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A B S T R A C T   

In both a Eurasian blue tit (Cyanistes caeruleus) and a great tit (Parus major), found dead in North Rhine- 
Westphalia, Germany, intranuclear inclusion bodies were observed in the kidneys during the histologic exami-
nation. Siadenoviruses were detected in both samples, and the nucleotide sequence of the partial DNA poly-
merase, obtained from the blue tit, was almost identical with that of great tit adenovirus type 1, reported from 
Hungary previously. The sequence, derived from the German great tit sample was more similar to great tit 
adenovirus 2, yet divergent enough to forecast the possible establishment of a novel viral type and species. 
Therefore, the complete genome was subjected to next generation sequencing. The annotation revealed a typical 
siadenoviral genome layout, and phylogenetic analyses proved the distinctness of the novel virus type: great tit 
adenovirus 3. We propose the establishment of a new species (Siadenovirus carbocapituli) within the genus Sia-
denovirus to contain great tit adenovirus types 2 and 3. As both of the newly-detected viruses originated from 
histologically confirmed cases, and several siadenoviruses have been associated with avian nephritis earlier, we 
assume that the renal pathology might have been also of adenoviral origin. Additionally, we performed structural 
studies on two virus-coded proteins. The viral sialidase and the fiber knob were modeled using the AlphaFold2 
program. According to the results of the sialic acid docking studies, the fiber trimer of the new great tit 
adenovirus 3 binds this acid with good affinity. As sialic acid is expressed in the kidney, it can be hypothesized 
that it is used during the receptor binding and entry of the virus. Strong binding of sialic acid was also predictable 
for the viral sialidase albeit its enzymatic activity remains disputable since, within its catalytic site, an asparagine 
residue was revealed instead of the conserved aspartic acid.   

1. Introduction 

Adenoviruses are double-stranded DNA viruses. The major capsid 
proteins of their icosahedral capsids are the hexon, the penton base and 
the fiber (Gallardo et al., 2021). Birds in general can be infected by the 
members of three adenoviral genera: Avi-, At- and Siadenovirus (Benkő 
et al., 2022). Economically important avian adenoviral diseases are in 
chickens the inclusion body hepatitis, hepatitis-hydropericardium syn-
drome, gizzard erosion (caused by aviadenoviruses), egg drop syndrome 
(atadenovirus) and avian adenovirus splenomegaly (siadenovirus). The 
latter one is caused by the etiological agent of the turkey hemorrhagic 
enteritis. Furthermore, adenoviruses can be detected from a wide variety 
of domestic and wild birds as well (Harrach et al., 2019), including 
passeriforms (Athukorala et al., 2020; Harrach et al., 2022; Kovács et al., 
2010; Phalen et al., 2019; Rinder et al., 2020; Vaz et al., 2020). 

In 2020, increased mortality has been observed among tits in Ger-
many (Fischer et al., 2021). The birds have been pathomorphologically 
and microbiologically investigated in governmental veterinary investi-
gation laboratories using a broad diagnostic panel. Organ samples 
(heart, lung, liver, spleen, kidney, small intestine) have been examined 
microbiologically as described by Merbach et al. (2019). Combined 
oropharyngeal and cloacal swabs have been tested for avian influenza 
using the virotype Influenza A RT-PCR Kit (Indical Bioscience), central 
nervous system, liver, spleen and lung samples for Usutu and West Nile 
virus (Ziegler et al., 2022), and liver samples for Chlamydia sp. using 
PCR (Pantchev et al., 2009). In general, it has been found that Suttonella 
ornithocola had played an important role in the tits' mortality, but this 
bacterium may have been combined with other sporadic and/or 
endemic causes (Fischer et al., 2021). For example, for both a Eurasian 
blue tit (Cyanistes caeruleus) and a great tit (Parus major), Suttonella 
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ornithocola has not been cultured from any organ samples, as well as 
both tits have been negative for Chlamydia sp., avian influenza, Usutu 
and West Nile virus. However, for both tits, intranuclear inclusion 
bodies – consistent with adenoviruses – have been observed during the 
histologic investigation of the kidneys using light microscopy. The two 
samples have been tested using a broad-spectrum adenovirus-targeting 
PCR (Wellehan et al., 2004)and have yielded positive results. The se-
quences of the PCR products (NCBI GenBank accession numbers: 
MW508337 and MW508338 for the Eurasian blue tit and great tit 
adenovirus, respectively) were compared to that of the reference strains' 
DNA polymerases from all accepted adenoviral species. For the great tit 
adenovirus, the highest amino acid sequence identity was 76.4% 
compared to the chinstrap penguin adenovirus 2 (species Penguin sia-
denovirus A) (Lee et al., 2014). Thus, a complete genome sequencing was 
conducted on the strain, to investigate the possibility of whether it 
represents a novel siadenovirus species. 

2. Material and methods 

2.1. Origin of samples, pathology and histology 

A female Eurasian blue tit (S425/20) and a male great tit (S478/20), 
both adults, were found dead during a mortality event observed in tits at 
two different locations in North Rhine-Westphalia, Germany (Fischer 
et al., 2021). Both tits were necropsied, and for histopathology, repre-
sentative samples from the brain, lung, heart, liver, spleen, kidney and 
skeletal muscle were collected, fixed in 10% neutral-buffered formalin, 
embedded in paraffin wax, sectioned at 3 μm and stained with hema-
toxylin and eosin. 

2.2. DNA extraction and pan-adenovirus PCR 

Total DNA was extracted from frozen kidney samples of the Eurasian 
blue tit and the great tit using the NucleoSpin DNA RapidLyse kit 
(Macherey-Nagel), and the adenoviruses were detected using a pan- 
adenovirus PCR (Kaján, 2016; Kaján et al., 2011; Wellehan et al., 
2004). Products were Sanger sequenced in both directions. 

For the complete genome sequencing of the great tit adenovirus, 
about 1 mm3 kidney sample was homogenized in phosphate-buffered 
saline using stainless steel bead disruption on a TissueLyser LT (Qia-
gen). After three times freeze-thawing, a 95 ◦C water bath for 10 min and 
finally an ultrasonic water bath at room temperature for 15 min, the 
homogenate was centrifuged at 5.000 ×g for 5 min, and the supernatant 
again at 13.000 × g for 5 min. To eliminate non-viral DNA, the super-
natant was treated with DNA Degradase Plus (Zymo Research) for 2 h at 
37 ◦C, then the DNase was deactivated at 70 ◦C for 20 min. From this 
solution, DNA was extracted using the NucleoSpin DNA RapidLyse kit 
(Macherey-Nagel). 

2.3. Complete genome sequencing, assembly and phylogenetic analyses 

The DNA, extracted for complete genome sequencing purposes from 
the great tit kidney, was sequenced using Illumina MiSeq equipment by 
a commercial provider. De novo assembly of the reads using the Gene-
ious assembler resulted in a 26,099-bp-long contig, then all reads were 
mapped to this. To the final consensus sequence, genome annotations 
were transferred from the chinstrap penguin adenovirus 2 using Gene-
ious and these were manually checked and edited. 

The phylogenetic tree was inferred based on deduced DNA poly-
merase amino acid sequences. To aid proper phylogenetic placement, 
the complete coding sequences were used where available (e.g., strain 
S478/20 and from other complete genomes), and these were aligned 
with the partial coding sequences (e.g., strain S425/20). The alignment 
was conducted using the MAFFT G-INS-I algorithm (Katoh and Standley, 
2013), and was edited manually. The rtREV+I+G evolutionary model 
was applied, selected using ModelTest-NG v0.1.5 (Darriba et al., 2020). 

The best phylogenetic tree was chosen from 300 replicates inferred 
using RAxML-NG v1.0.1, and the robustness of the tree was determined 
with a non-parametric bootstrap calculation using 1000 repeats (Kozlov 
et al., 2019). The transfer bootstrap expectation values were applied to 
the tree (Lemoine et al., 2018). The phylogenetic tree was visualized 
using MEGA 7, and it was rooted on the midpoint, and bootstrap values 
were given as percentages if they reached 75% (Kumar et al., 2016). 

To determine the amino acid sequence identity of the tit strains 
compared to different adenoviral species, a pairwise sequence identity 
analysis was also conducted based on both the complete and the partial 
DNA polymerase sequences using the Sequence Demarcation Tool v1.2 
(Muhire et al., 2014). 

2.4. In silico protein modeling 

The entire putative sialidase and fiber knob (amino acids 344–489) 
were modeled from the great tit adenovirus (S478/20) using Alpha-
Fold2, a deep learning automatic protein structure modeling software 
(Jumper et al., 2021). Additionally, the psittacine adenovirus 2 sialidase 
(QXX30959) structure was also modeled (Surphlis et al., 2022). This 
reference siadenoviral sialidase was the closest blastp hit to the great tit 
adenovirus sialidase. Five models were generated for each protein, 
evaluated using the protein structure quality assignment module of 
AlphaFold2 and the best further refined using the Schrödinger Suite to 
eliminate the steric conflicts between the side-chain atoms (Schrödinger, 
2021). The crystal structure of the human adenovirus 26 fiber trimer 
complexed with sialic acid (Protein Data Bank [PDB] ID: 6QU8) was 
used to generate the fiber knob trimer from the monomeric model 
(Baker et al., 2019). Electrostatic surface potential maps were calculated 
using the Adaptive Poisson-Boltzmann Solver version 1.3 using the 
linearized Poisson-Boltzmann method with a dielectric constant of 78.0 
and 2 for the water solvent and the protein core, respectively (Baker 
et al., 2001). The partial charges in the electrostatic potential were 
calculated using PDB2PQR (Baker et al., 2001). Molecular graphics were 
created using VMD version 1.9.3 (Humphrey et al., 1996). 

2.5. Sialic acid docking 

To check the sialic acid affinity of the great tit adenovirus fiber knob 
trimer and the putative sialidase enzyme, the Glide ligand docking 
module of the Schrödinger Suite was used (Schrödinger, 2021). The 
LigPrep module was used to generate 32 initial conformations from 
sialic acid (PDB ligand: SLB) and this conformation set was used as the 
ligand input for the docking calculations. The previous human adeno-
virus fiber structure (PDB ID: 6QU8) was chosen as a reference for the 
fiber's binding, whereas sialidase26, a bacterial sialidase (PDB ID: 
6MYV) (Zaramela et al., 2019), and the psittacine adenovirus 2 sialidase 
model were selected for the putative sialidase. The docking grids were 
created using the Receptor Grid Generator module of Schrödinger Glide, 
and then the previously generated sialic acid conformation library was 
docked to the reference and the modeled structures with standard pre-
cision. The best-ranking docking positions were used for comparisons. 
Finally, an alignment of the putative viral sialidase enzyme was con-
ducted with four additional siadenoviral sialidases using the MAFFT G- 
INS-I algorithm (Katoh and Standley, 2013). 

3. Results 

3.1. Pathology and histology 

The main pathological finding and cause of death in the Eurasian 
blue tit was a blunt trauma with severe hemorrhages in the liver and the 
lungs. Macroscopically, the spleen and kidneys did not present signifi-
cant findings. Histologically, other organs yielded a negative result, but 
large amphophilic intranuclear inclusion bodies were detected in the 
renal tubular epithelial cells which showed degeneration and necrosis 
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(Fig. 1). In the great tit, the spleen was severely enlarged. Histologically, 
mild lymphocytic nephritis was observed with large amphophilic 
intranuclear inclusion bodies in the tubular epithelial cells (Fig. 2) be-
sides unidentified intracytoplasmic agents in groups within the cyto-
plasm of muscular vessel endothelial cells and perivascular 
macrophages in the skeletal muscle sections. Other organs did not reveal 
any pathohistological lesions in either bird. 

3.2. Phylogenetic analyses 

The phylogenetic tree reconstruction is displayed in Fig. 3. Both tit 
adenoviruses clustered into the genus Siadenovirus. On the analyzed 
partial DNA polymerase gene sequence, the Eurasian blue tit adenovirus 
(S425/20) shared 100% nucleic acid identity with the great tit adeno-
virus 1 (species Great tit siadenovirus A) virus strain identifier 48820 
(Rinder et al., 2020), and a single nucleotide difference was observed 
compared to the prototype strain 5957/SZ (Kovács et al., 2010), but this 
caused a silent mutation only. The great tit adenovirus strain S478/20 
clustered with the great tit adenovirus 2 virus strain identifier 49056 
(Rinder et al., 2020), and the amino acid sequence identity of the two 
partial DNA polymerase sequences was 89.9%. Thus, strain S478/20 is 

proposed to be the reference strain of a novel type: great tit adenovirus 
3. When the complete DNA polymerase amino acid sequence of strain 
S478/20 was compared to members of the genus Siadenovirus, the 
highest measured sequence identity was 65.3% compared to great tit 
adenovirus 1 (ACW84422, species Great tit siadenovirus A) (Kovács et al., 
2010), whereas 76.4% sequence identity was measured based on the 
partial DNA polymerase amino acid sequence compared to chinstrap 
penguin adenovirus 2 (Lee et al., 2014). 

3.3. Genome sequence 

The complete genome sequence obtained from the sample S478/20 
was found to be 26,075 bp long with a G + C-content of 38.4%. The read 
coverage minimum was 19, the mean was 117.8, the read coverage's 
standard deviation was 59.8, and the confidence mean of bases was 
1896.4. A typical siadenoviral genome layout was revealed with 25 
protein-coding sequences and 37-bp-long inverted terminal repeats. On 
the right genomic end, two open reading frames were annotated on the 
leftward-transcribed (l) genomic strand. The predicted proteins shared 
36.6% and 32.1% amino acid sequence identity with hypothetical pro-
teins (QXX30970, QZW33711) of the psittacine adenovirus 2, respec-
tively (Athukorala et al., 2021; Sarker, 2021; Surphlis et al., 2022). 

3.4. Fiber structure and function 

Despite the high evolutionary distance from other adenovirus fibers 
with already determined structure, the AlphaFold2, a deep learning 
automatic protein structure modeling method (Jumper et al., 2021), 
could generate a good quality model for the fiber knob domain: the 
average predicted local-distance difference test of the residues was 81.6. 
The fiber knob domain of the newly described great tit adenovirus 3 
fiber is 39 amino acids shorter than the chosen reference human 
adenovirus 26 fiber knob domain: 146 instead of 185 amino acids. The 
beta-barrel fold was well conserved but significant differences were 
identified in the loop structures (Fig. 4). Sialic acid docking scores and 
binding energies are summarized in Table 1. 

3.5. Putative sialidase structure and function 

The putative sialidase of great tit adenovirus 3 shows high sequence 
similarity and structural homology to the bacterial sialidase enzyme 
used as reference (PDB ID: 6MYV) (Zaramela et al., 2019). Hence, the 
models, generated by AlphaFold2 had good protein structure quality 
values: the averages of the predicted local-distance difference tests of the 
residues were 79.2 and 83.0 for the great tit adenovirus and the psit-
tacine adenovirus 2 sialidase, respectively. The docking calculation 
predicted that the sialidase of this newly found siadenovirus most likely 
binds oligosaccharides with sialic acid ending (Fig. 5 and Table 1). 
However, the bound sialic acid is not in an orientation where the 
glycosidic hydroxyl group is close to the enzymatic catalytic side chain 
that performs the nucleophilic attack. Moreover, in this enzymatic cat-
alytic site, an asparagine residue (Asn108) was revealed instead of the 
conserved aspartic acid (Figs. 5 and 6). Furthermore, in the other two 
modeled sialidase enzymes, the carboxylic acid group of the sialic acid is 
coordinated by three conserved arginines (bacterial: Arg203, Arg414 
and Arg478; psittacine: Arg83, Arg251 and Arg280; Fig. 5D and F), 
allowing the correct orientation of the glycosidic hydroxyl group to the 
catalytic aspartate side chain. In contrast, the great tit adenovirus sia-
lidase was mutated in two out of these three sites: Thr83 and Asn350 
(Figs. 5E and 6). 

4. Discussion 

Hereby, we present the complete genome of a great tit siadenovirus, 
and also a novel host species, Eurasian blue tit, for the previously 
described viral species Great tit siadenovirus A. The primary species 

Fig. 1. Renal histology of the Eurasian blue tit. Amphophilic intranuclear 
adenovirus inclusion bodies (arrowheads) within the necrotic renal tubular 
epithelium. Hematoxylin and eosin stain, bar = 20 μm. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 2. Renal histology of the great tit. A large amphophilic intranuclear 
adenovirus inclusion body (arrowhead) within a tubular epithelial cell. He-
matoxylin and eosin stain, bar = 20 μm. 
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demarcation criterion for siadenoviruses is 10–15% divergence on the 
DNA polymerase amino acid sequence (Benkő et al., 2022), and here 
65.3% sequence identity was measured highest for the genome 
sequenced adenovirus. Thus, we propose the establishment of a novel 
species, named Siadenovirus carbocapituli, derived from the Hungarian 
name of the host species (széncinege, roughly translated: coal tit) and its 
head colour. The proposed virus species contains two types: great tit 
adenovirus 2 and 3, the former represented by virus strain identifier 
49056 (Rinder et al., 2020), and the latter by strain S478/20. As the 
partial DNA polymerase-based amino acid sequence identity between 
the two types was 89.9%, and the two strains were detected from the 
same host species, distinct species were not proposed for the two strains. 
Though it must be stressed that the official primary species demarcation 
criterion is based on the complete derived amino acid sequence of the 
DNA polymerase, and here only a partial one was available from strain 
49056, representing great tit adenovirus 2. 

As binomial scientific names are required for all viral species names 
until 2023, hereby we propose a new name for the species Great tit sia-
denovirus A as well (Kovács et al., 2010): Siadenovirus paridarum, as a 
member strain had been detected previously from great tit and was 
detected now from a Eurasian blue tit, avian species that belong to the 
family Paridae. 

Both detected and analyzed tit adenoviruses were siadenoviruses. 

However, recently, a passerine atadenovirus, tentatively named 
passerine adenovirus 1, has also been reported from an eastern spinebill 
(Acanthorhynchus tenuirostris) in Australia (Athukorala et al., 2020). As 
there are over 140 families and 6500 species in the order Passeriformes, 
we propose the renaming of this adenovirus type to eastern spinebill 
adenovirus 1. 

Concerning the evolution of siadenoviruses, at least two viral clades 
are hypothesized to coevolve with passeriform birds. This hypothesis is 
based on the two observable monophyletic passeriform siadenovirus 
clades: the first one containing Gouldian and zebra finch strains (Joseph 
et al., 2014; Rinder et al., 2020); the second one great and Eurasian blue 
tit strains and zebra, long-tailed and double-barred finch strains 
furthermore (Kovács et al., 2010; Phalen et al., 2019). There is a single 
exception in the phylogenetic tree reconstruction: the Eurasian blackcap 
adenovirus 1 − though detected in a passeriform host − is not clustering 
into the mentioned two clades (Rinder et al., 2020). 

Both of the newly-detected tit adenoviruses (S425/20 and S478/20) 
originated from histologically confirmed cases, and several siadenovi-
ruses have been associated with avian nephritis earlier (Ballmann and 
Harrach, 2016; Joseph et al., 2014; Phalen et al., 2019), we assume that 
the renal pathologies might have been also of adenoviral origin. 
Although the exact pathogenicity levels of these viruses are unknown 
yet. Strain S478/20 (great tit adenovirus 3) was detected from a great tit 

Fig. 3. Phylogenetic analysis of the Eurasian blue tit and the great tit adenovirus strains (S425/20 and S478/20, respectively) compared to siadenoviruses based on 
the viral DNA polymerase amino acid sequences. The analyzed great tit adenovirus 3 and Eurasian blue tit adenovirus strains are in bold, and branches of passeriform 
adenoviruses are thickened. For great tit adenovirus strains, the strain identifiers are also given in parenthesis. 
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with − besides the nephritis − enlarged spleen and an intramuscular 
infection (Fischer et al., 2021). A generally weak, perhaps immuno-
suppressed state can be hypothesized which supports the exacerbation 
of chronic illnesses; thus, a primary pathogenic role of the virus is 

questionable. On the other hand, strain S425/20 (classified as great tit 
adenovirus 1) was detected from a traumatized Eurasian blue tit, which 
died most possibly in an abrupt way without the possibility of chronic 
illnesses to exacerbate. Still, histopathologic findings, intranuclear in-
clusion bodies were detected in its renal cells. Thus, higher pathoge-
nicity might be linked to great tit adenovirus 1 at least in Eurasian blue 
tits. This might be further supported by the fact, that this adenovirus 
type was detected from two distinct host species, the great and the 
Eurasian blue tit. Adenoviruses that have coevolved with their host 
species have a narrow host range – usually one species – and a low level 
of pathogenicity in general. Whereas adenoviruses with broader host 
ranges are often more pathogenic (Kaján et al., 2020). 

The sequenced great tit adenovirus 3 strain showed relatively high 
sequence identity with the chinstrap penguin adenovirus 1 based on the 
partial DNA polymerase amino acid sequence. Still, this new genome 
does contain a sialidase enzyme encoding gene, a homolog of which is 
missing from the penguin siadenoviruses (Lee et al., 2014). Another 
gene content debate is that of the so-called ORF4 (open reading frame 
4). This gene annotation had been omitted from the first complete sia-
denovirus genome of the frog adenovirus 1 in favor of the presumed 
hydrophobic protein (Davison et al., 2000). Later, the presence of ORF4 
has been supported based on its conserved nature in several avian sia-
denoviral genomes (Kovács and Benkő, 2011; Park et al., 2012; Surphlis 
et al., 2022). The genome of the great tit adenovirus 3 supports its ex-
istence further, whereas no hydrophobic-protein-encoding open reading 
frames were detected. On the right genomic end, further two open 
reading frames were annotated. Both possess homologs in some psitta-
cine siadenoviruses (QHB43567, QIJ58772, QXX30970, QXX30971, 

Fig. 4. Comparison of the great tit adenovirus 3 fiber knob structure with the reference human adenovirus 26 fiber knob. Superposition of the fiber knob monomers 
is in cartoon representation (A). Sialic acid binding sites are formed by two adjacent chains of fiber knobs in the reference human adenovirus fiber trimer (B) as well 
as in the great tit adenovirus fiber trimer (C). The electrostatic surface potentials of the trimeric fiber knobs (D and E), where red colour represents regions with a 
potential value below − 2.0 kT, white represents 0.0 kT and blue above +2.0 kT. Abbreviations: GTAdV-3, great tit adenovirus 3; HAdV-26, human adenovirus 26. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Sialic acid docking scores and energies to great tit adenovirus 3 fiber knob trimer 
and sialidase.   

Docking 
score 

GlideScore Emodel 
(kcal/mol) 

Is sialic acid in a 
“catalytic” 
orientation? 

Fiber knob trimer 
great tit 

adenovirus 3 
− 5.716 − 5.716 − 49.943 not relevant 

human 
adenovirus 26 
(6QU8) 

− 6.557 − 6.557 − 54.740 not relevant  

Sialidase 
great tit 

adenovirus 3 − 6.458 − 6.458 − 67.072 No 

psittacine 
adenovirus 2 

− 6.352 − 6.352 − 63.500 Yes 

bacterial 
(6MYV) 

− 7.579 − 7.579 − 80.353 Yes 

A single sialic acid binding site was explored, though the adenovirus fiber knob 
trimers have three equivalent sialic acid binding sites. Only the best docking 
scores are presented in this table. Lower docking scores correspond to higher 
affinity. Protein data bank accession numbers are given in parenthesis for the 
reference structures. 
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QZW33264, QZW33710, QZW33711) in the same genomic location and 
transcription direction (Athukorala et al., 2021; Sarker, 2021; Surphlis 
et al., 2022; Sutherland et al., 2019). Thus, the numbering of earlier 
described juxtapositioned open reading frames was continued, and these 
open reading frames were labeled as ORF9 and 10, respectively. 

Well-conserved 22K and 33K genes were found in the conserved 
genomic position and orientation, but the common start codon of these 
genes was substituted by the triplet: ACC. If the next in-frame start 
codon was accepted, this meant that the gene of 22K was completely 
omitted, whereas the 33K gene had a single exon and the product was 36 
amino acids long instead of 136. The sequence identity of the 22K gene 
product − with the alternative start codon accepted − was 59.2% (query 
cover: 98.96%) to the raptor adenovirus 1 homolog (AEC32102), 
whereas that of the 33K gene product was 55.6% (query cover: 95.59%) 
again to the raptor adenovirus 1 homolog (AEC32101) (Kovács and 
Benkő, 2011). These two genes are members of the conserved adenoviral 
gene cassette, which was found in every adenoviral genome to contain 
the same genes in conserved order and orientation (Davison et al., 
2003). Also, both proteins have crucial roles in the viral life cycle 
(Guimet and Hearing, 2013; Wu et al., 2013, 2012); thus, their absence 
is not hypothesized. The triplet ACC was found functional as a start 
codon in algal chloroplasts (Chen et al., 1995), and non-AUG start co-
dons are also used in eukaryotic cells (Kearse and Wilusz, 2017). 
Whether these genes are expressed using this alternative start codon 

requires further investigations. 
Based on the sialic acid docking studies, the great tit adenovirus 3 

fiber trimer binds sialic acid with good affinity similarly to several ad-
enoviruses within species Human mastadenovirus D (Table 1) or G 
(Arnberg, 2012; Arnberg et al., 2002; Lenman et al., 2018, 2015). As 
sialic acid is expressed both in Madin-Darby canine kidney cells and in 
the human kidney (Babal et al., 1996; Burmeister et al., 2004), it is 
hypothesized that the sialic acid is used in viral receptor binding and 
entry. Strong binding is also hypothesized for the viral sialidase to sialic 
acid, but its enzymatic activity is disputable. Enzymological studies 
proved that only an acid-based nucleophilic attack can initialize the 
sialic acid cleavage mechanism (Withers et al., 1992), but the otherwise 
conserved aspartic acid is replaced by an asparagine residue in this 
catalytic site. Theoretically, the deamination of this asparagine side 
chain may yield an active enzyme again (Pries et al., 1995); still, the 
great tit adenovirus 3 sialidase homolog is probably inactive, as due to 
further mutations in the binding site the sialic acid cannot be bound in a 
proper, reactive orientation. However, experimental data may help to 
determine the exact activity level of this sialidase. Both the 22/33K 
alternative start codon and the sialidase active site sequence were 
confirmed using Sanger sequencing: no disagreements were found be-
tween Sanger and next-generation sequencing results. 

Hereby we provide the complete genome sequence of great tit 
adenovirus 3 and propose that it is acknowledged as a member of a new 

Fig. 5. Comparison of a bacterial (A), great tit adenovirus 3 (B), and the psittacine adenovirus 2 (C) sialidase structure in complex with sialic acid. The sialic acid 
binding sites are in the middle of the beta-propeller domains (D–F). The electrostatic surface views show a significant difference in the catalytic sites (G–I). On the 
electrostatic surface models, red colour represents regions with a potential value below − 2.0 kT, white represents 0.0 kT and blue above +2.0 kT. Abbreviations: Arg: 
arginine; Asn: asparagine; Asp: aspartic acid; GTAdV-3, great tit adenovirus 3; PsAdV-2, psittacine adenovirus 2; Thr: threonine. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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adenovirus species: Siadenovirus carbocapituli. The previously described 
viral species Great tit siadenovirus A is proposed to be renamed Siade-
novirus paridarum, and also a novel host species, the Eurasian blue tit, is 
described for one of its strains. 

Funding 

This research was partially funded by the National Research, 
Development and Innovation Office (grant number NN140356) and 
partially implemented with the support provided by the Ministry of 
Innovation and Technology of Hungary (legal successor: Ministry of 
Culture and Innovation of Hungary) from the National Research, 
Development and Innovation Fund, financed under the TKP2021-EGA- 
01 funding scheme of the National Research, Development and Inno-
vation Office. The research of GLK is supported by the János Bolyai 
Research Scholarship of the Hungarian Academy of Sciences. 

CRediT authorship contribution statement 
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