinghe et al., 

2017; Amarasinghe et al., 2018; Amarasinghe et al., 2019; Kuhn et al., 2015). 

The type species of the genus is Mammalian 1 orthobornavirus (formerly named Borna disease 

virus). It accommodates the well-described ‘classical’ Borna disease virus 1 (BoDV-1) as well as 

the ‘atypical’ BoDV-2, which are pathogens of horses, sheep, other domestic mammals and hu-

mans (Kuhn et al., 2015; Richt and Rott, 2001; Rubbenstroth et al., 2019). Variegated squirrel 

bornavirus 1 (VSBV-1), the only member of the species Mammalian 2 orthobornavirus, was 

recently discovered in captive squirrels in Europe and described to cause lethal zoonotic infec-

tions in humans (Amarasinghe et al., 2019; Hoffmann et al., 2015; Tappe et al., 2018; Tappe et 

al., 2019a). 

The majority of all currently known orthobornaviruses are of avian origin. Initially, they were 

described as genotypes of a single virus formerly named ‘avian bornavirus’ (ABV). However, 

when it became clear that the group of avian bornaviruses was not monophyletic but represented 

a broad genetic variability, the virus name ‘avian bornavirus’ was abandoned and its former gen-

otypes were classified as 15 separate viruses into at least five different viral species (Table 1) 

(Afonso et al., 2016; Amarasinghe et al., 2017; Amarasinghe et al., 2018; Amarasinghe et al., 

2019; Kuhn et al., 2015). 
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Table 1. Taxonomy of the family Bornaviridae 

genus 
bornavirus species 

virus name 

abbreviation abandoned name / 
genotype 

representative ge-
nome sequence 

Orthobornavirus    

Elapid 1 orthobornavirus    
Loveridge´s garter snake virus 1 LGSV-1 RBV-1 KM114265 

Mammalian 1 orthobornavirus a    
Borna disease virus 1 BoDV-1 BDV U04608 
Borna disease virus 2 BoDV-2 BDV No/98 AJ311524 

Mammalian 2 orthobornavirus    
variegated squirrel bornavirus 1 VSBV-1 - LN713680 

Passeriform 1 orthobornavirus    
canary bornavirus 1 CnBV-1 ABV-C1 KC464471 
canary bornavirus 2 CnBV-2 ABV-C2 KC464478 
canary bornavirus 3 CnBV-3 ABV-C3 KC595273 
munia bornavirus 1 b MuBV-1 ABV-LS - 

Passeriform 2 orthobornavirus    
estrildid finch bornavirus 1 EsBV-1 ABV-EF KF680099 

Psittaciform 1 orthobornavirus    
parrot bornavirus 1 PaBV-1 ABV-1 JX065207 
parrot bornavirus 2 PaBV-2 ABV-2 EU781967 
parrot bornavirus 3 PaBV-3 ABV-3 FJ169440 
parrot bornavirus 4 PaBV-4 ABV-4 JX065209 
parrot bornavirus 7 PaBV-7 ABV-7 JX065210 
parrot bornavirus 8 b PaBV-8 ABV-8 - 

Psittaciform 2 orthobornavirus    
parrot bornavirus 5 PaBV-5 ABV-5 LC120625 
parrot bornavirus 6 b PaBV-6 ABV-6 - 

Waterbird 1 orthobornavirus    
aquatic bird bornavirus 1 ABBV-1 ABV-CG KF578398 
aquatic bird bornavirus 2 ABBV-2 ABV-MALL KJ756399 

unclassified    
Gabon viper virus 1 b GaVV-1 RBV - 

Carbovirus    

Queensland carbovirus a    
jungle carpet python virus JCPV - MF135780 

Southwest carbovirus    
southwest carpet python virus SWCPV - MF135781 

Cultervirus    

Sharpbelly cultervirus a    
Wǔhàn sharpbelly bornavirus WhSBV - MG599939 

a Underlined species are the type species of the respective genus. 
b If possible, unclassified bornaviruses are tentatively listed with the bornavirus species with which 

they cluster phylogenetically based on available subgenomic sequences.  
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The bornaviruses of Psittaciformes, namely parrot bornavirus 1 to 8 (PaBV-1 to PaBV-8), are 

genetically highly divergent and belong to the viral species Psittaciform 1 orthobornavirus 

(PaBV-1 to 4, PaBV-7 and tentatively PaBV-8) and Psittaciform 2 orthobornavirus (PaBV-5 and 

tentatively PaBV-6) (Table 1) (Amarasinghe et al., 2019; Kuhn et al., 2015; Philadelpho et al., 

2014). Additional avian bornaviruses have been discovered in passerine birds (order Passer-

iformes) and in aquatic birds of the orders Anseriformes and Charadriiformes (Rubbenstroth et 

al., 2016). The passerine bornaviruses belong to the viral species Passeriform 1 orthobornavirus 

(canary bornavirus 1 to 3 [CnBV-1 to CnBV-3] and tentatively munia bornavirus 1 [MuBV-1]) 

and Passeriform 2 orthobornavirus (estrildid finch bornavirus 1 [EsBV-1). Aquatic bird borna-

virus 1 and 2 (ABBV-1 and ABBV-2) form the species Waterbird 1 orthobornavirus 

(Amarasinghe et al., 2017; Kuhn et al., 2015). 

In addition, two distinct reptilian orthobornaviruses have been described in snakes (Fujino et al., 

2012; Stenglein et al., 2014). Loveridge´s garter snake virus 1 (LGSV-1) is the only known mem-

ber of the species Elapid 1 orthobornavirus (Kuhn et al., 2015). Gabon viper virus 1 (GaVV-1) 

has not been classified, yet, due to the availability of only short subgenomic sequence fragments. 

However, it likely belongs to a separate orthobornavirus species (Kuhn et al., 2015). 

Relatively little is known about the genera Carbovirus and Cultervirus. Two carboviruses, jungle 

carpet python virus (JCPV) and southwest carpet python virus (SWCPV), have been discovered 

in Australian snakes (Hyndman et al., 2018), while Wǔhàn sharpbelly bornavirus (WhSBV), dis-

covered in fish, is the only known cultervirus (Amarasinghe et al., 2019; Shi et al., 2018). 

In addition to circulating bornaviruses, endogenous bornavirus-like (EBL) sequences derived 

from ancient members of the family Bornaviridae have been identified in the genomes of various 

species, including mammals and reptiles (Belyi et al., 2010; Gilbert et al., 2014; Horie et al., 2010; 

Horie et al., 2013; Kobayashi et al., 2016). Surprisingly, only few EBL elements have been found 

in avian genomes (Cui et al., 2014). Most discovered EBL sequences are rather distantly related 

to the genera Orthobornavirus, Carbovirus and Cultervirus (Hyndman et al., 2018; Shi et al., 

2018). In some cases, their integration was calculated to date back 20 to 65 million years ago 

(Horie et al., 2010; Kobayashi et al., 2016; Mukai et al., 2018). Only an EBL nucleoprotein (N) 

gene sequence in the thirteen-lined ground squirrel (Ictidomys tridecemlineatus) genome 

(itEBLN-1) is phylogenetically located within the genus Orthobornavirus, suggesting a relatively 

recent integration (Fujino et al., 2014; Horie et al., 2010; Suzuki et al., 2014). Transcription of 
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mRNA was demonstrated for many EBL sequences and for some of them even expression of 

protein products was described (Honda and Tomonaga, 2016; Horie et al., 2016a; Kobayashi et 

al., 2016; Sofuku et al., 2015). The potential functions of such gene products in the host organism 

require further investigation (Fujino et al., 2014; Honda and Tomonaga, 2016; Horie et al., 2016a; 

Horie, 2017). Transcribed and expressed EBL elements have been speculated to provide protec-

tion against bornavirus infections, but so far only the orthobornavirus-like itEBLN-1 of the three-

lined ground squirrel was demonstrated to inhibit the replication of circulating orthobornaviruses 

(Fujino et al., 2014). 

2.3. Bornavirus replication 

2.3.1. Genome structure and gene products 

Bornaviruses possess a monopartite single-stranded RNA genome of negative polarity and ap-

proximately 9,000 nucleotides (nt) length. Orthobornavirus genomes encode for six proteins: N, 

accessory protein p10 (X), phosphoprotein (P), matrix protein (M), glycoprotein (G) and the large 

RNA-dependent RNA polymerase (L) (Figure 1) (Briese et al., 1992; Briese et al., 1994; 

Tomonaga et al., 2002), while carboviruses and culterviruses have slightly different genome 

structures (Hyndman et al., 2018; Shi et al., 2018). 

At least four polyadenylated and capped messenger RNAs (mRNAs) are transcribed from the 

orthobornavirus genome. A monocistronic mRNA encodes for the N protein, whereas the over-

lapping X and P open reading frames (ORFs) are located together on a bicistronic mRNA (Figure 

1) (Tomonaga et al., 2002). Two further polycistronic mRNAs of 2.8 or 7.2 kilo bases length are 

covering the M, G and L ORFs (Figure 1), with the longer transcript being the result of transcrip-

tional read through at a transcription termination site following the G ORF. To translate either M, 

G or L protein from these transcripts, orthobornaviruses employ mRNA editing by the cellular 

splicing machinery (Schneider et al., 1994; Tomonaga et al., 2002). 
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Figure 1. Organization of the Orthobornavirus genome. The negative-sense genome (presented in 3’-to-5’ orientation) 
of orthobornaviruses contains open-reading frames (ORF) encoding six major proteins: N = nucleoprotein, X = accessory 
protein X, P = phosphoprotein, M = matrix protein, G = glycoprotein, L = large RNA-dependent RNA polymerase. The 
structure is based on the BoDV-1 reference genome (GenBank accession number NC_028100). ORFs shown in identical 
shadings of grey are translated from the same bi- or polycistronic mRNA. 

Two isoforms of orthobornavirus N protein (p40 and p38) are translated from two in-frame start 

codons. The N protein packages the viral RNA and is thereby part of the ribonucleoprotein (RNP) 

complex and essential for viral polymerase activity (Hock et al., 2010; Luo et al., 2007; Rudolph 

et al., 2003). It possesses a nuclear localization signal (NLS) as well as a nuclear export signal 

(NES), suggesting that it is involved in shuttling RNPs into and out of the nucleus. The p38 iso-

form lacks the NLS (Kobayashi et al., 1998; Kobayashi et al., 2001; Tomonaga et al., 2002). 

The P protein is phosphorylated by cellular kinases and its NLS directs it into the nucleus. It is an 

essential co-factor of the bornavirus polymerase and it is able to interact with the N, L and X 

proteins and with other P molecules (Kobayashi et al., 2011; Schwemmle et al., 1997; 

Schwemmle et al., 1998; Schwemmle et al., 1999b). P protein expression is strictly regulated in 

infected cells, as even small variations of the P protein levels may have effects on viral polymer-

ase activity (Schneider et al., 2003). 

The accessory protein X mainly acts by interacting with the P protein, which is consequently 

directed to the cytoplasm. Since decreased nuclear P protein levels negatively affect polymerase 

activity, the X protein is a negative regulator of bornavirus replication (Fujino et al., 2012; 

Poenisch et al., 2004; Schwemmle et al., 1998; Yanai et al., 2006). 

A small ORF of 30 nt length located upstream of the X ORF (uORF) was shown to be involved 

in the regulation of X and P protein expression of BoDV-1. Since the uORF overlaps with the X 

ORF, it negatively affects the initiation of X ORF translation and thereby facilitates ribosomal re-

initiation at the P ORF (Poenisch et al., 2008; Watanabe et al., 2009). The intergenic region be-

tween the N and the X gene is highly variable within the genus Orthobornavirus. While some 

bornaviruses possess uORFs of different lengths, this ORF is completely absent in the genomes 
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of others (Rubbenstroth et al., 2013; Rubbenstroth et al., 2014b). For reptilian bornaviruses and 

the members of the viral species Psittaciform 1 bornavirus, the intergenic region between N and 

X is considerably shorter as compared to all other bornaviruses known to date (Fujino et al., 2012; 

Rubbenstroth et al., 2013; Rubbenstroth et al., 2014b). The biological relevance of these genomic 

variations remains unknown. 

The M protein is a non-glycosylated protein associated with the inner layer of the viral envelope 

(Kraus et al., 2001; Tomonaga et al., 2002). In infected cells, it co-localizes with protein compo-

nents of the RNP as well as with viral RNA suggesting a role in the viral RNP complex. However, 

in a BoDV-1 polymerase reconstitution assay M protein expression did not have any effect on 

viral polymerase activity (Chase et al., 2007). Antibodies directed against BoDV-1 M have been 

described to possess neutralizing activity (Hatalski et al., 1995; Stoyloff et al., 1998). 

The G protein is the N-glycosylated surface protein of the bornavirus particle, which is cleaved 

by cellular furin-like proteases. The full-length isoform (gp94) of the protein mediates viral at-

tachment to a still unknown receptor on the cell surface, whereas the C-terminal cleavage product 

(gp43) is involved in pH-dependent membrane fusion in the endosomes (Gonzalez-Dunia et al., 

1997; Gonzalez-Dunia et al., 1998; Perez et al., 2001; Richt et al., 1998; Schneider et al., 1997). 

G protein expression is also required for viral spread via direct cell-to-cell contacts in cell cultures 

(Bajramovic et al., 2003). Anti-G antibodies block viral infection and cell-to-cell spread 

(Bajramovic et al., 2003; Gonzalez-Dunia et al., 1997; Perez et al., 2001; Schneider et al., 1997; 

Stoyloff et al., 1998). In the cell, G protein is mainly detected in association with the endoplasic 

reticulum (Daito et al., 2011; Eickmann et al., 2005; Gonzalez-Dunia et al., 1997). Surprisingly, 

G protein expression is detectable only in a minority of BoDV-1-infected cells in cell culture as 

well as in infected hosts (Eickmann et al., 2005; Gonzalez-Dunia et al., 1997; Gonzalez-Dunia et 

al., 1998; Priestnall et al., 2011; Richt et al., 1998; Werner-Keiss et al., 2008; Zimmermann et al., 

2014). The role and the mechanisms of this remarkable regulation of G protein expression are not 

well understood. 

The L protein is by far the largest bornavirus protein and it represents the viral RNA-dependent 

RNA polymerase. The protein is translated from an mRNA resulting from transcriptional read 

through and splicing (Tomonaga et al., 2002). It localizes in the nucleus of infected cells and 

interacts with the P protein. Phosphorylation by cellular kinases has been shown (Walker et al., 

2000). 
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2.3.2. Infection and replication cycle 

It was shown that BoDV-1 particles enter the host cell via receptor-mediated endocytosis trig-

gered by interaction of the G protein with an unknown cellular receptor. After lysosomal pH 

reduction, the RNP is released into the cytoplasm by G protein-dependent fusion of viral and 

cellular membranes. (Gonzalez-Dunia et al., 1998). In contrast to most other viruses of the order 

Mononegavirales, the bornavirus RNP is transported into the nucleus, where replication and tran-

scription take place (Briese et al., 1992; Tomonaga et al., 2002). In the nucleus, the virus employs 

the cellular splicing machinery for alternative splicing of viral mRNAs, thereby regulating ex-

pression of its gene products (Schneider et al., 1994). 

Bornaviruses establish a non-cytolytic infection leading to persistence in infected cells by strictly 

regulating viral replication. The actions of X protein and the N protein isoform p38 as well as a 

balanced ratio of cellular N and P protein levels are discussed to be involved in this regulatory 

process (Tomonaga et al., 2002). Moreover, X protein-mediated inhibition of cellular apoptosis 

is believed to contribute to persistent infection (Poenisch et al., 2009) and protect against neuronal 

degeneration (Szelechowski et al., 2014). 

BoDV-1 particles are released by budding from the cellular wall, but the precise mechanism re-

mains unknown (Kohno et al., 1999). In general, bornaviruses appear to be strongly cell-associ-

ated and only extremely low titres of infectious bornavirus particles are released into supernatants 

of infected cell cultures (Duchala et al., 1989). Viral spread appears to occur also directly via cell-

to-cell contact, but the mode of transfer still remains to be elucidated (Tomonaga et al., 2002). 

2.4. Host range and epidemiology of bornaviruses 

2.4.1. Bornaviruses of psittacines 

Avian bornavirus infections have been described in a wide range of families within the order 

Psittaciformes and it has to be assumed that the vast majority of psittacine species is susceptible 

to infection. The viruses can be found in captive psittacine populations worldwide (Donatti et al., 

2014; Heffels-Redmann et al., 2011; Honkavuori et al., 2008; Horie et al., 2012; Kistler et al., 
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2008; Last et al., 2012; Philadelpho et al., 2014; Rinder et al., 2009; Rubbenstroth et al., 2016). 

Information on the distribution of avian bornaviruses are mainly based on opportunistic sampling 

of birds presented to veterinary clinicians or submitted to veterinary pathologists, whereas sys-

tematic prevalence studies have not been published. In the most extensive study, Heffels-Red-

mann et al. (2011) found 23% of 1,442 captive psittacines from several European countries to be 

positive for markers of avian bornavirus infection, suggesting a wide distribution of these viruses. 

Only very limited data is available on the presence of avian bornaviruses in free-ranging psittacine 

populations. Villanueva et al. (2009) could not detect bornavirus-specific antibodies in sera from 

eight wild parrots from Peru. Encinas-Nagel et al. (2014) reported low levels of bornavirus RNA 

and bornavirus-reactive antibodies in birds confiscated from smugglers in Brazil. However, most 

of these birds had been in rehabilitation centres for several weeks prior to sampling and may 

therefore not be representative for wild populations. 

Infections with PaBV-2 and PaBV-4 are regularly diagnosed in captive psittacines with PaBV-4 

being the most frequently detected variant (Gray et al., 2010; Heffels-Redmann et al., 2011; 

Nedorost et al., 2012; Rinder et al., 2009; Rubbenstroth et al., 2012; Rubbenstroth et al., 2016; 

Weissenböck et al., 2009a). In contrast, all other psittacine bornaviruses known to date, namely 

PaBV-1, PaBV-3, and PaBV-5 to PaBV-8, have been detected in less than ten birds each 

(Rubbenstroth et al., 2016). Mixed infections of an individual bird with two bornaviruses, such 

as PaBV-2 and PaBV-4, PaBV-2 and PaBV-6 or PaBV-4 and PaBV-7, have been described on 

few occasions (Nedorost et al., 2012; Rubbenstroth et al., 2012; Weissenböck et al., 2010). As-

sociations of bornaviruses or their genetic subclusters with particular psittacine species or geo-

graphic regions have not been observed (Rubbenstroth et al., 2016). It is assumed that co-housing 

of birds of various psittacine species and extensive worldwide trade of those birds have contrib-

uted to the wide distribution of the virus. 

Psittacine bornavirus infection of non-psittacine birds has been described for a captive Himalayan 

monal (Lophophorus impejanus). The bird died from neurologic disorders and PaBV-4 RNA and 

bornavirus antigen were detected in its brain. The bird had been housed together with PaBV-4-

infected parrots and viral sequences obtained from the monal and the parrots were almost identi-

cal, suggesting the parrots as the source of virus transmission (Bourque et al., 2015). Reports on 

the detection of PaBV-2 and PaBV-4 in various wild bird species in Japan require further confir-

mation (Sassa et al., 2015). The bornavirus sequences obtained from wild birds were genetically 
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closely related to sequences from captive psittacines analysed in the same laboratory. The few 

observed sequence variations contained an unusually high proportion of non-synonymous muta-

tions, suggesting that these findings may have resulted from laboratory contamination with sub-

sequent sequencing errors (Rubbenstroth et al., 2016). 

2.4.2. Bornaviruses of passerine and aquatic birds 

The bornaviruses CnBV-1, CnBV-2 and CnBV-3 have been described to be widely distributed in 

captive populations of common canaries (Serinus canaria forma domestica) in Germany. In two 

opportunistic surveys, about 20% of the analysed birds and 40% of all sampled holdings tested 

positive for at least one of these viruses (Rubbenstroth et al., 2013; Rubbenstroth et al., 2016). 

Unlike psittacine bornaviruses, CnBV-1 to CnBV-3 appear to have a rather narrow host range. 

So far, these viruses have been found exclusively in common canaries but not in other passerine 

birds, even when housed together with infected canaries (Rubbenstroth et al., 2013; Rubbenstroth 

et al., 2014b; Rubbenstroth et al., 2016; Weissenböck et al., 2009b). 

Additional passerine bornaviruses were discovered in members of the family estrildid finches 

(Estrildidae). Two black-rumped waxbills (Estrilda troglodytes) and a yellow-winged pytilia 

(Pytilia hypogrammica) from the same flock in Germany tested positive for EsBV-1 

(Rubbenstroth et al., 2014b). Sequences of the potential orthobornavirus MuBV-1 were identified 

during a screening of sequence database entries (Rubbenstroth et al., 2013). These sequences 

originated from white-rumped munias (Lonchura striata) that had been analysed during behav-

ioural studies in Japan (Kato and Okanoya, 2010). None of these viruses was found during sur-

veys of a total of 128 wild passerines collected in Germany (Rubbenstroth et al., 2014b; 

Rubbenstroth et al., 2016). 

With the exception of MuBV-1 in Japan, avian bornaviruses of captive passerines have been de-

scribed only in central Europe. However, this is likely to be a result of a sampling bias, as studies 

from other parts of the world have not yet been published (Rubbenstroth et al., 2013; 

Rubbenstroth et al., 2014b; Rubbenstroth et al., 2016; Weissenböck et al., 2009b). 

In contrast to all other known avian bornaviruses, bornaviruses of aquatic birds have been found 

almost exclusively in wild bird populations. ABBV-1 was found in several species of the order 
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Anseriformes in the USA, Canada, Denmark and Germany (Delnatte et al., 2013; Delnatte et al., 

2014c; Guo et al., 2012; Murray et al., 2017a; Payne et al., 2011a; Rubbenstroth et al., 2016; 

Thomsen et al., 2015). In addition, ABBV-1 infection was reported from birds of the order 

Charadriiformes, such as a Eurasian oystercatcher (Haematopus ostralegus) from Germany 

(Rubbenstroth et al., 2016). Detection of ‘ABBV-1-like’ viruses in gulls from the USA was de-

scribed, but sequences allowing identification of the detected virus were not provided (Guo et al., 

2015). Detection rates were highly variable, ranging from 0.5 to 52% depending on species, sam-

ple type and geographic origin (Delnatte et al., 2014c; Guo et al., 2012; Payne et al., 2011a; 

Rubbenstroth et al., 2016; Thomsen et al., 2015). Considering that North American and European 

ABBV-1 sequences belong to clearly separated phylogenetic clusters, intercontinental transmis-

sion seems rather rare (Rubbenstroth et al., 2016). Transmission of ABBV-1 to a non-aquatic bird 

has been confirmed for a diseased emu (Dromaius novaehollandiae) in the Toronto zoo. Canada 

geese from an ABBV-1-infected resident population, which frequently had been observed grazing 

in the enclosure in which the emu was kept, are suspected to be the source of infection (Nielsen 

et al., 2018). Whether such erroneous hosts contribute to the distribution of the virus requires 

further investigation. ABBV-2 has been found so far only in a small number of mallards (Anas 

platyrhynchos) and a wood duck (Aix sponsa) in North America (Guo et al., 2014b). 

 

2.4.3. Mammalian bornaviruses 

BoDV-1 was the first bornavirus to be discovered and it was initially observed in agricultural 

mammals suffering from Borna disease (BD) in Germany. Mainly horses and sheep are affected 

clinically (Binz et al., 1994; Caplazi et al., 1999; Metzler et al., 1979b), but BD and confirmed 

BoDV-1 infection were occasionally observed also in other animals within the endemic area in 

Central Europe, including donkeys (Binz et al., 1994; Caplazi et al., 1999; Metzler et al., 1979b), 

cattle (Caplazi et al., 1994), goats (Caplazi et al., 1999), cats (Bornand et al., 1998), dogs 

(Weissenböck et al., 1998a), rabbits (Caplazi et al., 1999) and alpacas (Altmann et al., 1976; 

Jacobsen et al., 2010; Schüppel et al., 1994). Experimental BoDV-1 infection has been demon-

strated for numerous additional mammals, including rats (Narayan et al., 1983), mice (Kao et al., 
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1984), bank voles (Kinnunen et al., 2011), gerbils (Lee et al., 2008; Nakamura et al., 1999), rab-

bits (Gierend and Ludwig, 1981; Krey et al., 1979), African green monkeys (Krey, 2008; Stitz et 

al., 1980), tree shrews (Ludwig, 2008) and cats (Ihlenburg, 1966; Lundgren et al., 1997). How-

ever, the epidemiology of the infection remained barely understood for decades. BoDV-1 trans-

mission by infected horses and sheep was not observed (Matthias, 1958; Metzler et al., 1979a), 

suggesting the existence of an unknown source of BoDV-1 infection (Dürrwald et al., 2006; 

Kolodziejek et al., 2005). To date, numerous studies have demonstrated that bicolored white-

toothed shrews (Crocidura leucodon) represent a natural reservoir of this virus (Bourg et al., 

2013; Dürrwald et al., 2014; Hilbe et al., 2006; Nobach et al., 2015; Puorger et al., 2010; 

Weissenböck et al., 2017). BoDV-1-infected bicolored white-toothed shrews remain clinically 

healthy, but they are able to shed the virus and transmit it to conspecifics as well as to erroneous 

host species (Nobach et al., 2015) which then act as dead end hosts and do not play an active role 

in the epidemiology of BoDV-1 (Dürrwald et al., 2006; Kolodziejek et al., 2005). While the ex-

istence of further reservoir species cannot be excluded completely, natural BoDV-1 infection has 

not been detected in any other small mammal species within the endemic area with only one 

exception (Bourg et al., 2013; Dürrwald et al., 2006; Dürrwald et al., 2014; Puorger et al., 2010; 

Weissenböck et al., 2017). Weissenböck et al. (2017) detected BoDV-1 RNA and antigen in the 

brain of a Eurasian shrew (Sorex araneus) in Austria, but it is unknown whether this finding 

represents the discovery of a second natural reservoir species or an erroneous infection of this 

individual. The confirmed endemic area of BoDV-1 is restricted to mostly Southern and Eastern 

parts of Germany, Switzerland, Liechtenstein and Western and Northern Austria (Kolodziejek et 

al., 2005; Rubbenstroth et al., 2019; Weissenböck et al., 2017). Viral sequences originating from 

the reservoir and from accidental hosts within the endemic area form five clearly distinct sub-

clusters that are associated with geographic origin but not with host species (Dürrwald et al., 

2006; Dürrwald et al., 2014; Kolodziejek et al., 2005; Puorger et al., 2010; Weissenböck et al., 

2017). Both, the confined endemic area as well as the existence of geographically separated sub-

clusters, are in line with a reservoir of low mobility, such as bicolored white-toothed shrews, 

whereas they argue clearly against an epidemiological role of frequently traded agricultural ani-

mals, such as horses and sheep, or highly mobile species, such as migratory birds (Dürrwald et 

al., 2006). Confirmed BD cases outside the known endemic area were described mainly for ani-

mals that had been transported out of the endemic area within the expected incubation period of 

few months (Jacobsen et al., 2010; Metzler et al., 1979b; Priestnall et al., 2011). A diseased horse 
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in Styria (South-eastern Austria) was identified to harbour BoDV-2 rather than BoDV-1 

(Nowotny et al., 2000). Since this remains the only BoDV-2 isolate worldwide, the dispersal area, 

natural reservoir and epidemiology of this virus remain unknown. 

Over more than three decades, supposed BoDV-1 infections were regularly reported in humans 

and various animals worldwide, mainly based on either serological methods or detection of viral 

RNA by highly sensitive nested or real-time PCR assays (Berg et al., 2001; Bjornsdottir et al., 

2013; Bode et al., 2001; Bode, 2008; de la Torre et al., 1996a; de La Torre et al., 1996b; Hagiwara 

et al., 2008; Hagiwara et al., 2009; Honda et al., 2017; Kinnunen et al., 2007; Liu et al., 2015; 

Ludwig, 2008; Malkinson et al., 1993; Mazaheri-Tehrani et al., 2014; Nakamura et al., 2000; Rott 

et al., 1985; Someya et al., 2014; Watanabe et al., 2006; Weisman et al., 1994; Wensman et al., 

2008; Zaliunaite et al., 2016; Zhang et al., 2014). The presence of BoDV-1 infection markers in 

humans has been claimed to be associated with mental disorders in numerous studies (Bode et 

al., 2001; de La Torre et al., 1996b; Heinrich and Adamaszek, 2010; Liu et al., 2015; Mazaheri-

Tehrani et al., 2014; Zaliunaite et al., 2016; Zhang et al., 2014). However, due to the highly var-

iable (sero-)prevalences even in healthy controls and the lack of consistent association with par-

ticular diseases, the validity of these studies is disputed by the majority of bornavirus researchers 

(Hornig et al., 2012; Lieb and Staeheli, 2001). Furthermore, the high antigenic cross-reactivity 

among orthobornaviruses (Zimmermann et al., 2014) does not allow taking the presence of 

BoDV-1-reactive antibodies as a proof of BoDV-1 infection, since seroconversion may have been 

the result of contact with a different orthobornavirus or other serologically related pathogens. 

Sequence data confirming BoDV-1 infection were missing for most reported BoDV-1 infections 

in humans worldwide and in animals outside the known endemic area. The few provided se-

quences were all closely related to laboratory strains or to sequences from other diagnostic sam-

ples handled in parallel in the respective laboratory, suggesting laboratory contamination as a 

source of these findings (Dürrwald et al., 2006; Dürrwald et al., 2007; Lieb et al., 1997a; Planz et 

al., 2003; Rubbenstroth et al., 2019; Schwemmle et al., 1999a; Staeheli et al., 2000). Thus, evi-

dence for a worldwide distribution of BoDV-1 is missing. 

Strikingly, diagnostic and retrospective testing of human encephalitis patients in known endemic 

areas in Southern Germany recently identified at least 16 cases of BoDV-1 infections. In contrast 

to all previously claimed human BoDV-1 infection, these cases were unequivocally confirmed 

by high viral RNA and antigen loads detectable in the brains of the patients, determination of full-
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length BoDV-1 genome sequences and detection of high titres of bornavirus-reactive antibody. 

The vast majority of these patients had died following neurologic disease and encephalitis resem-

bling the presentation of BD in domestic mammals (Coras et al., 2019; Korn et al., 2018; Liesche 

et al., 2019; Niller et al., in press; Schlottau et al., 2018). 

In addition to mammals, successful experimental BoDV-1 infection was reported also for chick-

ens (Ludwig, 2008; Matthias, 1958), indicating that birds may be susceptible to natural BoDV-1 

infection. Berg et al. (2001) detected BoDV-1-specific RNA in faecal samples of a mallard and a 

jackdaw (Corvus monedula) in Sweden. Retrospective analysis grouped the sequences within a 

regional BoDV-1 cluster originating from Bavaria to Lower-Saxony (Dürrwald et al., 2006). Re-

evaluation of the samples in two independent laboratories could not confirm the viral RNA de-

tection, suggesting that the findings of Berg et al. (2001) resulted from laboratory contamination 

(Dürrwald et al., 2006). Surveys of wild and domestic birds in Germany, including samples from 

the known endemic areas, found no evidence of BoDV-1 infection despite the use of RT-PCR 

assays that are generally able to detect this virus (Rubbenstroth et al., 2012; Rubbenstroth et al., 

2013; Rubbenstroth et al., 2014b; Rubbenstroth et al., 2016). In the 1990s, a series of publications 

reported the detection of a bornavirus in juvenile ostriches (Struthio camelus) suffering from a 

paretic syndrome in Israel (Ashash et al., 1994; Ashash et al., 1996; Malkinson et al., 1993; 

Weisman et al., 1993a; Weisman et al., 1993b). Based on serology and antigenic characterization, 

the virus was regarded as BoDV-1, which was the only known bornavirus at that time. However, 

retrospectively it seems more likely that the birds were actually infected by a different, possibly 

avian bornavirus or another serologically cross-reactive agent. 

Only recently, a third mammalian orthobornavirus, named VSBV-1, was discovered in exotic 

squirrels kept as pets in Germany, the Netherlands and Croatia (Hoffmann et al., 2015; Schlottau 

et al., 2017a; Schlottau et al., 2017b). The majority of VSBV-1-infected animals were variegated 

squirrels (Sciurus variegatoides) and Prevost´s squirrels (Callosciurus prevostii). Only few posi-

tive samples originated from other exotic squirrel species (Schlottau et al., 2017a). The origin of 

this virus and its prevalence in free-ranging populations of these species in Central America and 

Asia is still unknown. VSBV-1 has not been detected in wild Eurasian red squirrel (Sciurus vul-

garis) populations in Europe (Schlottau et al., 2017a). Zoonotic VSBV-1 transmission has been 

reported for at least four squirrel breeders or animal caretakers in Germany with contact to in-
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fected squirrels (Hoffmann et al., 2015; Tappe et al., 2018). Two further cases have been sus-

pected (Tappe et al., 2019a). With one exception, all of the patients died from encephalitis and 

neurologic disease comparable to those observed in BoDV-1-infected humans (Hoffmann et al., 

2015; Tappe et al., 2018; Tappe et al., 2019a; Tappe et al., 2019b). 

2.4.4. Bornaviruses of reptiles and fish 

Two reptilian orthobornaviruses are known to date and both have been identified in only a single 

individual each. Subgenomic RNA sequences of GaVV-1 were discovered in a sample from a 

captive Gabon viper (Bitis gabonica) from the USA (Francischetti et al., 2004; Fujino et al., 2012; 

Horie et al., 2010). A complete LGSV-1 genome was determined from a wild-caught Loveridge´s 

garter snake (Elapsoidea loveridgei) from Tanzania (Stenglein et al., 2014). Further information 

on the epidemiology of these viruses, such as host range or dispersal area, and on their pathogenic 

potential, are not available. 

Similarly, very little is known about the few carboviruses (JCPV, SWCPV) and culterviruses 

(WhSBV) identified in snakes and fish, respectively. RNA of JCPV and SWCPV has been de-

tected in samples collected from several python species in Australia, but their association with 

disease was not investigated (Hyndman et al., 2018). A single WhSBV sequence has been re-

ported from a sharpbelly (Hemiculter leucisculus) in China (Shi et al., 2018). 

2.5. Bornavirus transmission and course of infection 

2.5.1. Horizontal transmission 

The routes and mechanisms involved in the transmission of avian bornaviruses are poorly under-

stood. Phylogenetic data suggests horizontal transmission within and between host species to play 

an important role in the distribution of at least some avian bornaviruses. This conclusion is based 

on nearly identical viral sequences found in parallel in various species, resulting in a lack of host-

associated virus clusters (Rubbenstroth et al., 2016). However, horizontal transmission appears 

to be rather inefficient in subadult and adult birds, since individuals co-housed with persistently 
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infected birds may stay free of detectable virus for several months or even years (De Kloet and 

Dorrestein, 2009; Heffels-Redmann et al., 2012). During experimental studies, horizontal trans-

mission was not observed after co-housing of uninfected cockatiels with experimentally PaBV-

2- or PaBV-4-infected birds for at least five months (Piepenbring et al., 2012; Piepenbring et al., 

2016; Rubbenstroth et al., 2014a). Transmission of CnBV-1 in canaries was equally unsuccessful 

(Rubbenstroth et al., 2014a), whereas in another study at least two out of five canaries developed 

a clearly detectable CnBV-2 infection after contact to experimentally infected birds 

(Rubbenstroth et al., 2013). 

Oral uptake of contaminated feed or drinking water was assumed the most likely transmission 

route, since infectious bornavirus was isolated from cloacal and pharyngeal swabs of infected 

birds, but so far this hypothesis lacks experimental confirmation (Rubbenstroth et al., 2012; 

Rubbenstroth et al., 2013). When avian bornaviruses were experimentally inoculated parenterally 

by intramuscular, subcutaneous, intravenous or intracerebral injection using doses of approxi-

mately 103 to 105 focus-forming units (ffu) per bird, nearly all birds developed persistent infec-

tion. This was demonstrated for psittacines (mainly cockatiels) inoculated with PaBV-2 or PaBV-

4 and for canaries inoculated with CnBV-1 or CnBV-2 (Gancz et al., 2009; Gray et al., 2010; 

Hameed et al., 2018; Hoppes et al., 2013a; Leal de Araujo et al., 2017a; Mirhosseini et al., 2011; 

Olbert et al., 2016; Payne et al., 2011b; Piepenbring et al., 2012; Piepenbring et al., 2016; 

Rubbenstroth et al., 2013; Rubbenstroth et al., 2014a; Runge et al., 2017). In contrast, mucosal 

inoculation of cockatiels with similar doses of PaBV-2 or PaBV-4 via peroral, intranasal or ocu-

lonasal routes did not result in detectable persistent infection (Heckmann et al., 2017; Runge et 

al., 2017). Oculonasal inoculation of canaries with high doses of CnBV-2 produced highly vari-

able results in three different experiments, ranging from no or barely detectable infection to effi-

cient infection of all inoculated birds (Olbert et al., 2016; Rubbenstroth et al., 2013). It is specu-

lated that mucosal and epidermal lesions may facilitate horizontal transmission. Furthermore, ad-

ditional factors such as age, genetic background or immune status of the host may influence the 

efficiency of transmission (Heckmann et al., 2017; Olbert et al., 2016). 
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2.5.2. Vertical transmission 

While the epidemiological patterns of many avian bornaviruses cannot be explained by vertical 

transmission alone, they do not exclude the possibility of vertical transmission either 

(Rubbenstroth et al., 2016). In several studies bornavirus RNA was detected in embryonated eggs 

originating from infected psittacines (Kerski et al., 2012; Lierz et al., 2011; Monaco et al., 2012), 

canaries (Rubbenstroth et al., 2013) or Canada geese (Delnatte et al., 2014b). Viral RNA in eggs 

was found to be correlated with viral shedding and wide tissue distribution in the organism of the 

mother but not with the father´s infection status (Rubbenstroth et al., 2013; Rubbenstroth et al., 

2014a). Confirmation of a productive bornavirus infection of the embryos by detection of viral 

antigen in tissue slices or by virus isolation was not achieved (Lierz et al., 2011; Rubbenstroth et 

al., 2013). Monaco et al. (2012) detected bornavirus RNA in a cloacal swab from one out of 10 

artificially incubated and hand-reared chicks at five weeks of age. However, exposure to the virus 

post hatching could not be excluded completely, since the chicks were kept within a facility har-

bouring also infected adult birds. Thus, final proof of vertical transmission of avian bornaviruses 

is still missing. 

2.5.3. Course of infection 

Depending on the infected hosts, cell and tissue tropisms of bornaviruses may differ markedly. 

Before the discovery of its natural reservoir, the mammalian BoDV-1 has long been considered 

as a strictly neurotropic virus that is found predominantly in the central nervous system. This 

assumption was based mainly on data from experimental models and naturally infected erroneous 

hosts (Bilzer et al., 1995; Enbergs et al., 2001; Herzog et al., 1984; Stitz et al., 1998a). In experi-

mentally infected rats, rabbits and mice, the virus was demonstrated to spread mainly through 

intra-axonal transport along peripheral nerves. After retrograde infection of the central nervous 

system and subsequent replication in the brain, BoDV-1 may further disseminate centrifugally 

into peripheral organs (Ackermann et al., 2010; Carbone et al., 1987; Krey et al., 1979; Morales 

et al., 1988). In experimental hosts, such centrifugal dissemination is predominantly observed in 

the absence of a competent immune response, such as in immunocompromised animals or neo-

natally infected rats (Ackermann et al., 2010; Herzog et al., 1984; Stitz et al., 1991b; Stitz et al., 

1998a). Despite this broader tissue distribution, the virus still remains largely bound to neuronal 
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cells in these animals (Stitz et al., 1998a). In consistence, viral shedding is usually not observed 

in erroneous and experimental non-reservoir hosts, although infectious virus was detected in the 

urine of neonatally infected rats (Morales et al., 1988; Sauder and Staeheli, 2003). 

Meanwhile, orthobornaviruses have been demonstrated to infect a broad range of tissues and cells 

in immunocompetent individuals of their respectively assumed reservoir hosts, such as BoDV-1 

in bicolored white-toothed shrews (Dürrwald et al., 2014; Nobach et al., 2015; Puorger et al., 

2010), VSBV-1 in squirrels (Hoffmann et al., 2015; Schlottau et al., 2017b), canary bornaviruses 

in common canaries (Rubbenstroth et al., 2013) and parrot bornaviruses in psittacines (Heatley 

and Villalobos, 2012; Leal de Araujo et al., 2017a; Raghav et al., 2010; Rinder et al., 2009; 

Weissenböck et al., 2010; Wünschmann et al., 2011). Cell types confirmed to be permissive for 

bornavirus infection in vivo included neurons, astroglia, ependymal cells, epithelial cells, smooth 

and skeletal muscle cells, myocardium and keratinocytes, demonstrating that orthobornaviruses 

are not per se strictly neurotropic (Dürrwald et al., 2014; Heatley and Villalobos, 2012; Leal de 

Araujo et al., 2017a; Leal de Araujo et al., 2018; Nobach et al., 2015; Ouyang et al., 2009; Puorger 

et al., 2010; Raghav et al., 2010; Rinder et al., 2009; Weissenböck et al., 2010; Weissenböck et 

al., 2017; Wünschmann et al., 2011). 

In congruence with the broad tissue distribution and the infection of epithelial cells, viral shedding 

is a regular feature of orthobornavirus infections in their assumed reservoir hosts and infectious 

virus has been detected in cloacal and pharyngeal swabs, saliva, faeces, and urine (Nobach et al., 

2015; Piepenbring et al., 2012; Rubbenstroth et al., 2012; Rubbenstroth et al., 2013; Schlottau et 

al., 2017b). In experimentally infected birds, permanent shedding of high amounts of viral RNA 

usually starts after approximately eight to twelve weeks and is strictly correlated with an extensive 

tissue distribution. However, some birds do not have viral RNA detectable in their peripheral 

organs and excretions for at least several months. Nevertheless, high viral loads may be detectable 

in the brains of such birds (Gray et al., 2010; Högemann et al., 2017; Leal de Araujo et al., 2017a; 

Olbert et al., 2016; Rubbenstroth et al., 2013; Rubbenstroth et al., 2014a; Runge et al., 2017). 

Since only little data is available on tissue distribution early after infection, the mode of borna-

virus dissemination in the organism of infected reservoir hosts is still a matter of debate. A strictly 

neuronal spread comparable to that of BoDV-1 in experimental non-reservoir hosts seems ques-

tionable given the broad range of infected cell types in these hosts. In line with this assumption, 

a single canary euthanized at two weeks after parenteral CnBV-1 injection was found to possess 
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detectable viral RNA in all tested organs with the exception of the brain (Rubbenstroth et al., 

2014a). Furthermore, combined intramuscular and subcutaneous inoculation of cockatiels with 

PaBV-2 or canaries with CnBV-1 and CnBV-2 resulted in low amounts of viral RNA detectable 

in cloacal swabs of some of the experimentally infected birds as early as one week after inocula-

tion. In most of these birds, virus shedding temporarily ceases until three to five weeks after in-

oculation (Olbert et al., 2016; Rubbenstroth et al., 2013; Rubbenstroth et al., 2014a; Runge et al., 

2017). Together, these observations suggest an initial systemic distribution during an early phase 

of the infection, indicating a mode of viral spread that is not exclusively neuronal. Strikingly, Leal 

de Araujo et al. (2017a) detected neither early dissemination of the virus nor detection of viral 

RNA in cloacal swabs earlier than five weeks after intramuscular PaBV-2 inoculation of cocka-

tiels. Instead, their results suggested the virus to spread centripetally from the inoculation site in 

the pectoral muscle via the brachial plexus and the spinal cord to the brain, followed by centrifugal 

neuronal dissemination into other tissues. In such secondary replication sites, the virus also in-

fected various non-neuronal cell types (Leal de Araujo et al., 2017a; Leal de Araujo et al., 2018). 

Early shedding is also not observed after experimental PaBV-4 infection of cockatiels and African 

grey parrots (Högemann et al., 2017; Olbert et al., 2016; Rubbenstroth et al., 2014a). The discrep-

ancies between the studies of different groups are not easily explained. Different virus isolates, 

dosages and inoculation routes as well as variable sensitivity of the assays used for virus detection 

may have contributed to the variations. 

2.6. Clinical signs, gross lesions and histopathology 

2.6.1. Bornavirus-induced disease in birds 

Bornavirus-induced diseases in birds cover a considerable range of different clinical manifesta-

tions, with PDD being the most characteristic form particularly in psittacines. Typical PDD-like 

gastro-intestinal signs are proventricular dilatation, delayed passage of ingesta, shedding of undi-

gested seeds and diarrhoea. As a result of the impaired digestion, birds often show body weight 

loss and emaciation (Gancz et al., 2010; Hoppes et al., 2010; Leal de Araujo et al., 2017a; Lierz, 

2015; Piepenbring et al., 2016; Rubbenstroth et al., 2014a; Runge et al., 2017). In severe cases of 

proventricular dilatation, the proventriculus may rupture, resulting in peritonitis (Gancz et al., 
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2010; Hoppes et al., 2010; Lierz, 2015). Neurological disorders represent an additional manifes-

tation of avian bornavirus infections. Symptoms may include incoordination, seizures, tremors, 

and lameness (Fluck et al., 2019; Högemann et al., 2017; Lierz, 2015; Payne et al., 2011b; 

Rubbenstroth et al., 2014a). In addition, retinitis and blindness have been suggested as potential 

outcomes of avian bornavirus infections (Steinmetz et al., 2008). Behavioural disorders, such as 

feather plucking and auto-mutilation, have been described in association with avian bornavirus 

infections but their causative relation requires further confirmation (Fluck et al., 2019; Högemann 

et al., 2017; Horie et al., 2012; Horie, 2019; Sassa et al., 2013). The course of disease is highly 

variable, ranging from peracute to chronic progression. Death without any prior clinical signs 

does occur in some birds (Leal de Araujo et al., 2017a; Piepenbring et al., 2012). However, the 

majority of birds dies after chronic progression of the disease, whereas complete recovery is rarely 

reported (Högemann et al., 2017; Lierz, 2015; Staeheli et al., 2010). The incubation period can 

be highly variable, ranging from three weeks to more than nine months in experimental studies, 

and a considerable proportion of infected birds may stay clinically healthy for several months or 

years or even become life-long healthy carriers (De Kloet and Dorrestein, 2009; Gancz et al., 

2009; Hameed et al., 2018; Heffels-Redmann et al., 2012; Högemann et al., 2017; Mirhosseini et 

al., 2011; Olbert et al., 2016; Piepenbring et al., 2012; Piepenbring et al., 2016; Rubbenstroth et 

al., 2014a; Runge et al., 2017).  

Typical gross lesions of PDD are a dilated proventriculus with a thin and often transparent wall, 

whereas prominent macroscopic lesions in other organs are rare (Gancz et al., 2009; Hameed et 

al., 2018; Piepenbring et al., 2012; Piepenbring et al., 2016; Rubbenstroth et al., 2014a; Runge et 

al., 2017; Wünschmann et al., 2011). Microscopic lesions in the central nervous systems are char-

acterized by non-suppurative encephalitis including mononuclear perivascular cuffing and focal 

gliosis. Neuritis and ganglioneuritis with mononuclear infiltrations can be observed in peripheral 

nerves as well as in neuronal ganglia of a broad range of organs (Gancz et al., 2009; Gray et al., 

2010; Leal de Araujo et al., 2017a; Leal de Araujo et al., 2018; Olbert et al., 2016; Ouyang et al., 

2009; Raghav et al., 2010; Runge et al., 2017; Weissenböck et al., 2009a; Wünschmann et al., 

2011). 

PDD and other bornavirus-induced diseases occur mainly in psittacines infected with parrot bor-

naviruses. The roles of PaBV-2 and PaBV-4 as causative agents of these disorders have been 

confirmed in numerous experimental infection studies in cockatiels (Hameed et al., 2018; Leal 
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de Araujo et al., 2017a; Mirhosseini et al., 2011; Olbert et al., 2016; Payne et al., 2011b; 

Piepenbring et al., 2012; Piepenbring et al., 2016; Rubbenstroth et al., 2014a; Runge et al., 2017), 

Patagonian conures (Gray et al., 2010) and African grey parrots (Högemann et al., 2017). Alt-

hough final evidence is missing, it is widely assumed that other parrot bornaviruses, including the 

genetically more distantly related PaBV-5 and PaBV-6, are likewise pathogenic for psittacines. 

The pathogenic potential of non-psittacine avian bornaviruses known to date is a matter of con-

troversial debate. PDD-like disease, neurological disorders and typical mononuclear infiltrations 

have been described for domestic canaries naturally infected with canary bornaviruses (Perpinan 

et al., 2007; Rubbenstroth et al., 2013; Weissenböck et al., 2009b). However, experimental infec-

tion of canaries with CnBV-1 and CnBV-2 did not result in clinical disease and only minimal 

histopathologic alterations were observed (Olbert et al., 2016; Rubbenstroth et al., 2013; 

Rubbenstroth et al., 2014a). Naturally ABBV-1-infected Canada geese (Branta canadensis) and 

gulls infected with an ‘ABBV-1-like’ virus have been described to suffer from neurologic dis-

eases and exhibit mononuclear infiltrations in the brain but suitable bornavirus-negative controls 

were not included in these studies (Delnatte et al., 2011; Delnatte et al., 2013; Guo et al., 2015; 

Murray et al., 2017a; Payne et al., 2011a). Experimental infections reproducing ABBV-1-induced 

disease have not been performed, yet. No information is available on the pathogenicity of the 

bornaviruses found in estrildid finches (EsBV-1 and MuBV-1) or ABBV-2 identified in ducks 

(Guo et al., 2014b; Rubbenstroth et al., 2013; Rubbenstroth et al., 2014b). 

Bornavirus-related diseases in avian hosts other than their respective primary hosts have been 

described for natural PaBV-4 infection of an Himalayan monal (Bourque et al., 2015), natural 

ABBV-1 infection of an emu (Nielsen et al., 2018) or experimental BoDV-1 infection of chicken 

(Ludwig et al., 1973; Matthias, 1958). In all occasions, neurologic disease and non-purulent en-

cephalitis have been described, resembling diseases caused by BoDV-1 and VSBV-1 in erroneous 

mammalian hosts (see Chapter 2.6.2). However, a more detailed analysis is required for a better 

understanding of the virus-host interactions in such settings. 
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2.6.2. Bornavirus-induced diseases in mammals 

In contrast to PDD in birds, disease in non-reservoir hosts of mammalian bornaviruses is confined 

to disorders of the central nervous system. The course of disease has been described most exten-

sively in naturally or experimentally BoDV-1-infected horses and sheep or experimentally in-

fected immunocompetent rats and mice (Caplazi et al., 1999; Heinig, 1964; Katz et al., 1998; 

Matthias, 1958; Metzler et al., 1976; Metzler et al., 1979b; Richt and Rott, 2001), but recently 

also in human patients infected with BoDV-1 (Coras et al., 2019; Korn et al., 2018; Liesche et 

al., 2019; Niller et al., in press; Schlottau et al., 2018) or VSBV-1 (Hoffmann et al., 2015; Tappe 

et al., 2018; Tappe et al., 2019b). Neurologic signs in infected animals include fever, incoordina-

tion, ataxia, seizures, blindness, apathy and somnolence, which are often followed by coma and 

death (Caplazi et al., 1994; Caplazi et al., 1999; Carbone et al., 1987; Jacobsen et al., 2010; 

Metzler et al., 1979b; Weissenböck et al., 1998a; Weissenböck et al., 1998b). For humans, also 

headache, blurred speech and peripheral signs resembling Guillain-Barré syndrome (GBS) have 

been reported (Coras et al., 2019; Hoffmann et al., 2015; Korn et al., 2018; Liesche et al., 2019; 

Niller et al., in press; Schlottau et al., 2018). The time until death may vary from few days to 

several months after beginning of the disease (Caplazi et al., 1994; Caplazi and Ehrensperger, 

1998; Caplazi et al., 1999; Carbone et al., 1987; Metzler et al., 1976; Metzler et al., 1979b; Niller 

et al., in press; Richt and Rott, 2001; Weissenböck et al., 1998a; Weissenböck et al., 1998b). 

Complete or at least partial clinical recovery has been described for experimentally infected rats, 

mice, sheep and horses (Deschl et al., 1990; Hallensleben et al., 1998; Hatalski et al., 1995; 

Metzler et al., 1976; Narayan et al., 1983) as well as for a BoDV-1-infected human transplant 

recipient (Schlottau et al., 2018). The incubation period in experimentally infected animals is 

highly variable, ranging from less than two weeks to several months, depending on inoculation 

route, infection dose and host species (Carbone et al., 1987; Heinig, 1964; Matthias, 1958; Richt 

and Rott, 2001; Stitz et al., 1980). The incubation time following natural infections remains un-

known, but is likewise assumed to last weeks to months (Jacobsen et al., 2010; Priestnall et al., 

2011; Richt and Rott, 2001). 

Microscopic lesions are usually confined to the central nervous system and characterized as non-

purulent encephalitis and occasionally myelitis with infiltration of mononuclear cells, particularly 

T lymphocytes (Bilzer and Stitz, 1994; Bilzer et al., 1995; Caplazi and Ehrensperger, 1998; 

Chevalier et al., 2011; Deschl et al., 1990; Gosztonyi and Ludwig, 1984; Liesche et al., 2019; 
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Tappe et al., 2019b). Peripheral polyradiculoneuritis has been observed in human patients suffer-

ing from GBS-like medical conditions (Coras et al., 2019; Liesche et al., 2019; Schlottau et al., 

2018). 

2.7. Pathogenesis of bornavirus-induced diseases 

Bornaviruses are known to establish non-cytolytic infections of their target cells and direct dam-

age is thus assumed to be limited (Danner et al., 1978; Herzog and Rott, 1980). Instead, borna-

virus-induced disease was shown to result from immunopathology mediated by virus-specific T 

lymphocytes, as extensively studied in experimental BoDV-1 infection models in rats and mice 

(Bilzer and Stitz, 1994; Fassnacht et al., 2004; Furrer et al., 2001b; Hallensleben et al., 1998; 

Hausmann et al., 1999; Hausmann et al., 2001; Planz et al., 1993; Planz et al., 1995; Richt et al., 

1990; Richt et al., 1989; Richt et al., 1994; Richter et al., 2007; Sobbe et al., 1997; Stitz et al., 

1989; Stitz et al., 1992). Comparably little information is available on the mechanisms inducing 

disease in avian bornavirus-infected birds. Based on the close relationship of avian and mamma-

lian bornaviruses and on similarities of microscopic lesions associated with bornavirus-infected 

birds and mammals, it is assumed that the pathogenesis of bornaviral diseases in birds may re-

semble that of BD (Staeheli et al., 2010). 

2.7.1. Borna disease in mammals 

First evidence for an immunopathogenesis of BD was achieved by observations that immunode-

ficiency of rats due to athymy, thymectomy or immunosuppressive treatment with cyclophospha-

mide, cyclosporine A (CsA) or corticosteroids resulted in dampened or even completely absent 

clinical disease and inflammatory infiltrates despite persistent BoDV-1 infection (Gierend and 

Ludwig, 1981; Herzog et al., 1985; Narayan et al., 1983; Planz et al., 1995; Richt et al., 1989; 

Stitz et al., 1989; Stitz et al., 1991b). Adoptive transfer of splenocytes or brain lymphocytes de-

rived from diseased immunocompetent BoDV-1-infected rats rapidly induced disease in infected 

immunocompromised healthy animals (Batra et al., 2003; Carbone et al., 1991; Hirano et al., 

1983; Narayan et al., 1983; Planz et al., 1995; Sobbe et al., 1997; Stitz et al., 1989). In contrast, 
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transfer of reconvalescent sera containing virus-neutralizing antibodies did not induce immuno-

pathology (Hirano et al., 1983). More detailed analyses of the roles of different lymphocyte sub-

populations demonstrated that depletion or genetic knock-out of CD8+ T lymphocytes efficiently 

reduced or completely prevented BoDV-1-induced immunopathology in rats and mice, whereas 

less prominent effects were achieved by CD4+ T lymphocyte depletion (Bilzer and Stitz, 1994; 

Hallensleben et al., 1998; Hausmann et al., 1999; Planz et al., 1993; Stitz et al., 1992). In agree-

ment, adoptive transfer of BoDV-1-specific CD8+ T cells was sufficient to induce immuno-

pathology in persistently infected healthy individuals, whereas immunopathogenesis induced by 

the transfer of virus-specific CD4+ T cells appears to depend on the presence of CD8+ T lym-

phocytes (Planz et al., 1995; Richt et al., 1990; Richt et al., 1989; Richt et al., 1994; Richter et al., 

2007). Immunity against the bornavirus N protein appears to play a dominant role in the immuno-

pathogenesis, since immunization of N-encoding viral vector vaccines as well as transfer of N-

specific CD8+ T lymphocytes or dendritic cells loaded with a BoDV-1 N epitope induced disease 

in persistently infected healthy mice (Fassnacht et al., 2004; Hausmann et al., 1999; Richter et al., 

2007; Schamel et al., 2001). Furthermore, transgenic N protein expression in neurons or astro-

cytes of mice prevented immunopathology following BoDV-1 infection, presumably due to im-

munotolerance (Rauer et al., 2004). Adoptive transfer of P-specific CD4+ T cells to infected rats 

likewise triggered immunopathology (Planz et al., 1995), whereas viral vectors encoding for P or 

G protein did not induce disease (Hausmann et al., 1999). The precise mechanism of T cell-me-

diated damage remains unknown. BoDV-1-infected mice lacking perforin, Fas, interferon γ (IFN-

γ) or nitric oxide (NO) synthase developed disease indistinguishable from wild-type mice 

(Hausmann et al., 2001; Hausmann et al., 2004). Stitz et al. (1991a) reported the treatment of rats 

with transforming growth factor β (TGF-β) to reduce inflammatory lesions in BoDV-1-infected 

rats. 

The development of immunopathogenesis and disease in infected rodents is dependent on age 

and genetic background of the host, as well as on viral factors. Immune-mediated disease occurs 

in intracranially, intranasally or subcutaneously infected adult Lewis rats as well as in neonatally 

infected MRL mice, whereas black-hooded rats and most BALB/c or C57BL/6 mice remain 

healthy (Hallensleben et al., 1998; Herzog et al., 1991; Narayan et al., 1983). In mice, suscepti-

bility to infection and immunopathology was shown to correlate with the major histocompatibility 

complex (MHC) haplotypes (Hallensleben et al., 1998), whereas in rats no such association was 

observed (Herzog et al., 1991). In contrast to immunocompetent adult rats, neonatally infected 
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rats usually do not develop typical neurologic disease and mononuclear infiltrates are absent from 

their brains, suggesting immunotolerance towards the virus (Hirano et al., 1983; Narayan et al., 

1983). However, some strains, such as Lewis, Fisher or Wistar rats, may exhibit unspecific clin-

ical signs following neonatal BoDV-1 infection with severe lesions and gliosis particularly in the 

dentate gyrus (Carbone et al., 1987; Wu et al., 2013). Since these lesions are also observed in ex 

vivo infected hippocampal slice cultures, they are apparently independent of a T cell-mediated 

immunopathology (Wu et al., 2013). The dentate gyrus lesions are not developed by some rat 

strains, including Sprague-Dawley or Brown Norway rats, which is attributed to a protective ef-

fect provided by an unidentified soluble factor produced in the brains of these rats (Wu et al., 

2013). Poenisch et al. (2009) suggested X protein-mediated anti-apoptotic effects to be required 

for preventing dentate gyrus lesions in neonatally infected Lewis rats. Subclinical deficiencies, 

such as impaired learning and memory functions, have been described for neonatally infected rats 

even in the absence of clinical signs and inflammatory lesions (Dittrich et al., 1989; Jie et al., 

2018). Host adaptation by multiple passages in experimentally infected hosts has been shown to 

increase infectivity and pathogenicity of the virus for rats and mice of all age groups (Ackermann 

et al., 2007a; Ackermann et al., 2007b; Hirano et al., 1983; Kao et al., 1984; Nishino et al., 2002). 

T cell-mediated immunopathogenesis is assumed to also mediate encephalitis in naturally BoDV-

1-infected erroneous hosts, such as horses, sheep or humans, although direct evidence is missing. 

Likewise, experimental evidence for immunopathogenesis of VSBV-1-induced encephalitis is 

missing due to a lack of suitable in vivo infection models. By which mechanisms BoDV-1 is able 

to evade immunity and avoid immunopathology in its natural reservoir host remains unknown. 

2.7.2. Proventricular dilatation disease and other bornavirus-induced diseases in 

birds 

Most information available on the pathogenesis of avian bornavirus infections originates from 

captive psittacines. In these birds, clinical signs appear to be determined by the sites of bornavirus 

replication and by subsequent occurrence of mononuclear infiltrates resembling those in errone-

ous hosts of mammalian bornaviruses (Leal de Araujo et al., 2017a; Runge et al., 2017; Staeheli 

et al., 2010). Due to the usually broader tissue distribution, bornavirus-infected birds may develop 
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not only neurological signs, but also symptoms related to various internal organ systems, partic-

ularly the gastrointestinal tract. The precise mechanism leading to gastrointestinal dysfunction is 

largely unknown. Impaired intestinal motility is assumed to be responsible for delayed transport 

of the ingesta, resulting in accumulation of feed in the dilated proventriculus, incomplete diges-

tion and shedding of undigested seeds with the faeces (Staeheli et al., 2010; Tizard et al., 2017). 

Ganglioneuritis may likewise disturb the function of other organ systems but the associated clin-

ical signs have been characterized less well. A recent study demonstrated that T cell-suppressive 

treatment with CsA prevented inflammatory lesions and development of PDD in experimentally 

PaBV-2-infected cockatiels, suggesting a T lymphocyte-mediated immunopathogenesis resem-

bling that of BD (Hameed et al., 2018). 

The conditions determining the fate of each infected individual are largely unknown. Based on 

parallels to mammalian bornavirus infections, multiple factors directly or indirectly influencing 

the antiviral immune response are assumed to play a role, including the genetic composition of 

virus and host, the adaptation of the virus to the host species, the age and immune status at expo-

sure to the virus, co-infections with other pathogens or stress. While in psittacines infected with 

parrot bornaviruses the range of possible outcomes covers sudden death, chronic fatal disease, 

recovery from disease and life-long healthy carriers (Heffels-Redmann et al., 2012; Leal de 

Araujo et al., 2017a; Lierz, 2015; Olbert et al., 2016; Piepenbring et al., 2012; Piepenbring et al., 

2016; Rubbenstroth et al., 2014a; Runge et al., 2017; Staeheli et al., 2010), reproduction of disease 

in canaries experimentally infected with CnBV-1 or CnBV-2 failed completely (Olbert et al., 

2016; Rubbenstroth et al., 2013; Rubbenstroth et al., 2014a). 

Autoreactive antibodies directed against gangliosides have been discussed as an alternative mech-

anism of the pathogenesis of PDD and ganglioneuritis in birds. However, evidence for the asso-

ciation of these antibodies with PDD-like lesions and clinical disease is lacking (Leal de Araujo 

et al., 2017b; Rossi et al., 2008; Rossi et al., 2018). 

2.8. Immunity against bornavirus infections 

Immunity against bornaviruses has been studied most extensively for experimental BoDV-1 in-

fection of rodents. This work demonstrated, that – similar to their immunopathogenesis – antiviral 

protection is mediated mainly by T lymphocytes. Viral vector vaccines expressing the BoDV-1 
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N gene protected immunocompetent mice and rats against BoDV-1 challenge infection and de-

velopment of BD (Hausmann et al., 2005a; Henkel et al., 2005), whereas protection was not 

achieved when mice lacking functional CD8+ T lymphocytes were immunized (Hausmann et al., 

2005a; Hausmann et al., 2005b). The important role of T lymphocytes received further confirma-

tion by protective effects achieved by BoDV-1-specific T cells adoptively transferred to immu-

nologically naïve rats prior to BoDV-1 challenge infection (Nöske et al., 1998; Richt et al., 1994). 

In contrast, humoral immunity appears to play only a minor role. Neither vaccination with inac-

tivated virus or purified viral antigen nor passive immunization with reconvalescent sera provided 

protective effects against BoDV-1 infection of rats (Carbone et al., 1987; Haas et al., 1986; 

Oldach et al., 1995). Pre-treatment of rats with monoclonal antibodies directed against the G pro-

tein or reconvalescent sera possessing neutralizing activity did not affect BoDV-1 infection of the 

brain, but was able to delay viral spread from or to the periphery and prevent viral shedding in 

the newborn rat BoDV-1 infection model (Furrer et al., 2001a; Stitz et al., 1998a). In experimen-

tally infected animals, neutralizing antibodies become detectable only after several weeks of per-

sistent infection and their appearance is not associated with viral clearance (Furrer et al., 2001a; 

Hatalski et al., 1995; Lundgren et al., 1997). 

Similar data are missing for avian bornavirus infections. Detection of specific T cells in exotic 

bird species is at present impossible due to the lack of suitable tools and methods. Thus, investi-

gation of immune responses is restricted mainly to measuring bornavirus-reactive antibodies dur-

ing persistent infection. Antibodies detected in infected birds are predominantly directed against 

N, P, X and M proteins, whereas antibodies directed against G and L or neutralizing antibodies 

have not been detected (De Kloet et al., 2011). Whether these antibodies contribute to controlling 

the infection remains questionable, since high titres of bornavirus-reactive antibodies are regu-

larly detected in naturally and experimentally bornavirus-infected birds, regardless of their infec-

tion status or development of disease (Heffels-Redmann et al., 2011; Olbert et al., 2016; 

Piepenbring et al., 2012; Piepenbring et al., 2016; Rubbenstroth et al., 2014a; Runge et al., 2017). 
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2.9. Prophylaxis and therapy of bornavirus infections and proventricular di-

latation disease 

To date, an effective causative or clinical therapy does not exist and a specific immunoprophy-

laxis is not commercially available. Thus, the control of avian bornavirus infections and PDD is 

currently restricted mainly to flock management measures based on extensive monitoring, fol-

lowed by separation of infected birds to eradicate the virus from the flock. 

2.9.1. Antiviral compounds 

Antiviral compounds have been tested predominantly for inhibitory effects on bornavirus infec-

tion in cell culture, whereas confirmation in vivo is usually missing. 

The nucleotide analogue ribavirin was shown to inhibit mammalian and avian bornaviruses in 

various cell lines. Proportions of virus-positive cells and viral RNA levels in persistently infected 

cell cultures were markedly reduced and viral spread was blocked or at least delayed after de novo 

infection of cultures (Jordan et al., 1999; Mizutani et al., 1998; Mizutani et al., 1999; Musser et 

al., 2015; Reuter et al., 2016). However, elimination of the viruses from persistently infected 

cultures was not achieved and infection rapidly recovered after cessation of treatment (Jordan et 

al., 1999; Mizutani et al., 1998; Mizutani et al., 1999; Musser et al., 2015; Reuter et al., 2016; 

Tokunaga et al., 2017). The antiviral mechanisms of ribavirin against bornaviruses remain un-

known. Increased mutation rates leading to an ‘error catastrophe’, as shown for other RNA vi-

ruses, were not detected by next generation sequencing (Reuter et al., 2016). Conflicting results 

were published regarding ribavirin-mediated reduction of the cellular guanosine triphosphate 

(GTP) pool as a potential mechanism of bornavirus inhibition (Jordan et al., 1999; Musser et al., 

2015; Reuter et al., 2016). Reuter et al. (2016) showed a marked inhibition in a PaBV-4 polymer-

ase reconstitution assay, suggesting a direct effect of ribavirin on the viral polymerase. Further-

more, ribavirin was shown to enhance type I IFN signalling in avian cells (Reuter et al., 2016). In 

vivo treatment of experimentally BoDV-1-infected rats or gerbils by repeated intracerebral rib-

avirin injections revealed a slight reduction of viral loads and neurological signs, but virus elim-

ination was not achieved (Lee et al., 2008; Solbrig et al., 2002). Oral ribavirin treatment of parrots 

was attempted but did either not achieve any effect on viral shedding (Hoppes et al., 2013b) or 
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even induced detrimental effects on the birds (Reuter et al., 2016). Recently, the antiviral com-

pound favipiravir (T-705) was demonstrated to inhibit BoDV-1 and PaBV-4 in cell culture with 

markedly higher efficiency as compared to ribavirin and may be able to eliminate bornaviruses 

entirely from persistently infected cultures (Tokunaga et al., 2017). It remains to be elucidated 

whether favipiravir is able to provide an antiviral effect also in vivo and whether treated birds 

tolerate the drug. 

Amantadine was suggested to inhibit BoDV-1 infection in cell culture (Bode et al., 1997), but 

several subsequent studies were not able to reproduce this antiviral effect (Cubitt and de la Torre, 

1997; Hallensleben et al., 1997; Stitz et al., 1998b). Clinical improvements in human psychiatric 

patients claimed to be BoDV-1-infected are likely a result of the extensively studied direct anti-

depressant effect of this compound rather than of an antiviral action (Huber et al., 1999; Lieb et 

al., 1997b). The effect of amantadine against avian bornaviruses has not been tested so far. 

Recombinant chicken IFN-α inhibited avian bornaviruses in quail cell lines, but, similar to rib-

avirin, complete elimination was not achieved (Reuter et al., 2010; Reuter et al., 2016). A com-

bination of ribavirin and IFN-α resulted in an enhanced antiviral effect suggesting a synergistic 

action of both (Reuter et al., 2016). However, recombinant psittacine IFN-α was not available for 

the evaluation of the efficacy of in vivo IFN-α treatment. 

2.9.2. Therapy of proventricular dilatation disease 

Treatment of PDD is mainly restricted to symptomatic measures, due to the lack of a causative 

therapy. Several strategies have been proposed to improve conditions of PDD-affected birds, but 

reports are often conflicting and systematic studies are generally missing (Gancz et al., 2010; 

Hoppes et al., 2013b; Lierz, 2015; Rossi et al., 2018). 

Based on the suspected T cell-mediated pathogenesis, immunosuppressive drugs inhibiting T 

lymphocytes, such as CsA, are obvious candidates for treatment or prevention of PDD. Hameed 

et al. (2018) reported that daily peroral treatment of experimentally PaBV-2-infected cockatiels 

with 0.2 mg CsA starting at the day of infection efficiently prevented the development of PDD 

despite persistent bornavirus infection. In contrast, evidence for a successful therapeutic use of 

CsA at a later stage of experimental or natural avian bornavirus infection is still missing. While 
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some authors reported a beneficial effect, others observed no effect on lesion development but a 

wider organ distribution of the virus (Hoppes et al., 2013b; Lierz, 2015). In addition, the use of 

other anti-inflammatory compounds, such as the cyclooxygenase 2 (COX-2) inhibitors celecoxib, 

robenacoxib or meloxicam, has been described (Gancz et al., 2010; Hoppes et al., 2013b; Lierz, 

2015). In an experimental study, meloxicam appeared to exacerbate rather than prevent PDD in 

PaBV-4-infected cockatiels. However, these results need further confirmation (Hoppes et al., 

2013a). Furthermore, gastrointestinal prokinetic agents such as metoclopramide have been sug-

gested to provide beneficial effects during the early phase of disease (Rossi et al., 2018). 

2.9.3. Vaccination 

To date, vaccines for the protection against avian bornavirus infections are not commercially 

available. Experimental studies using two different approaches have been reported, employing 

either recombinant bornavirus N protein (Hameed et al., 2018) or viral vector vaccines expressing 

bornavirus N and P proteins (Olbert et al., 2016; Runge et al., 2017). 

Cockatiels immunized with alumn-adjuvanted, Escherichia coli-expressed PaBV-4 N protein 

were not protected against challenge infection with PaBV-2 and high levels of viral RNA were 

detectable in tissues and cloacal swabs. Strikingly, only a minority of vaccinated birds developed 

PDD-associated microscopic lesions and clinical disease, suggesting that vaccination prevented 

immunopathology by modulating the immune system (Hameed et al., 2018). Despite clinical pro-

tection, this approach appears not suitable as a vaccination strategy due to its lack of protection 

against infection. Healthy vaccinated life-long virus carriers shedding high amounts of virus 

would facilitate the spread of avian bornaviruses and obstruct efforts to eradicate these viruses 

from parrot populations. 

In contrast, viral vector vaccines expressing bornavirus antigens provided partial or complete 

protection against homologous and heterologous bornavirus infection of cockatiels and canaries 

(Olbert et al., 2016; Runge et al., 2017). Recombinant vectors based on Newcastle disease virus 

(NDV) clone 30 and modified vaccinia virus Ankara (MVA) were designed to carry the N and P 

genes of PaBV-4 or CnBV-2. Use of both vector systems combined in a heterologous prime-

boost vaccination regime confirmed them to be safe and immunogenic in cockatiels and canaries 

(Olbert et al., 2016). Homologous challenge infection of vaccinated cockatiels and canaries with 
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high doses of PaBV-4 or CnBV-2, respectively, resulted in a markedly delayed course of infection 

but persistent infection was not prevented in most of the birds (Olbert et al., 2016). When cocka-

tiels vaccinated with the PaBV-4 vector vaccines received a heterologous challenge with a 10-

fold lower dose of PaBV-2, minimal levels of viral RNA were detected in only two out of six 

vaccinated animals and histopathology confirmed a complete clinical protection of this group 

(Runge et al., 2017). Interestingly, two vaccinated cockatiels developed PDD after PaBV-4 chal-

lenge, suggesting that incomplete protection against bornavirus infection does not hamper disease 

development but may even contribute to immunopathogenesis (Olbert et al., 2016). Similar ob-

servations have been made for vaccination of rats against BoDV-1 infection. Lewis et al. (1999) 

observed reduced challenge virus titres accompanied by more pronounced disease progression in 

mice vaccinated with a vaccinia virus (VV) construct encoding BoDV-1 N. These results indicate 

that a strong vaccine-induced immune response, presumably mediated by specific T lymphocytes, 

is required to eliminate the virus completely or at least sequester the challenge infection perma-

nently and thereby prevent the development of immunopathogenesis and disease (Olbert et al., 

2016; Runge et al., 2017). To improve this vaccination strategy further, additional research is 

required including gathering more detailed information on natural transmission routes and doses 

representing natural avian bornavirus infection. 

2.9.4. Control of avian bornavirus infection by flock management 

In the absence of available vaccines and causative therapies, avian bornaviruses are controlled 

mainly by flock management. The ultimate goal of such measures is the eradication of the viruses 

from a flock and the prevention of its reintroduction. Eradication programs are based on repeated 

testing of all birds by RT-PCR of swab samples combined with serology, followed by separation 

– and finally removal from the flock – of all detectably bornavirus-infected individuals. Newly 

introduced birds originating from flocks with unknown or potentially positive bornavirus infec-

tion status need to be kept in quarantine until repeated testing has confirmed the absence of avian 

bornavirus infection (Lierz, 2015). 

Flock monitoring and testing during quarantine are complicated by the fact that some infected 

animals may be negative for viral shedding and seroconversion, resulting in false negative results 

(Heffels-Redmann et al., 2012). Thus, eradication programs may need to be enforced over several 
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months or even years to ensure the bornavirus-free status of a flock. The unknown mechanisms 

of avian bornavirus transmission are a further obstacle for implementation of efficient control 

measures. However, the apparently inefficient transmissibility and the slow spread within popu-

lations provide a possibility for thoroughly performed control and prevention strategies to be suc-

cessful (Lierz, 2015). Murray et al. (2017b) describe a cockatiel flock initially harbouring three 

confirmed PaBV-4-positive animals. Subsequent testing of the flock suggested that the virus was 

succesfully eradicated by the death of these three birds. 

2.10. Diagnosis of avian bornavirus infections 

The diagnosis of avian bornavirus infections is based on both, direct and indirect virus detection. 

A major challenge is the considerable genetic variability of this virus group. Furthermore, persis-

tently infected birds do not always shed the virus or develop a specific antibody response. There-

fore, a combination of direct virus detection and serology is recommended for intra vitam diag-

nosis. 

2.10.1. Direct avian bornavirus detection 

Avian bornavirus detection is mainly based on viral RNA detection by reverse transcription - 

polymerase chain reaction (RT-PCR) methods. Among the samples collected intra vitam, cloacal 

swabs usually contain higher amounts of viral RNA as compared to pharyngeal swabs and whole 

blood samples (Leal de Araujo et al., 2017a; Rubbenstroth et al., 2012). In addition, viral RNA is 

detectable also in urine samples (Heatley and Villalobos, 2012) and feather calamy (De Kloet et 

al., 2011). Post mortem, highest loads of viral RNA and antigen are usually detected in organs 

rich of neuronal tissue, such as brain, eye and adrenal gland, whereas low amounts of virus are 

often found in liver, spleen and skeletal muscle (Delnatte et al., 2014a; Leal de Araujo et al., 

2017a; Olbert et al., 2016; Piepenbring et al., 2012; Piepenbring et al., 2016; Rubbenstroth et al., 

2014a). However, depending on the course of infection, not all samples are reliably positive in 

all persistently infected birds. In the majority of infected birds, the virus is widely distributed in 

all organs and readily detectable in their excretions. However, some individuals possess high viral 
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loads exclusively in the brain, while the virus is barely detectable in other organs and swab sam-

ples (Heffels-Redmann et al., 2012; Leal de Araujo et al., 2017a; Olbert et al., 2016; Piepenbring 

et al., 2012; Piepenbring et al., 2016; Raghav et al., 2010; Rubbenstroth et al., 2013; Rubbenstroth 

et al., 2014a; Runge et al., 2017). In rare cases, low viral loads are detected only in few organs 

but not in the central nervous system, presumably due to an early phase of infection or permanent 

restriction of viral spread by the immune system (Leal de Araujo et al., 2017a; Olbert et al., 2016; 

Rubbenstroth et al., 2014a; Runge et al., 2017). 

Due to the high genetic variability of avian bornaviruses, the use of suitable primers is crucial for 

the efficient detection of viral RNA. Avian bornavirus nucleotide sequences may differ from each 

other by more than 30% (Kuhn et al., 2015). Thus, only primers designed to target bornavirus 

consensus sequences are able to cover this genetic divergence at least partly. In recent years, 

several conventional PCR assays have been confirmed to not only detect a broad spectrum of 

known orthobornaviruses but also discover previously unknown members of the genus Ortho-

bornavirus (Kistler et al., 2008; Philadelpho et al., 2014; Rubbenstroth et al., 2012; Rubbenstroth 

et al., 2013; Rubbenstroth et al., 2014b; Weissenböck et al., 2009a; Weissenböck et al., 2009b). 

However, most of these assays are not able to detect all currently known avian bornaviruses and 

the sensitivity of detection is highly variable among different tests and viruses. Thus, for samples 

with unknown infection status, the use of more than one broad-spectrum bornavirus PCR is rec-

ommended to minimize the risk of missing a virus (Rubbenstroth et al., 2013; Rubbenstroth et 

al., 2014b). In addition, (semi-) quantitative TaqMan-based real-time RT-PCR (RT-qPCR) tests 

are widely used to detect viral RNA of particular avian bornaviruses in experimental studies, field 

surveys and routine diagnosis (Delnatte et al., 2013; Guo et al., 2014a; Honkavuori et al., 2008; 

Olbert et al., 2016; Piepenbring et al., 2012; Piepenbring et al., 2016; Rubbenstroth et al., 2014a; 

Runge et al., 2017). Since most of these assays are designed to detect only a particular virus or a 

narrow range of closely related viruses, the use of such assays for field samples depends heavily 

on information available on the range of viruses expected in the diagnostic material. For psittacine 

species, many diagnostic laboratories use a RT-qPCR assay specifically detecting PaBV-4 

(Honkavuori et al., 2008), which is the most widely distributed bornavirus in psittacines (Heffels-

Redmann et al., 2011; Rubbenstroth et al., 2016). However, this assay does not or only very in-

efficiently detect the remaining seven known psittacine bornaviruses (PaBV-1 to PaBV-3 and 

PaBV-5 to PaBV-8) and, thus, it needs to be combined with suitable broad range PCR assays to 

avoid false negative results. RT-qPCR assays directed against the P and M consensus sequences 
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of the members of Psittacine 1 bornavirus (PaBV-1, -2, - 3, -4, -7 and presumably PaBV-8) using 

degenerate primer pairs and probes have been described, but their relative sensitivity for these 

viruses, as compared to the more specific assays mentioned above, still needs to be determined 

(Delnatte et al., 2013; Guo et al., 2014a). Since their primers and probes still possess several 

mismatches to the sequences of other bornaviruses, including PaBV-5, they are unlikely to detect 

these viruses with sufficient sensitivity (Delnatte et al., 2013; Guo et al., 2014a). Multiplex PCRs 

for the specific detection of several bornaviruses in parallel have not been described yet. 

In addition to PCR, viral nucleic acids can be visualized in tissue slices also by in situ hybridiza-

tion (ISH) using specific probes (Weissenböck et al., 2010). Bornavirus antigens can be detected 

by immunofluorescence assays (IFA) and immunohistochemistry (IHC) performed on tissue 

slices (Delnatte et al., 2014a; Heffels-Redmann et al., 2011; Herzog et al., 2010; Ouyang et al., 

2009; Piepenbring et al., 2012; Raghav et al., 2010; Rinder et al., 2009; Weissenböck et al., 2009a; 

Weissenböck et al., 2010; Wünschmann et al., 2011) or by Western Blot (WB) assay from ho-

mogenized organ samples as well as from feather calamy (McHugh and de Kloet, 2015). Poly-

clonal rabbit sera directed against various antigens of BoDV-1 or avian bornaviruses have been 

shown to readily react with antigens of a broad range of avian bornaviruses (Herzog et al., 2010; 

Ouyang et al., 2009; Raghav et al., 2010; Rinder et al., 2009; Weissenböck et al., 2009a; 

Zimmermann et al., 2014). Due to this high degree of serological cross-reactivity within the genus 

Orthobornavirus, antigen detection assays are much less prone to produce false negative results 

caused by genetic and antigenic variability (Zimmermann et al., 2014). However, antigen detec-

tion is usually markedly less sensitive as compared to RT-PCR (Delnatte et al., 2014a; 

Rubbenstroth et al., 2013; Rubbenstroth et al., 2014a). 

Isolation of infectious virus is possible from organ samples (Gray et al., 2010; Herzog et al., 2010; 

Payne et al., 2011a; Rinder et al., 2009; Rubbenstroth et al., 2012; Rubbenstroth et al., 2013; 

Rubbenstroth et al., 2014b) as well as from samples collected intra vitam, such as cloacal and 

pharyngeal swabs and blood samples (Rubbenstroth et al., 2012; Rubbenstroth et al., 2013). A 

broad range of avian cell lines may be used for this purpose, including CEC-32 quail fibroblasts, 

QM7 quail muscle cells, QT6 quail fibroblasts, DF-1 chicken fibroblasts and primary duck em-

bryo fibroblasts (Gray et al., 2010; Herzog et al., 2010; Horie et al., 2016b; Payne et al., 2011a; 

Rinder et al., 2009; Rubbenstroth et al., 2012; Rubbenstroth et al., 2013; Rubbenstroth et al., 

2014b). In contrast, avian bornaviruses replicate only inefficiently in mammalian cells 
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(Rubbenstroth et al., 2012; Rubbenstroth et al., 2013; Rubbenstroth et al., 2014b). Bornaviruses 

are slowly replicating viruses which may take several weeks to successfully establish persistent 

infection of the complete culture. Due to the absence of a bornavirus-induced cytopathic effect, 

IFA, immuneperoxidase staining (IPO) or RT-PCR are required to confirm successful virus iso-

lation (Rinder et al., 2009; Rubbenstroth et al., 2012; Rubbenstroth et al., 2013; Rubbenstroth et 

al., 2014b). Bornavirus isolation is time-consuming and laborious and, thus, not widely used for 

routine diagnosis. However, it represents a valuable tool for scientific studies. 

2.10.2. Indirect detection of avian bornavirus infections 

Since some bornavirus-infected birds are not or only intermittently shedding viral RNA, serology 

is an important parameter of intra vitam diagnosis (Heffels-Redmann et al., 2011; Heffels-

Redmann et al., 2012). Unequivocal seroconversion can be considered as evidence of bornavirus 

infection, as avian bornaviruses establish lifelong persistence and vaccines are not available. 

However, not all bornavirus-infected birds develop specific antibodies and, thus, serology should 

always be combined with direct virus detection (Heffels-Redmann et al., 2011; Heffels-Redmann 

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

Indirect IFA (iIFA), enzyme-linked immunosorbent assays (ELISA) and WB assays are used for 

the detection of bornavirus-specific antibodies (De Kloet et al., 2011; De Kloet and Dorrestein, 

2009; Herzog et al., 2010; Kerski et al., 2012; McHugh and de Kloet, 2015; Villanueva et al., 

2009; Zimmermann et al., 2014). Cells persistently infected with various bornaviruses can be 

employed for antibody detection by iIFA (Herzog et al., 2010; Zimmermann et al., 2014). ELISAs 

using recombinant proteins produced in Escherichia coli have been designed to detect antibodies 

reacting with individual bornavirus antigens such as N, P, X or M protein (De Kloet et al., 2011; 

De Kloet and Dorrestein, 2009; Kerski et al., 2012; Rubbenstroth et al., 2013). Detection of spe-

cific antibodies by WB assays can be performed with either recombinant proteins or bornavirus 

antigen originating from persistently infected cells (Villanueva et al., 2009). Despite the consid-

erable serologic cross-reactivity, the use of a heterologous bornavirus antigen for the detection of 

antibodies directed against a genetically divergent bornavirus may considerably reduce the meas-

ured antibody titres as well as the sensitivity of the assay (Zimmermann et al., 2014). Therefore, 
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a purposive choice of the antigen source according to the expected range of bornaviruses in the 

sample or population is crucial for reliable serological diagnosis. 

2.10.3. Clinical and pathological diagnosis of bornavirus-induced disease in birds 

Since not all bornavirus-infected birds develop clinical disease, evidence of an avian bornavirus 

infection is not equivalent to the diagnosis of PDD (Staeheli et al., 2010). Symptoms typical for 

PDD are gastrointestinal signs, such as shedding of indigested seeds, a dilated proventriculus and 

a delayed gastrointestinal passage of the ingesta visualized by contrast radiographic methods 

(Gancz et al., 2010). Furthermore, bornavirus-induced disease may also include various neuro-

logic disorders as well as non-specific symptoms, such as chronic emaciation, apathy, ruffled 

feathers or sudden death without previous signs of disease (Gancz et al., 2010; Lierz, 2015). While 

typical gastrointestinal signs and to some extent neurologic disorders are suggestive of PDD, none 

of these conditions are pathognomonic for the disease. Similar clinical manifestations can be 

caused by a broad range of other infectious and non-infectious agents, such as megabacteria 

(Macrorhabdus ornithogaster), endoparasites, heavy metal intoxications, neoplasia or other neu-

rotropic pathogens (Gancz et al., 2010; Lierz, 2015; Tizard et al., 2017). Confirmation of the 

diagnosis PDD is mainly achieved by microscopic detection of mononuclear infiltrations in cen-

tral nervous system and peripheral ganglia (Gancz et al., 2010). Crop biopsies have been used for 

microscopic analysis intra vitam, but ganglioneuritis is not always detectable in these tissues even 

in birds affected by PDD (Gregory et al., 1996). Alterations of haematological parameters clearly 

associated with avian bornavirus-induced disease, allowing a clinical diagnosis or facilitating 

prognosis, have not been identified (Gancz et al., 2010; Högemann et al., 2017). 
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3. Goals and objectives 

Avian bornaviruses had only recently been discovered as new members of the family Bornaviri-

dae and potential causative agents of PDD when this study was started. Consequently, my initial 

objectives aimed mainly at providing fundaments for a more detailed avian bornavirus research. 

This basic work included the generation and evaluation of diagnostic and molecular tools, assem-

bly of an avian bornavirus strain collection, investigating their genetic diversity and geographic 

distribution and establishing in vivo infection models. Based on these achievements, my group 

moved on to investigate the epidemiology and transmission of avian bornaviruses and to identify 

potentially antiviral compounds. Since vaccines against avian bornaviruses are still not available 

to date, a central goal of our work was the design of an immunization strategy protecting psitta-

cine populations, including endangered species, against avian bornavirus infections and PDD. 

Overall, this project included the following major goals and objectives: 

 Investigating viral diversity, epidemiology and taxonomy of avian bornaviruses 

 Establishing and evaluating diagnostic tools to optimize avian bornavirus diagnosis 

 Establishing in vivo models of avian bornavirus infections in cockatiels and canaries 

 Investigating posible routes of avian bornavirus transmission 

 Identifying antiviral compounds for the treatment of bornavirus infections 

 Generating vaccines and immunization strategies against avian bornavirus infections 
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5. Summary and discussion of the results 

5.1. Viral diversity and bornavirus taxonomy 

When this project was started in 2011, only seven avian bornaviruses – called avian bornavirus 

(ABV) genotypes at that time – were known, with the majority of these viruses found in psit-

tacines (Honkavuori et al., 2008; Kistler et al., 2008; Weissenböck et al., 2009a; Weissenböck et 

al., 2009b). Thus, one of the first aims of this study was expanding the knowledge on the genetic 

diversity of avian bornaviruses and their distribution in psittacine and non-psittacine populations 

in Germany. With the help of cooperation partners from several veterinary faculties, veterinary 

practitioners and ornithologists, samples were collected from captive and free-ranging psittacine 

and passerine birds as well as from aquatic birds of different orders. The screening was performed 

predominantly by conventional RT-PCRs targeting conserved regions in the consensus sequence 

of known bornavirus genomes. These assays proved to be able to detect a broad range of borna-

viruses including previously unknown variants (Philadelpho et al., 2014; Rubbenstroth et al., 

2012; Rubbenstroth et al., 2013; Rubbenstroth et al., 2014b; Rubbenstroth et al., 2016). This work 

led to the discovery and characterization of five new bornaviruses, namely PaBV-7 and PaBV-8 

in psittacines in Germany or Brazil, respectively (Philadelpho et al., 2014; Rubbenstroth et al., 

2012), CnBV-2 and CnBV-3 in domestic canaries (Rubbenstroth et al., 2013) and EsBV-1 in 

estrildid finches (Rubbenstroth et al., 2014b). Furthermore, sequences of MuBV-1, a putative 

avian bornavirus, were identified in an RNA library originating from estrildid finches in Japan 

during a screening of sequence database entries (Rubbenstroth et al., 2013). 

Until the discovery of the first avian bornaviruses in 2008, the family Bornaviridae consisted of 

a single genus (Bornavirus) and a single virus species (Borna disease virus) with two members, 

which were called ‘classical’ Borna disease virus (BDV) and BDV variant No/98. The discovery 

of the avian and later also reptilian and fish bornaviruses considerably increased the number of 

family members and provided a challenge for bornavirus nomenclature and taxonomy (Afonso et 

al., 2016; Amarasinghe et al., 2017; Amarasinghe et al., 2018; Amarasinghe et al., 2019; Kuhn et 

al., 2015). 
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Figure 2. Phylogeny of the genus Orthobornavirus. Complete P gene sequences (606 nucleotides) of representative 
bornavirus sequences were analysed using Neighbor-Joining algorithm and Jukes-Cantor distance model in Geneious 
R11 software. Values at branches represent support in 1,000 bootstrap replicates. Only bootstrap values ≥70 at major 
branches are shown. Underlined viruses were discovered as part of this study (Philadelpho et al., 2014; Rubbenstroth et 
al., 2012; Rubbenstroth et al., 2013; Rubbenstroth et al., 2014b). *) Viruses have not been classified by the International 
Committee on Taxonomy of Viruses (ICTV), yet. ABBV: aquatic bird bornavirus, BoDV: Borna disease virus, CnBV: 
canary bornavirus, EsBV: estrildid finch bornavirus, GaVV: Gabon viper virus, LGSV: Loveridge´s garter snake virus, 
MuBV: munia bornavirus, PaBV: parrot bornavirus, VSBV: variegated squirrel bornavirus. 

Initially, avian bornaviruses had been considered and named as genotypes of a single virus, ABV. 

However, phylogenetic and antigenic analyses soon showed that this assumption was misleading. 

The genetically highly diverse avian bornaviruses did not comprise a monophyletic group and 

some of them were actually not more closely related to each other than to the mammalian borna-

viruses (Figure 2) (Zimmermann et al., 2014). In 2014, the Bornaviridae Study Group of the 

International Committee on Taxonomy of Viruses (ICTV) completely revised the taxonomy of 

the family Bornaviridae (Kuhn et al., 2015). Since then, it has been adapted to include newly 

discovered viruses each year with my personal involvement as the chair of the ICTV Bornaviri-

dae study group (Afonso et al., 2016; Amarasinghe et al., 2017; Amarasinghe et al., 2018; 

Amarasinghe et al., 2019). The former avian bornavirus genotypes are now classified and named 

as independent viruses and grouped into different bornavirus species based on whole genome 

sequence identities, phylogenetic relationship and biological characteristics such as known host 

range and antigenic cross-reactivity (Table 1) (Kuhn et al., 2015). The use of the provisional name 

‘Avian bornavirus’ (ABV) and the term ‘genotype’ have been strongly discouraged, since they 
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misleadingly assign this diverse group of viruses a common ancestry and characteristics separate 

from the independently named, but not more distantly related, mammalian bornaviruses BoDV-

1, BoDV-2 and VSBV-1 (Figure 2). 

5.2. Epidemiology of avian bornavirus infections 

In addition to the identification of unknown bornaviruses, a further goal of the initial phase of this 

study was shedding light on the distribution of bornaviruses in avian populations, particularly in 

Germany. Previous studies of other groups had shown that parrot bornaviruses are widely distrib-

uted in captive psittacine populations worldwide, including Germany (Heffels-Redmann et al., 

2011). Our own work confirmed, that PaBV-4 and to a lesser extent PaBV-2 are the most widely 

distributed bornaviruses in these populations, whereas all other known parrot bornaviruses have 

been described on only few occasions (Kessler et al., 2019; Philadelpho et al., 2014; Rubbenstroth 

et al., 2012; Rubbenstroth et al., 2016). Phylogenetic analysis of PaBV-4 sequences revealed at 

least five clearly separate subclusters, which were not associated with geographic origin 

(Rubbenstroth et al., 2016). This lack of regional clustering is in line with a worldwide spread of 

parrot bornaviruses by continuous trade of infected psittacines. It remains to be elucidated, 

whether the evolutionary bottlenecks leading to the observed clusters occurred already in the un-

known wild reservoir(s) of this virus or whether they represent individual introductions of PaBV-

4 into the captive populations. Remarkably, phylogenetic analysis of PaBV-2 did not reveal com-

parable clusters and bottlenecks (Rubbenstroth et al., 2016). 

Reliable information on the origin of parrot bornaviruses and their presence in wild psittacine 

populations is so far missing, which is in part due to the difficulties of getting suitable diagnostic 

material from the native populations in South and Central America, Africa, Asia and Australia. 

We took advantage of the occurrence of established populations of introduced rose-ringed para-

keets (Psittacula krameri) in Germany and France. In cooperation with ornithologists, we col-

lected samples from free-ranging birds captured during bird-banding projects or brought to vet-

erinarians and rehabilitation centres (Kessler et al., 2019). Although captive Psittacula parakeets 

had been shown to be generally susceptible to avian bornavirus infection (Heffels-Redmann et 

al., 2011; Kessler et al., 2019), we were not able to detect these viruses in samples from 469 

individuals from six different free-ranging European populations (Table 2) (Kessler et al., 2019). 
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In our study, we identified multiple potential routes of virus introduction into these populations, 

such as cohabitation with psittacines that escaped from captivity or contact of injured free-ranging 

birds to captive birds in rehabilitation centres prior to their release. Due to the broad distribution 

of parrot bornaviruses in captive psittacine populations, it is, thus, unlikely that the tested free-

ranging populations have never been exposed to the viruses. We speculate that each of the known 

parrot bornaviruses, PaBV-1 to PaBV-8, is specifically adapted to one or few particular psittacine 

species that serve as their natural reservoirs. While the viruses are able to circulate also among 

other psittacine species in captivity, they may not be able to establish permanent infection chains 

in non-reservoir hosts under free-ranging conditions. In the wild, contact to excretions of conspe-

cifics is probably less intense and selection pressure against bornavirus-infected and possibly dis-

eased individuals may further reduce the viral burden of the populations (Kessler et al., 2019). 

However, this hypothesis requires further evaluation by epidemiological data. 

Bornaviruses were also found to be widely distributed in captive domestic canaries in Germany. 

In two studies, we detected canary bornaviruses in samples from 22% of the tested birds (n=166; 

Table 2). Positive samples were found in 40% of all tested flocks (n=40). CnBV-1 and CnBV-2 

were detected more often in the sample collections than CnBV-3 (Rubbenstroth et al., 2013; 

Rubbenstroth et al., 2016). This apparently broad distribution is in striking contrast to the detec-

tion of bornaviruses in other members of the order Passeriformes. Among 383 samples from cap-

tive and free-ranging individuals of various passerine species, we detected only EsBV-1 in three 

birds from a single flock of estrildid finches (Table 2). Canary bornaviruses or MuBV-1 were not 

detected in this sample collection (Rubbenstroth et al., 2014b; Rubbenstroth et al., 2016). Canar-

ies are often cohoused with other passerines, particularly other true finches (Fringillidae) or es-

trildid finches (Estrildidae). The apparent absence of canary bornaviruses in these species may 

indicate a narrower host spectrum of these viruses as compared to psittacine bornaviruses or 

aquatic bird bornaviruses, which are known to infect a broad range of species within one or even 

more than one avian order (Rubbenstroth et al., 2016). 
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Table 2. Screening of captive and free-ranging bird populations for avian bornaviruses 

study population years bornavirus-positive birds (%) a detected 
viruses 

reference 
   captive free-ranging  

A1 common canary (S. canaria) 2010-2013 26/118 (22) - CnBV-1, -2, -3 (Rubbenstroth et al., 2013) 
A2 common canary (S. canaria) 2014-2016 11/48 (23) - CnBV-1, -2, -3 (Rubbenstroth et al., 2016) 

 total  37/166 (22) -   

B1 Passeriformes b 2010-2013 3/189 (1.5) 0/97 EsBV-1 (Rubbenstroth et al., 2014b) 
B2 Passeriformes b 2011-2016 0/66 0/31  (Rubbenstroth et al., 2016) 

 total  3/255 (1.2) 0/128   

C Charadriiformes 2011-2016 - 1/353 (0.3) ABBV-1 (Rubbenstroth et al., 2016) 
 Anseriformes 2009-2016 0/23 3/349 (0.9) ABBV-1 (Rubbenstroth et al., 2016) 
 other aquatic bird orders 2013-2016 0/9 0/4  (Rubbenstroth et al., 2016) 

 total  0/32 4/706 (0.6)   

D Psittacula parakeets c 2012-2017 4/210 (1.9) 0/470 PaBV-4 (Kessler et al., 2019) 
a Tissue and swab samples were screened for avian bornavirus RNA using combinations of broad spectrum RT-PCR assays and RT-PCR or 

RT-qPCR assays detecting a narrower spectrum of bornaviruses: Ncon and Mcon RT-PCRs (Kistler et al., 2008) in all studies Ccon and 
Fcon-I RT-PCRs (Rubbenstroth et al., 2013; Rubbenstroth et al., 2014b) in studies A and B; an ABBV-1-specific RT-PCR (Payne et al., 
2011a) in study C; a PaBV-4-specific RT-qPCR (Honkavuori et al., 2008) in study D. Positive results were confirmed by sequence analysis. 

b Common canaries (S. canaria) were excluded from these studies. 
c This study included captive parakeets from Spain (n=141) and free-ranging rose-ringed parakeets (Psittacula krameri, n=23) from France 

(Paris population). All other birds listed in this table originated from Germany. 
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Screening of samples collected from wild waterbirds in Germany revealed the presence of 

ABBV-1 at a rather low detection rate of only 0.5% (n=738; Table 2) (Rubbenstroth et al., 2016) 

which confirmed the results of a study conducted on waterfowl in Denmark (Thomsen et al., 

2015). In our study, we detected ABBV-1 also in one out of 282 tested Eurasian oystercatchers 

(Haematopus ostralegus), providing the first laboratory-confirmed ABBV-1 infection of a bird 

of the order Charadriiformes (Rubbenstroth et al., 2016), while all previous findings had been 

observed in members of the order Anseriformes (Delnatte et al., 2013; Guo et al., 2012; Murray 

et al., 2017a; Payne et al., 2011a; Thomsen et al., 2015). 

It has to be noted that, like most other epidemiological studies on avian bornaviruses, our sample 

collections originated mainly from opportunistic sampling and were not based on representative 

sample collection. Thus, detection rates in these studies have to be interpreted carefully and 

should not be considered as representative prevalences. 

5.3. Establishing and optimizing diagnostic tools 

The availability of suitable diagnostic tools is a crucial prerequisite for avian bornavirus field 

studies as well as for the analysis of infection experiments. Thus, an important part of this study 

focused on the evaluation of published assays, the establishment of new methods and their opti-

mization with the help of our growing bornavirus strain collection. 

Surveys of field samples for the presence of known and unknown bornaviruses were performed 

mainly by conventional RT-PCRs using degenerate primers targeting conserved regions of bor-

navirus consensus sequences. In the majority of our studies we employed two widely used primer 

sets, Ncon and Mcon (Kessler et al., 2019; Kistler et al., 2008; Rubbenstroth et al., 2012; 

Rubbenstroth et al., 2013; Rubbenstroth et al., 2014b; Rubbenstroth et al., 2016), as well as two 

new primer sets designed by my group to cover known passerine bornaviruses (Rubbenstroth et 

al., 2013; Rubbenstroth et al., 2014b; Rubbenstroth et al., 2016). A systematic experimental eval-

uation with RNA from bornavirus reference strains confirmed these assays to detect broad ranges 

of avian and mammalian bornaviruses. Nevertheless, even after further optimization of the test 

procedures, the primer pairs revealed variable sensitivities for the detection of different borna-

viruses and each primer combination failed to detect at least one of the tested bornaviruses 

(Rubbenstroth et al., 2013; Rubbenstroth et al., 2014b; Rubbenstroth et al., 2016). These results 
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confirmed the importance of an educated choice of the optimal assay or a combination of assays 

for each sample or sample collection to avoid false negative results. 

TaqMan RT-qPCRs were applied for quantification of viral mRNA when the identity of the in-

fecting virus was already known, such as for experimentally infected birds (Olbert et al., 2016; 

Rubbenstroth et al., 2014a; Runge et al., 2017). While we used a published assay for quantifica-

tion of PaBV-4 (Honkavuori et al., 2008), further TaqMan RT-qPCRs were newly established by 

my group or modified from published sources and proved to be useful tools for the specific de-

tection of CnBV-2 and PaBV-2 (Olbert et al., 2016; Runge et al., 2017). 

Virus isolation is rarely used for routine diagnosis due to its time-consuming and laborious nature. 

Nevertheless, it is an important tool in avian bornavirus research as it provides viral isolates re-

quired for further work. Furthermore, it distinguishes infectious virus from the presence of non-

infectious viral material in a particular sample. We tested the ability of a broad range of avian 

bornaviruses to infect avian and mammalian cells. Almost all tested viruses readily infected and 

replicated in all tested avian cells originating from chicken, quail or duck, but virus-specific dif-

ferences were observed regarding the efficiency of virus propagation. For most tested viruses 

either the quail fibroblast cell line CEC-32 or the quail muscle cell line QM7 provided the best 

results (Rubbenstroth et al., 2012; Rubbenstroth et al., 2013; Rubbenstroth et al., 2014b). The 

only known isolate of PaBV-7 was exceptional, since it replicated only very slowly in CEC-32 

cells and it was barely able to establish persistent infection of other cell lines (Rubbenstroth et al., 

2012). Most avian viruses did not replicate in mammalian Vero cells. Only the passerine viruses 

CnBV-2 and EsBV-1 established persistent infection and reached 100% infected cells after sev-

eral weeks of passaging (Rubbenstroth et al., 2013; Rubbenstroth et al., 2014b). 

In addition to direct virus detection, indirect detection by serological assays is an important tool 

for the intra vitam diagnosis of avian bornavirus infections since not all persistently infected birds 

constantly shed the virus (Lierz, 2015). ELISA and iIFA have been widely used for the detection 

and quantification of bornavirus-reactive antibodies from avian as well as mammalian sera, in-

cluding humans (De Kloet et al., 2011; De Kloet and Dorrestein, 2009; Herzog et al., 2010; 

Hornig et al., 2012). However, the reliability and specificity of such assays was controversially 

discussed particularly for the diagnosis of human bornavirus infections (Hornig et al., 2012). The 

influence of serological cross-reactivity between different orthobornaviruses on results and inter-

pretation of serological testing remained largely unknown. In the study of Zimmermann et al. 
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(2014) we provided an optimized iIFA protocol for the detection of bornavirus-reactive antibod-

ies. Mixtures of a defined ratio of bornavirus-infected and uninfected cells served as the source 

of detection antigen and allowed for an easier differentiation between specific signal and unspe-

cific background in the same well, thereby increasing specificity and sensitivity of the assay. The 

use of different orthobornavirus isolates as detection antigens demonstrated the best sensitivity 

for animal sera of known specificity if the antigen source and the virus infecting the animal were 

identical or at least closely related. Although considerable cross-reactivity was observed between 

most tested orthobornaviruses, detected antibody titres were reduced by up to 1,000-fold when a 

heterologous antigen source was used (Zimmermann et al., 2014). These results had two im-

portant implications: (i) to ensure an optimal sensitivity of antibody detection, an educated choice 

of the detection virus is crucial, depending on the range of viruses expected in the sampled indi-

vidual or population. And (ii), due to the considerable cross-reactivity among the members of the 

genus Orthobornavirus, antibodies detected by use of a particular antigen source must not be 

regarded as specific for this particular virus since they may be the result of cross-reactivity. The 

frequent detection of BoDV-1-reactive antibodies in humans, horses, rodents or other mammals 

outside the known dispersal area of this virus may be explained at least in part by cross-reactive 

antibodies actually directed against other bornaviruses (Bjornsdottir et al., 2013; Hagiwara et al., 

2009; Honda et al., 2017; Hornig et al., 2012; Kinnunen et al., 2007; Rott et al., 1985; Someya et 

al., 2014; Watanabe et al., 2006; Weisman et al., 1994; Yesilbag et al., 2012). 

5.4. In vivo models of avian bornavirus infections 

Established in vivo infection models are mandatory for investigating the biology of avian borna-

viruses and the nature of bornavirus-induced diseases in birds. This includes infection and trans-

mission routes, the course of infection and disease, the pathogenesis of disease, induction of im-

mune mechanisms as well as the development of therapy and vaccination strategies. During this 

project, we established infection models for avian bornavirus infections of cockatiels (Nymphicus 

hollandicus) as a representative of the order Psittaciformes (Olbert et al., 2016; Rall et al., 2019; 

Rubbenstroth et al., 2014a; Runge et al., 2017), and common canaries (Serinus canaria forma 

domestica), a passerine species (Olbert et al., 2016; Rubbenstroth et al., 2013; Rubbenstroth et 

al., 2014a), as summarized in Table 3.
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Table 3. Summary of in vivo infection experiments performed in cockatiels and canaries 

exp. avian 
species 

virus group n = inoculation 
route 

dose 
(ffu/bird) 

number of birds (%) reference 
infected a disease a histopath. a 

2 cockatiel PaBV-4 A 4 combined b 105.0 4/4 (100) 3/4 (75) 4/4 (100) (Rubbenstroth et al., 2014a) 
   B 4 contact - 0/4 (0) - -  
   C 3 - - 0/4 (0) - -  

4 a cockatiel PaBV-4 B 6 i.m./s.c. 104.6 6/6 (100) 0/6 (0) 6/6 (100) (Olbert et al., 2016) 

6 cockatiel PaBV-2 A 4 i.m./s.c. 104.8 4/4 (100) 3/4 (75) 4/4 (100) (Runge et al., 2017) 
   B 4 i.m./s.c. 102.7 4/4 (100) 2/4 (50) 3/4 (75)  
   C 4 p.o./i.n. 105.4 0/4 (0) - -  

7 c cockatiel PaBV-2 B 6 i.m./s.c. 103.5 6/6 (100) 1/6 (17) 5/6 (83) (Runge et al., 2017) 

8 c cockatiel PaBV-2 D 4 i.m./s.c. 103.5 4/4 (100) 0/4 (0) 3/4 (75) (Rall et al., 2019) 

9 d cockatiel PaBV-4 B 12 i.m./s.c. 105.1 12/12 (100) 6/12 (50) 11/12 (92) (Rall et al., 2019) 

1 canary CnBV-2 A 7 i.m./s.c. 105.4 7/7 (100) 0/7 (0) 0/7 (0) (Rubbenstroth et al., 2013) 
   B 7 p.o./i.n. 105.4 7/7 (100) 0/7 (0) 0/7 (0)  
   C 5 contact - 2/5 (40) 0/2 (0) 0/2 (0)  

3 canary CnBV-1 A 6 combined b 104.8 6/6 (100) 0/6 (0) 2/6 (33) (Rubbenstroth et al., 2014a) 
   B 6 contact - 0/6 (0) - -  
   C 4 - - 0/4 (0) - -  

5a c canary CnBV-2 B 10 i.m./s.c. 104.7 10/10 (100) 0/10 (0) 0/10 (0) (Olbert et al., 2016) 
   C 4 - - 0/4 (0) - -  

5b canary CnBV-2 D 6 p.o./i.n. 105.2 1/6 (17) 0/1 (0) 0/1 (0) (Olbert et al., 2016) 
a Birds with consistent detection of viral RNA by RT-PCR and/or antigen by IHC in tissue samples or seroconversion were regarded as 

infected. Disease (neurologic disorders and gastrointestinal signs of PDD) and histopathological lesions (mononuclear infiltrations distin-
guishable from those of non-infected birds) are listed only for infected individuals. 

b Simultaneous parenteral (i.m./s.c.) and mucosal (p.o./i.n.) inoculation. 
c For vaccination experiments, only results of non-vaccinated or mock-vaccinated control groups are presented in this table. 
d Birds were immunized 12-18 weeks after infection with rNDV and rMVA constructs without apparent effect on infection and disease. 
exp. = experiment; ffu = focus-forming units; i.m. = intramuscular; i.n. = intranasal; p.o. = peroral; s.c. = subcutaneous 
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Cockatiels are a widely used model for psittacine bornavirus infection and PDD, due to the rela-

tively high degree of domestication and their comparably small size, which both facilitate breed-

ing, housing and handling of the experimental birds. They have been shown to be susceptible to 

bornavirus infections and develop bornavirus-induced lesions and disease including typical signs 

of PDD, making them a suitable representative of the order Psittaciformes (Mirhosseini et al., 

2011; Olbert et al., 2016; Payne et al., 2011b; Piepenbring et al., 2012; Piepenbring et al., 2016; 

Rubbenstroth et al., 2014a; Runge et al., 2017). During six experiments, we inoculated cockatiels 

from two different bornavirus-free flocks with either PaBV-2 or PaBV-4. Regardless of the virus 

isolate and the age of the birds, parenteral injection of doses higher than 102.7 ffu per bird suc-

cessfully established persistent infection in all inoculated naïve birds, as confirmed by shedding 

of viral RNA, presence of bornavirus RNA in various organs and specific seroconversion (Table 

3) (Olbert et al., 2016; Rall et al., 2019; Rubbenstroth et al., 2014a; Runge et al., 2017). Combined 

peroral and oculonasal application of a high dose (105.4 ffu per bird) was attempted with a PaBV-

2 isolate originating from a naturally infected cockatiel. However, all four inoculated birds re-

mained free of detectable PaBV-2 RNA and specific antibodies for at least four months (exp. 6; 

Table 3) (Runge et al., 2017). These findings are well in line with a study of another group, which 

did not observe persistent infection in 18 cockatiels inoculated perorally or intranasally with 103 

ffu PaBV-4 per bird (Heckmann et al., 2017). 

The vast majority of all persistently infected cockatiels in our infection experiments exhibited 

typical microscopic lesions, namely encephalitis and mononuclear ganglioneuritis, in various or-

gans, but clinical signs and gross lesions were highly variable (Table 3). Typical PDD-like intes-

tinal signs, such as regurgitation, shedding of undigested seeds and a dilated proventriculus, were 

observed, as well as neurologic disorders. The course of disease ranged from acute to chronic or 

transient disease progression. First clinical signs were observed as early as six weeks after inoc-

ulation, but many birds did not develop disease until the end of the experiments at four to six 

months after inoculation. Morbidity ranged from 0 to 75% for immunologically naïve, experi-

mentally infected experimental groups (Table 3) (Olbert et al., 2016; Rall et al., 2019; 

Rubbenstroth et al., 2014a; Runge et al., 2017). This is in agreement with the results of other 

groups, which reported proportions of clinically affected cockatiels ranging from none to all birds 

of an inoculated group (Gancz et al., 2009; Hoppes et al., 2013a; Mirhosseini et al., 2011; Payne 

et al., 2011b; Piepenbring et al., 2012; Piepenbring et al., 2016). Host-related factors, such as age, 

immune status or individual genetic susceptibility of the experimental birds, the use of different 
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virus isolates as well as different inoculation doses and routes may be responsible for this high 

variation. However, a systematic evaluation of these aspects has not been performed, yet. 

In contrast to psittacine bornavirus infections, the pathogenicity of avian bornaviruses for canaries 

was unknown at the start of our projects. Case reports describing PDD-like lesions and clinical 

signs in infected canaries suggested canary bornaviruses to cause diseases comparable to parrot 

bornaviruses in psittacines but experimental confirmation was missing (Rubbenstroth et al., 2013; 

Weissenböck et al., 2009b). Thus, a goal of our study was to reproduce bornavirus-induced dis-

ease in these birds and to investigate their potential use as a bornavirus infection and disease 

model. In four experiments, we inoculated domestic canaries with high doses (~105 ffu per bird) 

of either CnBV-1 or CnBV-2 via different experimental routes (Table 3). Parenteral inoculation 

via intramuscular and subcutaneous injection unequivocally resulted in persistent infection of the 

birds (Table 3) (Olbert et al., 2016; Rubbenstroth et al., 2013; Rubbenstroth et al., 2014a). In 

contrast, inoculation via mucosal surfaces led to highly variable results. While in the first exper-

iment a combination of peroral and intranasal inoculation led to persistent CnBV-2 infection of 

all seven birds (exp. 1; Table 3) (Rubbenstroth et al., 2013), application of the same isolate via 

identical routes successfully infected only a minority of birds in two subsequent experiments (exp. 

5; Table 3) (Olbert et al., 2016). Differences of the genetic background, age or immune status of 

the birds, the presence or absence of mucosal lesions as well as slight variations of the infection 

dose may serve as possible explanations for the observed discrepancies (Olbert et al., 2016). Alt-

hough virus isolates from canaries with PDD-like clinical disorders and microscopic lesions were 

used for inoculation, the disease was not reproducible under experimental conditions. In all four 

experiments, the birds remained clinically healthy and microscopic lesions at the end of the ex-

periments did not differ markedly between infected and uninfected animals (Table 3) (Olbert et 

al., 2016; Rubbenstroth et al., 2013; Rubbenstroth et al., 2014a). The lack of pathogenicity may 

indicate that canary bornaviruses are well adapted to common canaries and capable of evading 

their immune system, suggesting that they may be either the original canary bornavirus reservoir 

or at least sufficiently closely related to an unknown natural reservoir species. 

Although the course of experimental bornavirus infection was generally similar in cockatiels and 

canaries, several remarkable differences were observed, which were apparently related to virus 

or host species. When canaries were experimentally infected with CnBV-1 or CnBV-2 and cock-

atiels were inoculated with PaBV-2, reproducibly a small number of birds showed shedding of 
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low amounts of viral RNA during the first three to five weeks after infection. This shedding 

ceased temporarily or ultimately in the majority of these birds before permanent shedding of high 

amounts of viral RNA started usually after eight to twelve weeks (Olbert et al., 2016; Rall et al., 

2019; Rubbenstroth et al., 2013; Rubbenstroth et al., 2014a; Runge et al., 2017). Interestingly, a 

comparable early shedding of viral RNA was not observed during the course of experimental 

PaBV-4 infection of cockatiels (Olbert et al., 2016; Rall et al., 2019; Rubbenstroth et al., 2014a). 

Seroconversion was usually first observed at six to twelve weeks after inoculation (Olbert et al., 

2016; Rall et al., 2019; Runge et al., 2017) and while all persistently infected cockatiels serocon-

verted, a small number of canaries remained seronegative despite confirmed persistent infection 

(Rubbenstroth et al., 2013). At necropsy, most experimentally infected birds possessed viral RNA 

widely distributed in all tested organs. Highest viral RNA loads were usually detected in organs 

rich of neuronal tissue, such as brain, eye and adrenal gland, whereas liver and spleen consistently 

harboured the lowest copy numbers (Olbert et al., 2016; Rall et al., 2019; Rubbenstroth et al., 

2013; Rubbenstroth et al., 2014a; Runge et al., 2017). Two further patterns of tissue distribution 

were observed for few CnBV-1- or CnBV-2-infected canaries and PaBV-2-infected cockatiels. 

Some of these birds had only low levels of viral RNA detectable in a small number of organs, 

while others possessed high viral loads in the brain but no or only small amounts of detectable 

viral RNA in the remaining tissues. Both distribution patterns reproducibly correlated with the 

absence of continuous shedding of viral RNA (Olbert et al., 2016; Rubbenstroth et al., 2013; 

Rubbenstroth et al., 2014a; Runge et al., 2017). A single CnBV-1-infected canary had to be eu-

thanized at two weeks after inoculation. Surprisingly, this bird had viral RNA detectable in all 

tested organs except for the brain (Rubbenstroth et al., 2014b). It remains unknown, whether these 

distribution patterns represent early stages of the infection, which later proceed to a more dissem-

inated distribution or whether the respective birds are able to permanently maintain a restricted 

viral distribution. 

At least for bornavirus infections of canaries and PaBV-2 in cockatiels our findings suggest an 

early systemic phase of the infection, followed by a temporal reduction or even elimination of the 

virus in the peripheral organs and a subsequent resurgence. Interestingly, the results of Leal de 

Araujo et al. (2017a), who necropsied experimentally PaBV-2-infected cockatiels at various time 

points after inoculation, indicated a viral spread centripetally via peripheral nerves to the central 

nervous system and from there centrifugally into further organs. In contrast to our data, they did 
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not detect viral RNA in swab samples or viral RNA and antigen widely distributed in the organ-

isms before the virus reached the brain. It remains unclear, whether these discrepancies are due 

to different PaBV-2 isolates used in the studies of the different groups or due to a lower sensitivity 

of their detection assays (Leal de Araujo et al., 2017a). 

In summary, we could show that cockatiels and canaries reliably develop persistent infection fol-

lowing experimental inoculation of avian bornaviruses via parenteral routes. The course of infec-

tion and disease showed high degrees of variability, which is reflecting the nature of natural bor-

navirus infections in these species.  

5.5. Horizontal and vertical transmission of avian bornaviruses 

Already in the first few years after its discovery, PDD was suggested to be a transmissible disease 

(Gancz et al., 2010; Gregory et al., 1997), but even after the identification of avian bornaviruses 

as its causative agents the precise mechanisms of transmission remain obscure for this group of 

viruses. 

In a phylogenetic approach, we could show that horizontal cross-species bornavirus transmission 

within the order Psittaciformes is relatively frequent compared to the overall transmission events 

(Rubbenstroth et al., 2016). We analysed numerous partial PaBV-4 and PaBV-2 sequences, which 

were either generated by our cooperation partners and us or retrieved from public databases. The 

resulting trees revealed groups of identical or almost identical sequences that originated from 

various different psittacine species (Kessler et al., 2019; Rubbenstroth et al., 2016). This pattern 

is indicative of horizontal interspecies transmission. A strong association of sequence clusters 

with particular host species, as expected for a predominantly vertical transmission, was not ob-

served. However, these observations do not exclude the occurrence of vertical bornavirus trans-

mission in addition to horizontal transmission (Rubbenstroth et al., 2016). 

Experimental data on horizontal avian bornavirus transmission is scarce. In our own studies, we 

could not detect PaBV-4 transmission to a group of four cockatiels that had been co-housed with 

a group of experimentally infected birds for more than five months (exp. 2; Table 3) 

(Rubbenstroth et al., 2014a). Consistently, Piepenbring et al. (2012, 2016) could not confirm per-

sistent infection in two cockatiels co-housed with birds experimentally infected with either PaBV-
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2- or PaBV-4. In the canary model, CnBV-1 was not transmitted by co-housing to a group of six 

birds (exp. 3; Table 3) (Rubbenstroth et al., 2014a), whereas we could confirm persistent CnBV-

2 infection of at least two out of five contact animals in another study (exp. 1; Table 1) 

(Rubbenstroth et al., 2013). These experimental data are in line with observations from naturally 

bornavirus-infected birds. Some psittacines may stay free of detectable virus even after several 

years of close contact with infected birds which are shedding high amounts of virus (Heffels-

Redmann et al., 2012), indicating that horizontal transmission of avian bornaviruses is rather in-

efficient. 

As already described in the previous chapter (5.4), avian bornavirus infection studies were per-

formed by us and others employing different inoculation routes to identify possible ways of hor-

izontal transmission. Based on the detection of infectious bornavirus in cloacal and pharyngeal 

swabs, oral uptake of urofaeces or saliva from infected birds was generally assumed as the most 

likely transmission route (Rubbenstroth et al., 2012; Rubbenstroth et al., 2013). However, exper-

imental inoculation via mucosal membranes by peroral, intranasal or oculonasal application uni-

vocally failed to establish persistent infection in cockatiels (exp. 6; Table 3) (Heckmann et al., 

2017; Runge et al., 2017). Inoculation of canaries by the same routes yielded highly variable 

results, with confirmed persistence ranging from none to all birds included in the respective ex-

periment (exp. 1 & 5; Table 3) (Olbert et al., 2016; Rubbenstroth et al., 2013). In contrast, paren-

teral inoculation by intramuscular, subcutaneous, intracerebral and intravenous injection of dif-

ferent avian bornaviruses consistently resulted in persistent infection of all experimentally in-

fected cockatiels, Patagonian conures, African grey parrots and canaries (Table 3) (Gancz et al., 

2009; Gray et al., 2010; Hameed et al., 2018; Högemann et al., 2017; Leal de Araujo et al., 2017a; 

Mirhosseini et al., 2011; Olbert et al., 2016; Payne et al., 2011b; Piepenbring et al., 2012; 

Piepenbring et al., 2016; Rall et al., 2019; Rubbenstroth et al., 2013; Rubbenstroth et al., 2014a; 

Runge et al., 2017). 

The results led to several hypotheses as to the nature of horizontal avian bornavirus transmission. 

One possible explanation is that, avian bornaviruses can actually infect their natural hosts via 

mucosal surfaces but this mechanism is extremely inefficient and depends on additional predis-

posing factors such as (i) a particular genetic susceptibility of the individual, (ii) immunosuppres-

sion at the time of exposure, (iii) infectious or non-infectious factors impairing mucosal integrity 

or (iv) the age of the host. Due to the persistent nature of bornavirus infections and the potentially 
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long life span of their hosts, such inefficient transmission may still be sufficient to maintain in-

fection chains in their natural reservoir species. Under favourable conditions – such as the long-

lasting and close contact between individuals in holdings of exotic animal species – this may even 

hold true for species other than the natural reservoir but sufficiently closely related to it. Alterna-

tively, transmission via bites, scratches or other skin lesions has been suggested for VSBV-1 

(Hoffmann et al., 2015) and this route may also contribute to the spread of avian bornaviruses. 

However, experimental data to confirm these hypotheses does so far not exist. A role of arthro-

pods in the epidemiology of avian bornaviruses cannot be excluded, but data supporting this view 

is likewise missing and viral loads in the blood of infected birds are usually very low (Leal de 

Araujo et al., 2017a; Rubbenstroth et al., 2012). 

While vertical transmission alone cannot explain the patterns of the avian bornavirus epidemiol-

ogy and phylogeny, the existence of this transmission route cannot be excluded either 

(Rubbenstroth et al., 2016). Several groups were able to detect RNA of different avian borna-

viruses in eggs derived from naturally or experimentally infected psittacines (Kerski et al., 2012; 

Lierz et al., 2011; Monaco et al., 2012), canaries (Rubbenstroth et al., 2013) and Canada geese 

(Delnatte et al., 2014b). In our own study, we demonstrated that the presence of viral RNA in 

embryonated eggs of experimentally CnBV-2-infected canaries (exp. 1) was dependent on the 

infection status of the mother but not the father. Positive eggs originated from hens that had high 

viral RNA loads in all tested organs and were consistently shedding viral RNA, whereas birds not 

shedding the virus and possessing only low viral levels in tissues apart from the central nervous 

system produced negative eggs (Rubbenstroth et al., 2013). We also tested eggs of canaries ex-

perimentally infected with CnBV-1 (exp. 3), but the only two females included in this experiment 

were an uninfected contact bird and a hen with high viral loads in its brain but not in its peripheral 

organs. Consequently, we were unable to detect any viral RNA in their eggs (Rubbenstroth et al., 

2014a). Unfortunately, isolation of infectious virus or detection of viral antigen in embryonal 

tissues was attempted in only two of the published studies and both failed to confirm a productive 

infection of the embryo (Lierz et al., 2011; Rubbenstroth et al., 2013). Lierz et al. (2011) used 

dead eggs collected from private breeders in their study. The unpredictable quality of this diag-

nostic material was discussed as a potential reason for the unexpected lack of detectable viral 

antigen. In contrast, we used fresh material from experimentally infected birds housed in our own 

facility, excluding this possibility (Rubbenstroth et al., 2013). Because of this lack of detectable 
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productive infection of the embryo, final evidence for the existence of vertical avian bornavirus 

transmission is still missing. 

5.6. Antiviral treatment of bornavirus infections 

To date, neither an effective therapy of bornavirus-induced diseases nor an antiviral treatment 

efficiently reducing bornavirus loads or eliminating the virus in an infected individual is available. 

The availability of a causative therapy is very important not only to cure valuable individual par-

rots or affected populations of endangered psittacine species (Lierz, 2015), but also in terms of 

zoonotic orthobornaviruses such as BoDV-1 (Coras et al., 2019; Korn et al., 2018; Liesche et al., 

2019; Niller et al., in press; Rubbenstroth et al., 2019; Schlottau et al., 2018) and VSBV-1 

(Hoffmann et al., 2015; Tappe et al., 2018). 

The nucleoside analogue ribavirin was shown to possess antiviral activity against the mammalian 

BoDV-1 in vitro and in vivo (Jordan et al., 1999; Lee et al., 2008; Mizutani et al., 1998). In the 

study of Reuter et al. (2016), we demonstrated ribavirin to be likewise able to inhibit the avian 

bornaviruses PaBV-2 and PaBV-4 in cell culture. To elucidate the mechanisms of action, we 

established a PaBV-4 polymerase reconstitution assay (also called ‘minireplicon assay’). We 

could show that ribavirin treatment reduced the activity of the PaBV-4 polymerase, indicating a 

direct inhibitory effect on the viral polymerase. Increased mutation rates leading to an ‘error ca-

tastrophe’, as shown for other RNA viruses (Day et al., 2005; Severson et al., 2003), were appar-

ently not involved in the antiviral effect of ribavirin against avian bornaviruses (Reuter et al., 

2016). The antiviral activity of ribavirin against BoDV-1 had been shown to be mediated mainly 

by inhibition of the cellular inosine monophosphate dehydrogenase (IMPDH), which results in a 

reduction of the cellular GTP pool (Jordan et al., 1999). Confirmation of this mechanism by re-

plenishing GTP levels was not possible for avian bornaviruses due to technical reasons: exoge-

nous nucleoside supplementation led to a competitive reduction of the ribavirin uptake into avian 

QM7 cells, potentially masking an effect of the reconstituted GTP pool (Reuter et al., 2016). This 

effect on ribavirin uptake had not been observed for BoDV-1-infected mammalian cell lines 

(Jordan et al., 1999). 

Ribavirin is not able to eliminate bornaviruses from persistently infected cell cultures even after 

treatment for up to four weeks. Viral infection of the culture rapidly resumes after the treatment 



Results and discussion 59 

is abolished (Reuter et al., 2016; Tokunaga et al., 2017). It may be speculated that under in vivo 

conditions the host immune system may be able to clear the virus once the antiviral treatment 

achieved a sufficient reduction of viral loads. However, first treatments of bornavirus-infected 

parrots with low ribavirin doses did not reduce the level of viral RNA shedding (Hoppes et al., 

2013b), whereas higher doses were not tolerated by the birds (Reuter et al., 2016). Therefore, we 

investigated whether a combination of ribavirin and IFN-α may result in enhanced antiviral ac-

tivity, since IFN-α had been previously shown to inhibit avian bornavirus replication in cell cul-

ture (Reuter et al., 2010). We could furthermore show that ribavirin enhances type I IFN-induced 

signalling in avian cells, suggesting a synergistic effect of both compounds (Reuter et al., 2016). 

In agreement with this hypothesis, simultaneous treatment of avian bornavirus-infected quail cells 

with ribavirin and chicken IFN-α was markedly more efficient than using either compound alone, 

leading to dramatically reduced viral loads. Although complete elimination of the viruses was 

still not achieved, a combined treatment may reduce the ribavirin dose required for an antiviral 

effect in infected birds (Reuter et al., 2016). Currently, the lack of recombinant psittacine IFN-α 

is an obstacle for the confirmation of these results in vivo. 

5.7. Vaccination strategies against avian bornavirus infections 

Immunoprophylaxis can provide an important opportunity to cope with the threat of persistent 

bornavirus infections and PDD, and it may therefore help protecting bird collections of private 

bird owners and zoological gardens as well as breeding projects of endangered psittacine species. 

Since bornavirus vaccines are not available to date, a core part of our work aimed at establishing 

concepts and strategies for avian bornavirus vaccination. 

Only very little is known on the immune mechanisms involved in protection, control and im-

munopathogenesis of avian bornavirus infections. In contrast, their mammalian relative BoDV-1 

has been studied much more extensively. In rodent models, protection against BoDV-1 infection 

was shown to be mediated by CD4+ and CD8+ T lymphocytes (Fassnacht et al., 2004; Hausmann 

et al., 2005a; Hausmann et al., 2005b; Nöske et al., 1998; Richt et al., 1994), while humoral 

immunity appears to play only a minor role (Carbone et al., 1987; Furrer et al., 2001a; Haas et 

al., 1986; Oldach et al., 1995; Stitz et al., 1998a). Viral vector vaccines carrying the N protein 

gene of BoDV-1 were able to provide a protective immune response in immunocompetent, but 
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not in T cell-deficient animals (Hausmann et al., 2005a; Henkel et al., 2005; Lewis et al., 1999). 

However, virus-specific T lymphocytes are also known to drive the immunopathogenesis of BD 

(Bilzer and Stitz, 1994; Fassnacht et al., 2004; Hausmann et al., 1999; Hausmann et al., 2001; 

Planz et al., 1995; Richt et al., 1990; Richt et al., 1989; Richt et al., 1994; Sobbe et al., 1997; Stitz 

et al., 1989; Stitz et al., 1992). A T lymphocyte-mediated immunopathogenesis has recently been 

confirmed also for PDD by immunosuppressant treatment of experimentally PaBV-2-infected 

cockatiels with CsA (Hameed et al., 2018). Although the latter information was not available at 

the beginning of our project, close evolutionary relationship of avian bornaviruses and BoDV-1 

and the similarities of BD- and PDD-related lesions led us to the hypothesis that T lymphocytes 

likewise mediate protection as well as immunopathogenesis during avian bornavirus infections. 

Thus, we assumed that a vaccine-induced immune response needed to provide an early and pref-

erably complete protection to avoid the immunopathic effects of the specific T cell immunity, 

which are to be expected if the virus was allowed to establish a widespread persistent infection in 

a vaccinated host (Lewis et al., 1999). 

Due to vaccine-induced protein synthesis within host cells, live vaccination is assumed to usually 

induce more efficient T cell-mediated responses, including cytotoxic T lymphocytes (CTL), as 

compared to inactivated or subunit vaccines (Trovato and De Berardinis, 2015). Several aspects 

of the orthobornavirus biology lead us to the conclusion that an attenuated live vaccine was not a 

promising candidate for our vaccination approach: (i) their extremely slow replication and inef-

ficient particle production in cell culture, (ii) their extreme genetic stability and the resulting ab-

sence of attenuated cell culture-adapted variants, (iii) the lack of a reverse genetic system for 

avian bornaviruses to deliberately generate attenuated vaccine strains by targeted mutagenesis, 

(iv) their ability to generate persistent infections and (v) their apparent ability to circumvent or 

manipulate the immune system in their hosts rather than inducing a strong and protective immune 

response. Instead, we decided to use live viral vector vaccines expressing selected avian borna-

virus antigens. The vectors MVA and NDV clone 30 were chosen because both represent widely 

used and well established vaccine platforms that had been shown to have a broad host range 

including avian species. Additionally, both had been demonstrated to be safe and immunogenic 

in birds (Boyd et al., 2013; Dalgaard et al., 2010; Kremer et al., 2012; Römer-Oberdörfer et al., 

1999; Zanetti et al., 2012). For each of the two vector platforms, we generated a set of four vaccine 

viruses expressing the N or the P protein gene of PaBV-4 and CnBV-2 (Olbert et al., 2016). The 

N and P genes were selected since their products are known to be strongly expressed in infected 
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cells and published work on BoDV-1 demonstrated them to induce T lymphocyte responses in 

mammalian models (Hausmann et al., 1999; Hausmann et al., 2005a; Lewis et al., 1999). The 

generation of vector vaccines for PaBV-4 and CnBV-2 enabled us to work in both of our estab-

lished infection models, cockatiels and canaries (Table 4). 

In a first step, we confirmed the safety and immunogenicity of the vaccines in cockatiels and 

canaries. In both species, the vaccines established an apparently short-lived infection following 

intramuscular injection of high vaccine doses, which was accompanied by a transient detection 

of vector-derived nucleic acids in cloacal and pharyngeal swabs for few days up to two weeks. 

Clinical signs attributable to the vaccination were not observed except for a mild and transient 

dermal swelling at the site of MVA injection in some of the birds (Olbert et al., 2016). The im-

munogenicity in both species was confirmed by detection of bornavirus-reactive antibodies fol-

lowing a heterologous prime-boost regime employing the MVA- and NDV-based vaccines con-

secutively (Olbert et al., 2016). Seroconversion served as a surrogate marker for the vaccine-

induced immune response. Methods for the detection of specific T lymphocyte responses are not 

available for these species due to the lack of suitable tools, such as breeds and cell lines with 

defined MHC haplotypes or monoclonal antibodies detecting lymphocyte subpopulations. 

In four consecutive vaccination experiments we could confirm the vaccination regime to induce 

an effective immune response and to provide partial or complete protection against avian borna-

virus infections (Table 4) (Olbert et al., 2016; Rall et al., 2019; Runge et al., 2017). In the first 

experiment (exp. 4), cockatiels had been vaccinated first with a mixture of MVA vaccines ex-

pressing PaBV-4 N and P (rMVA/PaBV-4), followed by booster vaccination with the correspond-

ing mixture of NDV constructs (rNDV/PaBV-4). After challenge infection with a high dose of 

PaBV-4 (104.6 ffu per bird) by combined intramuscular and subcutaneous injection, the course of 

challenge virus shedding was significantly delayed in the vaccinated group by about three weeks. 

However four out of five vaccinated birds developed persistent challenge virus infection and 

PDD-related microscopic lesions comparable to the non-vaccinated controls. Moreover, two of 

these birds even suffered from typical intestinal signs of PDD and exhibited a dilated proventric-

ulus at necropsy, which was not observed in the control group that had been mock-vaccinated 

with the parental vaccine viruses (Table 4). This finding was in line with our hypothesis that an 

incomplete protection against the infection might exacerbate rather than protect against the dis-

ease (Olbert et al., 2016). 
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Table 4. Summary of vaccination experiments in this study 

exp. avian 
species 

group vaccination regime a 
(dose: ffu/ml) 

challenge virus b 
(ffu/bird) 

number of birds (%) reference 
infected c disease c histopath.c 

4 cockatiel A w0: rNDV/PaBV-4, 106.2 
w3: rMVA/PaBV-4, 108.0 

PaBV-4, 104.6 4/5 (80) 2/5 (40) 4/5 (80) (Olbert et al., 2016) 

  B w0: rNDV-wt, 106.2 
w3: rMVA-wt, 108.0 

PaBV-4, 104.6 6/6 (100) 0/6 (0) 6/6 (100)  

5a canary A w0: rNDV/CnBV-2, 106.9 
w2 + w4: rMVA/CnBV-2, 107.7 

CnBV-2, 104.7 10/10 (100) 0/10 (0) 0/10 (0) (Olbert et al., 2016) 

  B w0: rNDV-wt, 106.9 
w2 + w4: rMVA-wt, 107.7 

CnBV-2, 104.7 12/12 (100) 0/10 (0) 0/10 (0)  

  C - - 0/4 (0) 0/4 (0) 0/4 (0)  

7 cockatiel A w0: rNDV/PaBV-4, 106.4 
w2 + w4: rMVA/PaBV-4, 108.0 

PaBV-2, 103.5 2/6 (40) 0/6 (0) 0/6 (0) (Runge et al., 2017) 

  B w0: rNDV-wt, 106.4 
w2 + w4: rMVA-wt, 108.0 

PaBV-2, 103.5 6/6 (100) 1/6 (17) 5/6 (83)  

8 cockatiel A w0, w2, w4: rNDV/PaBV-4, 107.2 PaBV-2, 103.5 4/4 (100) 0/4 (0) 4/4 (100) (Rall et al., 2019) 
  B w0, w2, w4: rMVA/PaBV-4, 108.2 PaBV-2, 103.5 0/4 (0) 0/4 (0) 0/4 (0)  
  C w0, w2, w4: rORFV/PaBV-4, 107.3 PaBV-2, 103.5 4/4 (100) 1/4 (25) 2/4 (50)  
  D - PaBV-2, 103.5 4/4 (100) 0/4 (0) 3/4 (75)  

9 d cockatiel A w12 + w18: rMVA/PaBV-4, 108.4 
w15: rNDV/PaBV-4, 107.4 

PaBV-4, 105.1 6/6 (100) 2/6 (33) 6/6 (100) (Rall et al., 2019) 

  B w12 + w18: rMVA-wt, 108.4 
w15: rNDV-wt, 107.4 

PaBV-4, 105.1 6/6 (100) 2/6 (33) 5/6 (83)  

a Mixtures equal amounts of vaccine constructs encoding for the nucleoprotein (N) or phosphoprotein (P) gene of the respective bornavirus 
were applied by intramuscular injection. 

b Challenge infection was performed three weeks after the last booster vaccination by intramuscular and subcutaneous injection. 
c Birds with consistent detection of viral RNA by RT-PCR in tissue samples were regarded as infected. Disease (neurologic disorders and 

gastrointestinal signs of PDD) and histopathological lesions (mononuclear infiltrations distinguishable from those of non-infected birds). 
d Birds were first inoculated with PaBV-4 and immunized at weeks 12, 15, and 18 after PaBV-4 inoculation. Only diseases occurring after 

immunization are listed. 
exp. = experiment; ffu = focus-forming units; w = week; wt = wild-type 
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To achieve a more pronounced vaccine response, we vaccinated canaries with NDV vaccines 

carrying the N and P genes of CnBV-2 (rNDV/CnBV-2), followed by two booster vaccinations 

with the corresponding MVA constructs (rMVA/CnBV-2; exp. 5; Table 4) (Olbert et al., 2016). 

Challenge infection with CnBV-2 was attempted via mucosal inoculation to mimic the assumed 

natural infection route. However, successful infection could not be confirmed at 12 weeks after 

inoculation and the challenge was repeated by intramuscular injection of 104.7 ffu CnBV-2 per 

bird. Compared to the previous experiment with cockatiels, the protective effect was more pro-

nounced with only two out of 12 vaccinated canaries shedding challenge virus RNA. However, 

all of the remaining birds possessed elevated levels of bornavirus-reactive serum antibodies as 

well as low levels of viral RNA detectable in at least one of the tested organs, demonstrating that 

the course of CnBV-2 infection was delayed or even permanently restricted to few tissues, but 

elimination of detectable virus was not achieved (Olbert et al., 2016). In agreement with previous 

experiences with experimental CnBV-2 infection in canaries, neither clinical signs nor PDD-re-

lated microscopic lesions were observed in the vaccinated and mock-vaccinated birds 

(Rubbenstroth et al., 2013; Rubbenstroth et al., 2014a). 

In a third experiment, cockatiels were vaccinated against PaBV-4 first with the rNDV/PaBV-4 

constructs, followed by two boosts with rMVA/PaBV-4 (exp. 7; Table 4). The challenge infection 

was performed with a heterologous PaBV-2 strain and an about ten-fold reduced challenge dose 

(103.5 ffu per bird) as compared to the previous experiments. In this experiment, four out of six 

vaccinated birds remained completely free of detectable challenge virus for at least 16 weeks after 

challenge infection, while the remaining two birds had only minimal levels of PaBV-2 RNA de-

tectable in few individual organs. None of the vaccinated birds developed mononuclear enceph-

alitis or ganglioneuritis, whereas five out of six mock-vaccinated birds did (Table 4) (Runge et 

al., 2017). 

After having demonstrated the effectiveness of combined vaccination with MVA and NDV con-

structs, we aimed at assessing the potential of different vector platforms to protect against virulent 

PaBV-2 challenge individually (Rall et al., 2019). For this purpose, we vaccinated two cockatiel 

groups three times with either rMVA/PaBV-4 or rNDV/PaBV-4 constructs (exp. 8; Table 4). 

Furthermore, a mixture of newly designed recombinant Orf virus (ORFV) constructs encoding 

the PaBV-4 N and P (rORFV/PaBV-4) was used to vaccinate a third experimental group. The 

rMVA/PaBV-4 vaccines did not only induce the highest levels of PaBV-4-reactive antibodies, 
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but also provided full protection against subsequent PaBV-2 challenge infection and virus-in-

duced lesions. In contrast, the rNDV/PaBV-4 and rORFV/PaBV-4 constructs failed to do so and 

birds immunized with these vaccines developed persistent infection indistinguishable from the 

non-vaccinated controls (Table 4) (Rall et al., 2019). 

In contrast to our approach, Hameed et al. (2018) used adjuvanted recombinant PaBV-4 N protein 

for immunization of cockatiels. In agreement with our expectations, a protective effect against 

subsequent experimental PaBV-2 challenge infection was not achieved. Strikingly, the immun-

ization efficiently prevented PDD-related microscopic and macroscopic lesions, clinical signs and 

mortality in the presence of persistent challenge virus infection with a broad tissue distribution 

and continuous viral shedding (Hameed et al., 2018). Despite providing clinical protection, such 

a vaccine is hardly feasible for commercial use, because healthy infected vaccinees carrying and 

continuously shedding high amounts of virus would counteract any attempts to eradicate avian 

bornaviruses from captive psittacine populations. However, the prevention of bornavirus-induced 

immunopathology by apparently vaccine-induced immunomodulation may provide important in-

sights into the pathogenesis of orthobornavirus infections in the future. 

Hameed et al. (2018) speculated that their adjuvanted subunit vaccine might have primed a pre-

dominantly TH2-type immune response, thereby possibly blocking the development of a poten-

tially harmful TH1-type response subsequent to challenge infection. In contrast to vaccination 

before challenge infection, immunization with their recombinant N protein vaccine at 30 days 

after PaBV-2 inoculation did not prevent clinical PDD and inflammatory lesions (Hameed et al., 

2018). Likewise, we did not observe effects on disease, pathology or viral loads, when persistently 

PaBV-4-infected cockatiels were immunized with rMVA/PaBV-4 and rNDV/PaBV-4 constructs 

(exp. 9; Table 4) (Rall et al., 2019), suggesting that the antiviral immune response is not easily 

modulated in the presence of an established bornavirus infection in this model. This is in contrast 

to immunization of persistently BoDV-1-infected mice with recombinant vector vaccines encod-

ing for BoDV-1 N antigens, which induces prominent immunopathology (Hausmann et al., 1999; 

Richter et al., 2007; Schamel et al., 2001). The virus- or host-dependent factors allowing or pro-

hibiting induction of immunopathogenesis remain unknown. 

In summary, our results confirmed that our vaccination strategy employing live viral vector vac-

cines, particularly those based on the MVA vector, is able to protect against avian bornavirus 

infections and thereby prevents PDD. However, many aspects of avian bornavirus vaccination 
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and protective immune mechanisms remain elusive. Future experiments will have to determine 

the number of repetitive boost injections of our MVA vaccines required to ensure a robust and 

long-lasting protection. Furthermore, the individual contributions of N, P and other bornavirus 

antigens to the protective effect will have to be targeted. We have already generated MVA con-

structs expressing either the X, M or G gene of PaBV-4 (unpublished work) to be tested in future 

experiments. Furthermore, the potential of PaBV-4 vaccines to provide full protection not only 

against closely related heterologous viruses, such as PaBV-2, but also against more distant rela-

tives, such as PaBV-5, needs to be investigated. Most importantly, further knowledge on avian 

bornavirus transmission is required to design an optimized challenge model with the inoculation 

route and challenge dose mimicking those of a natural infection as closely as possible. With the 

currently available information, we are unable to estimate whether our experimental results pro-

vide an overestimation or underestimation of the protection potentially achieved against a natural 

infection. 

5.8. Conclusions and future perspectives  

Over the past years, the work of my group together with our cooperation partners has provided 

important insights into the taxonomy, biology and epidemiology of avian bornaviruses and other 

members of the family Bornaviridae. We have established and evaluated numerous diagnostic 

tools for an improved diagnosis of avian bornavirus infections and provided valuable information 

aiding the correct interpretation of their results. Using two different in vivo infection models, we 

could confirmed that our vaccination concept employing live viral vector vaccines is able to pro-

vide protection not only against avian bornavirus infection but also against PDD. 

In the future, the work of my group will focus on further optimization of our vaccination strategy 

and on investigations into the immunopathogenesis of bornavirus-induced diseases in birds. Fur-

thermore, we are currently designing molecular tools and reverse genetics systems, including the 

generation of recombinant reporter viruses, for avian and mammalian bornaviruses. This work 

will provide useful tools for various aspects of bornavirus research, such as effective screening 

for antiviral substances or the evaluation of the evolutionary relationships of these viruses. 
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7. Summary 

Dennis Rubbenstroth 

Avian bornaviruses – from discovery to control 

Avian bornaviruses were first discovered in 2008 and they constitute a genetically diverse group 

of viruses within the genus Orthobornavirus (family Bornaviridae). To date, at least 15 avian 

bornaviruses have been discovered in psittacine, passerine and aquatic birds. While relatively 

little is known about the pathogenic potential of passerine and waterbird bornaviruses, parrot bor-

naviruses (PaBVs) are of marked clinical relevance as the primary cause of proventricular dilata-

tion disease (PDD). 

PDD is an often fatal disease that may be characterized by chronic gastrointestinal or neurologic 

disorders, but also sudden fatalities and subclinical courses occur. It is distributed in captive psit-

tacine populations worldwide and threatens private bird collections, zoological gardens as well 

as rehabilitation projects of endangered species. PDD was first described in the late 1970s and 

since then various infectious and non-infectious causes had been discussed. However, the aetiol-

ogy of PDD remained obscure for almost three decades until the discovery of avian bornaviruses 

in 2008. 

At the time this study started at the Medical Center – University of Freiburg in 2011, avian bor-

naviruses had only recently been discovered as new members of the family Bornaviridae. While 

a first experimental study had already confirmed their causative role in the development of PDD, 

only rudimentary information was available on many aspects of avian bornavirus research, in-

cluding biology, taxonomy and epidemiology of the viruses, course of infection and pathogenesis 

of disease, diagnostic tools and the implementation of prophylactic and therapeutic measures.  

The initial objectives of my project aimed at providing important fundaments for avian bornavirus 

research. Hence, diagnostic tools for the detection of avian bornavirus infections were generated, 

optimized and evaluated. These methods included conventional RT-PCRs detecting a broad range 

of bornaviruses, RT-qPCR for the specific quantification of avian bornaviruses, virus isolation 
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and propagation using different cell lines as well as indirect immunofluorescence assays (iIFA) 

to determine bornavirus-reactive antibodies. 

Together with my cooperation partners, this diagnostic panel was used to discover and describe 

six previously unknown avian bornaviruses: PaBV-7 and PaBV-8 in psittacines in Germany and 

Brazil, respectively, canary bornavirus 2 (CnBV-2) and CnBV-3 in canaries in Germany, and 

estrildid finch bornavirus 1 (EsBV-1) and munia bornavirus 1 (MuBV-1) in estrildid finches in 

Germany and Japan, respectively. The increased knowledge on the remarkable genetic diversity 

of avian bornaviruses contributed to the taxonomic reorganization of the family Bornaviridae and 

the introduction of a modified bornavirus nomenclature. 

Field field studies demonstrated CnBVs to be widely distributed in captive common canaries 

(Serinus canaria) in Germany, with approximately 20% of all tested individuals and 40% of all 

holdings being positive. In contrast, avian bornaviruses were only rarely found in wild and captive 

birds of other passerine species or in aquatic birds. Screening of introduced free-ranging popula-

tions of rose-ringed parakeets (Psittacula krameri) in Europe revealed no evidence of avian bor-

navirus infection, although PaBV-4 was detected in captive Psittacula parakeets. 

Experimental in vivo infection models are crucial for investigations on infection routes and path-

ogenesis as well as for evaluating immunoprophylactic and therapeutic approaches. By parenteral 

inoculation of cockatiels (Nymphicus hollandicus) with PaBV-2 and PaBV-4 isolates, it was pos-

sible to confirm these viruses as the causative agents of PDD and provide detailed information on 

the course of infection and viral tissue distribution. Furthermore, my group was the first to exper-

imentally infect common canaries with avian bornaviruses. Although PDD-like disorders and le-

sions had been described in naturally infected canaries, experimental CnBV-1 and CnBV-2 in-

fection did not result in reproduction of these conditions in our experimental models. These re-

sults suggest that CnBVs may be well adapted to canaries, enabling them to prevent recognition 

by the immune system and development of immunopathogenesis. Further experiments demon-

strated that inoculation via mucosal routes as well as co-housing with persistently infected canar-

ies could result in CnBV-2 infection of canaries, albeit persistent infection was established with 

rather low efficiency. In contrast, neither mucosal PaBV-2 inoculation nor co-housing with 

PaBV-4-infected birds resulted in persistent infection of cockatiels, which is in agreement with 

the work of other groups. Thus, the precise route of avian bornavirus transmission in psittacines 

remains elusive. 
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Since neither therapeutic nor immunoprophylactic measures against avian bornavirus infections 

were available, these issues were a particular focus of my group´s work. We were able to demon-

strate that the antiviral compound ribavirin inhibited avian bornaviruses in cell culture and that a 

combination of ribavirin and interferon α (IFN-α) enhanced this effect. However, experimental 

evidence for the efficacy of this treatment in vivo is missing. 

In cooperation with colleagues from Munich, Riems and Tübingen, viral vector vaccines based 

on the modified vaccinia virus Ankara (MVA), Newcastle disease virus (NDV) and Orf virus 

(ORFV) vector platforms were generated. These constructs encoded for the nucleoproteins (N) 

and phosphoproteins (P) of PaBV-4 and CnBV-2. Using our established infection models in cock-

atiels and canaries, my group was able to demonstrate that MVA constructs, alone or in combi-

nation with NDV constructs, could provide protection against avian bornavirus challenge infec-

tion and against the development of PDD. Future work will focus on evaluating the individual 

contributions of bornavirus N and P protein and other bornavirus antigens to vaccine-mediated 

protection. 

In summary, the work of my group has provided important insights into the taxonomy, biology 

and epidemiology of avian bornaviruses and other members of the family Bornaviridae. Tools 

for an improved diagnosis of avian bornavirus infections were successfully established, evaluated 

and applied to generate valuable information aiding the correct interpretation of their results. Us-

ing two different in vivo infection models, my studies confirmed that our vaccination concept 

employing live viral vector vaccines is able to provide protection not only against avian borna-

virus infection but also against PDD. Finally, the MVA-based constructs provide a promising 

candidate for future avian bornavirus vaccines. 
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8. Zusammenfassung 

Dennis Rubbenstroth 

Aviäre Bornaviren – von der Entdeckung zur Bekämpfung 

Aviäre Bornaviren wurden erstmals im Jahr 2008 beschrieben. Sie stellen eine genetisch variable 

Gruppe innerhalb des Genus Orthobornavirus in der Familie der Bornaviridae dar. Bis heute sind 

mindestens 15 verschiedene aviäre Bornaviren bekannt, die in Psittaziden, Passeriden sowie ver-

schiedenen Wasservogelarten vorkommen. Während über das pathogene Potential der Bornavi-

ren der Passeriformes und der Wasservögel noch relativ wenig bekannt ist, besitzen die Bornavi-

ren der Papageienartigen (‘parrot bornaviruses’, PaBVs) eine große veterinärmedizinische Rele-

vanz als Erreger der neuropathischen Drüsenmagendilatation (‘proventricular dilatation disease’, 

PDD). 

Die PDD ist eine häufig tödlich verlaufende Krankheit, die vor allem durch chronische gastroin-

testinale oder neurologische Verlaufsformen gekennzeichnet ist. Es können jedoch auch plötzli-

che Todesfälle oder klinisch unauffällige Verläufe auftreten. Sie ist bei in Menschenhand gehal-

tenen Psittaziden-Populationen weltweit verbreitet und bedroht neben Papageienhaltungen in Pri-

vathand oder zoologischen Gärten auch Zucht- und Wiederauswilderungsprojekte bedrohter Pa-

pageienarten. Die PDD wurde erstmals in den späten 1970er Jahren beschrieben. Über die fol-

genden drei Jahrzehnte wurden verschiedene infektiöse und nicht-infektiöse Faktoren als mögli-

che Ursachen vermutet. Die Ätiologie der Krankheit blieb jedoch bis zur Entdeckung der aviären 

Bornaviren im Jahr 2008 ungeklärt. 

Als mein Projekt am Institut für Virologie des Universitätsklinikums Freiburg im Jahr 2011 star-

tete, waren die aviären Bornaviren erst kürzlich als neueste Mitglieder der Familie Bornaviridae 

beschrieben worden. Erste tierexperimentelle Studien hatten ihre Bedeutung als primäre Erreger 

der PDD bereits belegt, aber darüber hinaus war nur sehr wenig über die Biologie, Taxonomie 

und Epidemiologie dieser neuen Virusgruppe sowie den Infektionsverlauf und die Pathogenese 

der PDD bekannt. Zudem fehlten neben geeigneten diagnostischen Tests auch Möglichkeiten zur 

Therapie und Prophylaxe. 
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Die Studien meiner Arbeitsgruppe waren daher zunächst darauf ausgerichtet, das Fundament für 

die Bornavirus-Forschung zu erweitern. Zu diesem Zweck wurden verschiedene diagnostische 

Tests etabliert, optimiert und ihr Potential für den Nachweis aviärer Bornavirusinfektionen eva-

luiert. Diese Methoden umfassten konventionelle RT-PCRs für den Nachweis eines breiten 

Spektrums von Bornaviren, RT-qPCRs für die spezifische Quantifikation von aviären Bornavi-

ren, Verfahren der Virusanzucht in verschiedenen Zellkultursystemen sowie Methoden für den 

Antikörper-nachweis, wie beispielsweise den indirekten Immunfluoreszenztest (iIFT). 

Mit Hilfe der so entstandenen Nachweisverfahren gelang es, zusammen mit nationalen und inter-

nationalen Kooperationspartnern, mehrere bis dahin unbekannte aviäre Bornaviren zu entdecken, 

zu charakterisieren und erstmals zu beschreiben. Dabei handelte es sich um die Papageien-Borna-

viren 7 und 8 (PaBV-7, -8) in Deutschland bzw. Brasilien, die Kanarienvogel-Bornaviren 2 und 

3 (‘canary bornavirus’, CnBV-2, -3) in Deutschland sowie zwei verschiedene Bornaviren in 

Prachtfinken in Deutschland bzw. Japan (‘estrildid finch bornavirus 1’, EsBV-1, und ‘munia 

bornavirus 1’, MuBV-1). Die sich so erweiternde Erkenntnis über die bemerkenswerte genetische 

Variabilität der aviären Bornaviren trug auch zu einer umfassenden taxonomischen Neuorgani-

sation der Familie Bornaviridae und zu einer Überarbeitung der Bornavirus-Nomenklatur bei. 

Im Rahmen verschiedener Feldstudien konnten wir unter anderem zeigen, dass die CnBVs in 

deutschen Kanarienvogelhaltungen weit verbreitet sind. Insgesamt waren etwa 20% aller unter-

suchten Tiere und 40% aller Haltungen CnBV-positiv. Im Gegensatz dazu waren in wildlebenden 

und in Menschenhand gehaltenen Vögeln anderer Passeriformes-Spezies sowie in wilden Was-

servögeln nur sehr selten Bornaviren nachweisbar. Während einer Untersuchung von in Europa 

etablierten wildlebenden Populationen des ursprünglich aus Asien und Afrika stammenden Hals-

bandsittichs (Psittacula krameri) konnten keine Hinweise auf aviäre Bornavirusinfektionen ge-

funden werden, obwohl in Menschenhand gehaltene Sittiche dieser Art durchaus empfänglich für 

die Viren sind. 

In vivo Infektionsmodelle sind eine wichtige Voraussetzung für die Untersuchung von Übertra-

gungswegen und Pathogenetitätsmechanismen sowie für die Erprobung von Impfstoffen und the-

rapeutischen Ansätzen. Im Nymphensittich (Nymphicus hollandicus) konnten wir durch parente-

rale Infektion mit PaBV-2 und PaBV-4 die Rolle der aviären Bornaviren als Erreger der PDD 

bestätigen und detaillierte Informationen zum Infektionsverlauf und zur Organverteilung des Vi-
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rus sammeln. Bei der erstmaligen experimentellen Infektion von Kanarienvögeln (Serinus cana-

ria) mit CnBV-1 und CnBV-2 entwickelten die Tiere trotz experimenteller Infektion keine An-

zeichen von PDD, obwohl PDD-ähnliche Erkrankungen in natürlich infizierten Kanarienvögeln 

beschrieben worden waren. Diese Ergebnisse legen nahe, dass die CnBVs möglicherweise sehr 

gut an den Kanarienvogel adaptiert und daher in der Lage sind, sich der Erkennung durch das 

Immunsystem zu entziehen und eine Immunpathogenese zu verhindern. Weitere Versuche zeig-

ten, dass Kanarienvögel durch Inokulation über die Schleimhäute mit CnBV-2 infizierbar sind 

und das Virus durch direkten Kontakt mit infizierten Artgenossen übertragen werden kann, auch 

wenn beides offenbar nur mit äußerst geringer Effizienz passiert. Im Gegensatz dazu waren Nym-

phensittiche weder durch mukosale Applikation von PaBV-2 noch durch Kontakt zu PaBV-4-

infizierten Artgenossen infizierbar. Die genauen Infektionswege der aviären Bornaviren bei Pa-

pageienartigen bleiben daher weiterhin unbekannt. 

Ein besonderer Fokus meiner Arbeiten lag auf der Etablierung und Evaluierung von Maßnahmen 

zur Therapie und Prophylaxe von aviären Bornavirusinfektionen. Mit Hilfe von Zellkulturarbei-

ten gelang der Nachweis, dass Ribavirin aviäre Bornaviren hemmen kann und dass eine Kombi-

nation mit Interferon α (IFN-α) diesen Effekt noch deutlich verstärkt. Eine Überprüfung der Wirk-

samkeit im Tier steht jedoch noch aus. 

Zusammen mit meinen Kooperationspartnern aus München, Riems und Tübingen gelang es, vi-

rale Vektorvakzinen gegen aviäre Bornavirusinfektionen zu generieren. Diese Konstrukte basier-

ten auf den Vektorplattformen ‚modified vaccinia virus Ankara‘ (MVA), ‚Newcastle disease vi-

rus‘ (NDV) und Orfvirus (ORFV) und kodierten die Nukleoprotein- (N) und Phosphoprotein- (P) 

Gene des PaBV-4 und CnBV-2. In den etablierten Infektionsmodellen im Nymphensittich und 

Kanarienvogel konnten wir zeigen, dass MVA-basierte Vakzinen, allein oder in Kombination mit 

NDV-basierten Konstrukten, einen vollständigen Schutz gegen Belastungsinfektionen mit aviä-

ren Bornaviren bieten können und dadurch auch die Entstehung der PDD verhindern. Zukünftige 

Arbeiten sollen die Rolle der N- und P-Proteine sowie weiterer Bornavirus-Antigene in der Ent-

wicklung des Impfschutzes näher untersuchen. 

Über die vergangenen Jahre hat die Arbeit meiner Gruppe wertvolle Erkenntnisse zur Taxonomie, 

Biologie und Epidemiologie der aviären Bornaviren und weiterer Mitglieder der Familie Borna-

viridae geliefert. Wir haben das Spektrum der verfügbaren Nachweismethoden deutlich erweitert 

und vor allem wichtige Hinweise zur korrekten Interpretation ihrer Ergebnisse gewonnen. Die 
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Wirksamkeit des gewählten Konzepts der Impfung gegen aviäre Bornavirusinfektionen und die 

PDD mittels viraler Vektorvakzinen konnte in zwei verschiedenen in vivo Infektionsmodellen 

bestätigt werden. Dabei stellen insbesondere die MVA-basierten Konstrukte vielversprechende 

Kandidaten für den zukünftigen Einsatz als Impfstoffe gegen Bornaviren dar. 
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Abstract: 

Avian bornaviruses (ABV) are the causative agents of proventricular dilatation disease (PDD), a 

widely distributed disease of parrots. Distinct ABV lineages were also found in various non-psit-

tacine avian species, such as canaries, but the pathogenic role of ABV in these species is less 

clear. Despite the wide distribution of ABV in captive parrots and canaries, its mode of transmis-

sion is poorly understood: both horizontal transmission via the urofaecal-oral route and vertical 

transmission are discussed to play a role. In this study we investigated pathology and horizontal 

transmission of ABV in domestic canaries (Serinus canaria forma domestica) and cockatiels 

(Nymphicus hollandicus), two natural host species commonly used for experimental ABV infec-

tions. ABV inoculation resulted in persistent infection of all inoculated animals from both species. 

ABV-infected cockatiels exhibited PDD-like symptoms, such as neurologic signs or shedding of 

undigested seeds. In contrast, infected domestic canaries did not develop clinical disease. Inter-

estingly, we did not detect viral RNA in cloacal swabs and organ samples or ABV-specific anti-

bodies in serum samples of contact-exposed sentinel birds from either species at any time during 

a four months observation period. Our results strongly indicate that horizontal transmission of 

ABV by direct contact is inefficient in immunocompetent fully fledged domestic canaries and 

cockatiels. 
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Discovery of a new avian bornavirus genotype in estrildid finches (Estrildidae) 

in Germany 
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Abstract: 

Avian bornaviruses (ABV) are known to be the causative agent of proventricular dilatation dis-

ease (PDD) in parrots and their relatives (Psittaciformes). A broad range of ABV genotypes has 

been detected not only in psittacine birds, but also in other avian species including canary birds 

(Serinus canaria forma domestica) and Bengalese finches (Lonchura striata f. dom.), which are 

both members of the order songbirds (Passeriformes). During this study 286 samples collected 

from captive and wild birds of various passerine species in different parts of Germany were 

screened for the presence of ABV. Interestingly, only three ABV-positive samples were identified 

by RT-PCR. They originated from one yellow-winged pytilia (Pytilia hypogrammica) and two 

black-rumped waxbills (Estrilda troglodytes) from a flock of captive estrildid finches in Saxony. 

The ABV isolates detected here were only distantly related to ABV isolates found in passerine 

species in Germany and Japan and form a new genotype tentatively called ABV-EF (for "estrildid 

finches"). 
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Survey of bornaviruses in pet psittacines in Brazil reveals a novel parrot bor-

navirus 
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Abstract: 

Avian bornaviruses are the causative agents of proventricular dilatation disease (PDD), a fatal 

neurological disease considered to be a major threat to psittacine bird populations. We performed 

a survey of the presence of avian bornaviruses and PDD in pet psittacines in Brazil and also 

studied PDD's clinical presentation as well as the genomic variability of the viruses. Samples 

from 112 psittacines with clinical signs compatible with PDD were collected and tested for the 

presence of bornaviruses. We found 32 birds (28.6%) positive for bornaviruses using reverse 

transcriptase polymerase chain reaction (RT-PCR). Twenty-one (65.6%) of the 32 bornavirus-

positive birds presented neurological signs, seven (21.9%) presented undigested seeds in feces, 

four (12.5%) showed proventricular dilatation, six (18.8%) regurgitation, three (9.4%) feather 

plucking and three (9.4%) sudden death. The results confirm that avian bornaviruses are present 

in pet psittacines in Brazil, and sequence analysis identified a distinct virus, named parrot borna-

virus 8 (PaBV-8). 
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Impact of antigenic diversity on laboratory diagnosis of Avian bornavirus in-

fections in birds 
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Abstract: 

Avian bornaviruses (ABVs) are a group of genetically diverse viruses within the Bornaviridae 

family that can infect numerous avian species and represent the causative agents of proventricular 

dilatation disease, an often fatal disease that is widely distributed in captive populations of parrots 

and related species. The current study was designed to assess the antigenic variability of the fam-

ily Bornaviridae and to determine its impact on ABV diagnosis by employing fluorescent anti-

body assays. It was shown that polyclonal rabbit sera directed against recombinant bornavirus 

nucleoprotein, X protein, phosphoprotein, and matrix protein provided sufficient cross-reactivity 

for the detection of viral antigen from a broad range of bornavirus genotypes grown in cell culture. 

In contrast, a rabbit anti-glycoprotein serum and 2 monoclonal antibodies directed against nucle-

oprotein and phosphoprotein proteins reacted more specifically. Antibodies were readily detected 

in sera from avian patients infected with known ABV genotypes if cells persistently infected with 

a variety of different bornavirus genotypes were used for analysis. For all sera, calculated anti-

body titers were highest when the homologous or a closely related target virus was used for the 

assay. Cross-reactivity with more distantly related genotypes of other phylogenetic groups was 

usually reduced, resulting in titer reduction of up to 3 log units. The presented results contribute 

to a better understanding of the antigenic diversity of family Bornaviridae and further emphasize 

the importance of choosing appropriate diagnostic tools for sensitive detection of ABV infections. 
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Phylogenetic analysis supports horizontal transmission as a driving force of 

the spread of avian bornaviruses 

Rubbenstroth, D., Schmidt, V., Rinder, M., Legler, M., Twietmeyer, S., Schwemmer, P. & Cor-

man, V. M. 

 

PLoS One (2016), 11, e0160936 

 

doi: 10.1371/journal.pone.0160936 

  



Appendix 108 

 

Abstract: 

BACKGROUND: Avian bornaviruses are a genetically diverse group of viruses initially discov-

ered in 2008. They are known to infect several avian orders. Bornaviruses of parrots and related 

species (Psittaciformes) are causative agents of proventricular dilatation disease, a chronic and 

often fatal neurologic disease widely distributed in captive psittacine populations. Although 

knowledge has considerably increased in the past years, many aspects of the biology of avian 

bornaviruses are still undiscovered. In particular, the precise way of transmission remains un-

known. 

AIMS AND METHODS: In order to collect further information on the epidemiology of borna-

virus infections in birds we collected samples from captive and free-ranging aquatic birds (n = 

738) and Passeriformes (n = 145) in Germany and tested them for the presence of bornaviruses 

by PCR assays covering a broad range of known bornaviruses. We detected aquatic bird borna-

virus 1 (ABBV-1) in three out of 73 sampled free-ranging mute swans (Cygnus olor) and one out 

of 282 free-ranging Eurasian oystercatchers (Haematopus ostralegus). Canary bornavirus 1 

(CnBV-1), CnBV-2 and CnBV-3 were detected in four, six and one out of 48 captive common 

canaries (Serinus canaria forma domestica), respectively. In addition, samples originating from 

49 bornavirus-positive captive Psittaciformes were used for determination of parrot bornavirus 2 

(PaBV-2) and PaBV-4 sequences. Bornavirus sequences compiled during this study were used 

for phylogenetic analysis together with all related sequences available in GenBank. 

RESULTS OF THE STUDY: Within ABBV-1, PaBV-2 and PaBV-4, identical or genetically 

closely related bornavirus sequences were found in parallel in various different avian species, 

suggesting that inter-species transmission is frequent relative to the overall transmission of these 

viruses. Our results argue for an important role of horizontal transmission, but do not exclude the 

additional possibility of vertical transmission. Furthermore we defined clearly separated sequence 

clusters within several avian bornaviruses, providing a basis for an improved interpretation of 

transmission events within and between wild bird populations and captive bird collections. 
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Abstract: 

Avian bornaviruses are the causative agents of proventricular dilatation disease (PDD), a widely 

distributed and often fatal disease in captive psittacines. Because neither specific prevention 

measures nor therapies against PDD and bornavirus infections are currently available, new anti-

viral strategies are required to improve animal health. We show here that the nucleoside analogue 

ribavirin inhibited bornavirus activity in a polymerase reconstitution assay and reduced viral load 

in avian cell lines infected with two different parrot bornaviruses. Furthermore, we observed that 

ribavirin enhanced type I IFN signalling in avian cells. Combined treatment of avian bornavirus-

infected cells with ribavirin and recombinant IFN-α strongly enhanced the antiviral efficiency 

compared to either drug alone. The combined use of ribavirin and type I IFN might represent a 

promising new strategy for therapeutic treatment of captive parrots persistently infected with 

avian bornaviruses. 
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Abstract: 

Avian bornaviruses are causative agents of proventricular dilatation disease (PDD), an often fatal 

disease of parrots and related species (order Psittaciformes) which is widely distributed in captive 

psittacine populations and may affect endangered species. Here, we established a vaccination 

strategy employing two different well described viral vectors, namely recombinant Newcastle 

disease virus (NDV) and modified vaccinia virus Ankara (MVA) that were engineered to express 

the phosphoprotein and nucleoprotein genes of two avian bornaviruses, parrot bornavirus 4 

(PaBV-4) and canary bornavirus 2 (CnBV-2). When combined in a heterologous prime/boost 

vaccination regime, NDV and MVA vaccine viruses established self-limiting infections and in-

duced a bornavirus-specific humoral immune response in cockatiels (Nymphicus hollandicus) and 

common canaries (Serinus canaria forma domestica). After challenge infection with a homolo-

gous bornavirus, shedding of bornavirus RNA and viral loads in tissue samples were significantly 

reduced in immunized birds, indicating that vaccination markedly delayed the course of infection. 

However, cockatiels still developed signs of PDD if the vaccine failed to prevent viral persistence. 

Our work demonstrates that avian bornavirus infections can be repressed by vaccine-induced im-

munity. It represents a first crucial step towards a protective vaccination strategy to combat PDD 

in psittacine birds. 
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Viral vector vaccines protect cockatiels from inflammatory lesions after het-

erologous parrot bornavirus 2 challenge infection 
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Abstract: 

Avian bornaviruses are causative agents of proventricular dilatation disease (PDD), a chronic 

neurologic and often fatal disorder of psittacines including endangered species. To date no caus-

ative therapy or immunoprophylaxis is available. Our previous work has shown that viral vector 

vaccines can delay the course of homologous bornavirus challenge infections but failed to protect 

against PDD when persistent infection was not prevented. The goal of this study was to refine our 

avian bornavirus vaccination and infection model to better represent natural bornavirus infections 

in order to achieve full protection against a heterologous challenge infection. We observed that 

parrot bornavirus 2 (PaBV-2) readily infected cockatiels (Nymphicus hollandicus) by combined 

intramuscular and subcutaneous injection with as little as 102.7 foci-forming units (ffu) per bird, 

whereas a 500-fold higher dose of the same virus administered via peroral and oculonasal route 

did not result in persistent infection. These results indicated that experimental bornavirus chal-

lenge infections with this virus should be performed via the parenteral route. Prime-boost vac-

cination of cockatiels with Newcastle disease virus (NDV) and modified vaccinia virus Ankara 

(MVA) vectors expressing the nucleoprotein and phosphoprotein genes of PaBV-4 substantially 

blocked bornavirus replication following parenteral challenge infection with 103.5 ffu of heterol-

ogous PaBV-2. Only two out of six vaccinated birds had very low viral levels detectable in a few 

organs. As a consequence, only one vaccinated bird developed mild PDD-associated microscopic 

lesions, while mock-vaccinated controls were not protected against PaBV-2 infection and inflam-

mation. Our results demonstrate that NDV and MVA vector vaccines can protect against invasive 

heterologous bornavirus challenge infections and subsequent PDD. These vector vaccines repre-

sent a promising tool to combat avian bornaviruses in psittacine populations. 
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Monitoring of free-ranging and captive Psittacula populations in Western Eu-
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Abstract: 

Avian pathogens such as bornaviruses, circoviruses and polyomaviruses are widely distributed in 

captive collections of psittacine birds worldwide and can cause fatal diseases. In contrast, only 

little is known about their presence in free-ranging psittacines and their impact on these popula-

tions. Rose-ringed parakeets (Psittacula krameri) and Alexandrine parakeets (Psittacula eu-

patria) are non-native to Europe, but have established stable populations in parts of Western Eu-

rope. From 2012-2017, we surveyed free-ranging populations in Germany and France as well as 

captive Psittacula individuals from Germany and Spain for avian bornavirus, circovirus and pol-

yomavirus infections. Samples from two out of 469 tested free-ranging birds (0.4%; 95% confi-

dence interval [CI-95]: 0.1-1.5%) were positive for beak and feather disease virus (BeFDV), 

whereas avian bornaviruses and polyomaviruses were not detected in the free-ranging popula-

tions. In contrast, avian bornaviruses and polyomaviruses, but not circoviruses were detected in 

captive populations. Parrot bornavirus 4 (PaBV-4) infection was detected by RT-PCR in four out 

of 210 captive parakeets (1.9%; CI-95: 0.7-4.8%) from four different holdings in Germany and 

Spain and confirmed by detection of bornavirus-reactive antibodies in two of these birds. Three 

out of 160 tested birds (1.9%; CI-95: 0.5-5.4%) possessed serum antibodies directed against budg-

erigar fledgling disease virus (BuFDV). PaBV-4 and BuFDV were also detected in several psit-

tacines of a mixed holding in Germany, which had been in contact with free-ranging parakeets. 

Our results demonstrate that Psittacula parakeets are susceptible to common psittacine pathogens 

and their populations in Western Europe are exposed to these viruses. Nevertheless, the preva-

lence of avian bornaviruses, circoviruses and polyomaviruses in those populations is very low. 
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Recombinant modified vaccinia virus Ankara (MVA) vaccines efficiently pro-

tect against parrot bornavirus infection and proventricular dilatation disease 
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Abstract: 

Parrot bornaviruses (PaBVs) are the causative agents of proventricular dilatation disease (PDD), 

a chronic and often fatal neurologic disorder in Psittaciformes. The disease is widely distributed 

in private parrot collections and threatens breeding populations of endangered species. Thus, im-

munoprophylaxis strategies are urgently needed. In previous studies we demonstrated a prime-

boost vaccination regime using modified vaccinia virus Ankara (MVA) and Newcastle disease 

virus (NDV) constructs expressing the nucleoprotein and phosphoprotein of PaBV-4 

(MVA/PaBV-4 and NDV/PaBV-4, respectively) to protect cockatiels (Nymphicus hollandicus) 

against experimental challenge infection. Here we investigated the protective effect provided by 

repeated immunization with either MVA/PaBV-4, NDV/PaBV-4 or Orf virus constructs 

(ORFV/PaBV-4) individually. While MVA/PaBV-4-vaccinated cockatiels were completely pro-

tected against subsequent PaBV-2 challenge infection and PDD-associated lesions, the course of 

the challenge infection in NDV/PaBV-4- or ORFV/PaBV-4-vaccinated birds did not differ from 

the unvaccinated control group. We further investigated the effect of vaccination on persistently 

PaBV-4-infected cockatiels. Remarkably, subsequent immunization with MVA/PaBV-4 and 

NDV/PaBV-4 neither induced obvious immunopathogenesis exacerbating the disease nor re-

duced viral loads in the infected birds. In summary, we demonstrated that vaccination with 

MVA/PaBV-4 alone is sufficient to efficiently prevent PaBV-2 challenge infection in cockatiels, 

providing a suitable vaccine candidate against avian bornavirus infection and bornavirus-induced 

PDD. 


