
Novel adenovirus associated with necrotizing bronchiolitis in a captive reindeer (Rangifer tarandus)
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Abstract
[bookmark: _Hlk64468547]Adenoviruses cause a range of important diseases across many diverse animal species including ruminants. They are classified into 6 genera in the family Adenoviridae. In deer species, two adenoviruses are currently recognised: deer adenovirus 1 in the Atadenovirus genus, and deer adenovirus 2 in the Mastadenovirus genus. Deer adenovirus 1 causes adenovirus haemorrhagic disease with high fatality in black-tailed and mule deer in North America. Conversely, deer adenovirus 2 was incidentally detected from a healthy white-tailed deer fawn, but experimentally it has been shown to cause pyrexia, cough and moderate to severe haemorrhage. Here, we detected a novel adenovirus, reindeer adenovirus 1, from lung lesions of a five-year-old male reindeer (Rangifer tarandus). This animal presented with aspiration pneumonia and necrotizing bronchiolitis following a period of clinical weakness, nasal discharge and wasting. Histopathological examination of the lung revealed large intranuclear basophilic inclusions associated with the areas of necrotizing bronchiolitis. Next generation sequencing of the lung tissue identified a novel mastadenovirus with close similarity to deer adenovirus 2 and bovine adenovirus 3. To our knowledge, this is the first report of a deer mastadenovirus associated with necrotizing bronchiolitis in captive reindeer.


1. INTRODUCTION
Adenoviruses cause a range of important diseases across many diverse animal species, and are classified into six genera based on phylogeny, host species and genome organization; Mastadenovirus (infecting mammals), Atadenovirus (infects squamate reptiles, ruminants, birds, marsupials and tortoises, Aviadenovirus (infects birds), Ichtadenovirus (affects fish), Siadenovirus (infects birds, frog and tortoises) and Testadenovirus (infects turtles) (Harrach et al., 2011; Harrach et al., 2019; Harrach & Benkő, 2021; https://sites.google.com/site/adenoseq/). 
[bookmark: bbib0060]In deer, adenovirus haemorrhagic disease (AHD) is caused by Odocoileus adenovirus 1 (OdAdV-1, syn. deer AdV-1), species Deer atadenovirus A which is a member of the genus Atadenovirus. The virus can cause systemic vasculitis with high mortality and the potential of high fatality (Woods et al., 1999; Lehmkuhl et al., 2001; Zakhartchouk et al., 2002). Since discovery of mule deer (Odocoileus hemionus) AHD in California in 1994 (Woods et al., 1996), outbreaks have also been reported in black-tailed deer (Odocoileus hemionus columbianus) (Boyce et al., 2000). Retrospective investigations also found OdAdV-1 responsible for mass HD mortality in mule deer species as far back as 1981 (Woods et al., 2018). AHD has also been reported in Canadian moose (Alces alces) (Shilton et al., 2002), but never in Europe or in European species of deer. A novel mastadenovirus (deer AdV-2 syn. OdAdV-2, Deer mastadenovirus B) has also been isolated incidentally from captive white-tailed deer (Odocoileus virginianus). Infection of white-tailed deer fawns at three months of age with this virus, however, caused biphasic pyrexia in 80% and cough in 40% of the fawns (Ridpath et al., 2017). 
[bookmark: _Hlk81902960]Reindeer, also known as caribou (Rangifer tarandus) are the most abundant large terrestrial herbivore across the Arctic, playing a key role in supporting predator populations and indigenous peoples (Mallory & Boyce, 2018). The submitted five-year-old male reindeer in this report was kept with a group of thirteen other unaffected reindeer at a free-range egg farm in the UK, open to the public where pigs and goats were also kept. The reindeer had been “working” (hired for public Christmas events) until about 1 month prior to postmortem examination. It is unknown whether this animal may have also come into contact with other free roaming deer native to the UK. This reindeer initially presented with clinical signs of sudden onset respiratory distress and weakness that began two weeks prior to death, which progressed to nasal discharge, uncoordinated gait and marked condition loss. Endoscopy suspected pneumonia, however, response to multiple antibiotic treatments was poor and the reindeer was subsequently found dead. 
Here, we describe detection of a novel adenovirus, reindeer adenovirus 1 (ReAdV-1) from lung tissue of this animal along with its complete genome sequence, genomic organisation and phylogenetic analysis and provide evidence that the virus may represent a new species within the Mastadenovirus genus.

2. MATERIALS AND METHODS
Sections (3–5 µm) of paraffin embedded formalin-fixed lung tissue were either stained with haematoxylin and eosin (H&E) or subjected to immunohistochemistry. Immunohistochemistry utilising a primary antibody (polyclonal goat anti adenovirus; (Bio-Rad; product number 0151-9004) which binds numerous adenovirus proteins including hexon protein, and reacts with adenovirus types 1-6, 7a, 8, 31, 40 and 41 was performed as described previously (Verin et al. 2019). Slides were imaged with a Zeiss Axioscan Z1 digital slide scanner.
For next generation sequencing (NGS), approximately 25 mg of retained frozen lung tissue was processed for nucleic acid extraction as described by Dastjerdi et al. (2014). This extract (10 µl) was also subjected to whole genome amplification using REPLI-g® Cell WGA & WTA kit (Qiagen) as per the manufacturer’s instructions. The nucleic acids were then sequenced through NGS (Dastjerdi et al., 2015) and analysed by reference-guided, initially viral reference sequences and then deer AdV-2 and bovine AdV-3 sequences from the GenBank, and de novo assembly applications. Ambiguities in the SeqMan NGen 17 assembled sequence were verified by conventional PCRs and sequencing.
Genome annotation was carried out as described previously (Vidovszky et al., 2019) and MegAlign software (DNASTAR) was used to align the polymerase sequences and draw sequence similarity. Phylogenetic analysis was conducted in MEGA X (Kumar et al., 2018) and the evolutionary history was inferred using the Maximum Likelihood method, Le_Gascuel_2008 model (Le & Gascuel, 2008) and bootstrap estimation method by 500 samplings (Felsenstein, 1985).

3. RESULTS
At postmortem examination, the lungs were heavy, dark-red, and very firm with an enhanced lobular pattern. On cut sections, the tissue bulged and contained multiple foci of thick, pink-beige fluid (pus), with a dark-red rim (abscesses). Within some of these abscesses was tan, fibrous material (forage). The bronchial lymph nodes were moderately to markedly enlarged and dark-red. Lung and liver bacteriology showed variable growth of mixed flora with no predominance of pathogenic bacteria. 
Histopathological examination of the lungs revealed an acute necrotising bronchiolitis and subacute aspiration pneumonia. The bronchiolitis was characterised by degeneration and necrosis of the bronchiolar epithelium with intraluminal neutrophils admixed with necrotic cell debris. Remaining epithelial cells frequently contained large, up to 6 µm, intensely basophilic intranuclear inclusion bodies indicating probable adenovirus infection (Fig. 1). Elsewhere, bronchioles were occluded by large fragments of cellulose material, and bronchioles and alveoli were filled with viable and degenerate neutrophils, fibrin aggregates, foamy macrophages, amorphous eosinophilic and karyorrhectic (necrotic) debris, and colonies of Gram-positive cocci. Within these areas, alveolar septa were multifocally lost or fragmented (necrosis) and necrotic debris often mineralised. Multifocally in areas not obviously affected by aspiration, bronchioles contained neutrophils and necrotic cell debris with evidence of degeneration and necrosis of the lining bronchiolar epithelium (necrotizing bronchiolitis). Epithelial cells frequently contained large, up to 6 µm, intensely basophilic intranuclear inclusion bodies indicating probable adenovirus infection (Fig. 1) although other viruses capable of causing intranuclear inclusions were considered (such as herpesviruses). Immunohistochemistry for adenovirus antigen demonstrated numerous intralesional positively labelled degenerate bronchiolar epithelial cells (Fig. 2).
NGS has resulted in a total of 89,949,670 sequence reads for the amplified and non-amplified templates. A total of 889,278 sequence reads with average length of 95 bases generated a near complete ReAdV-1 genome with a median coverage of 3107. This assembled sequence was verified against 1827 sequence contigs. These contigs were generated through depletion of reindeer genome sequence (accession number GCA_004026565.1) from the NGS raw sequence data and de novo assembly of unassembled sequence reads. The right end inverted terminal repeat (ITR) sequence was completed by inference based on the assumption of it being of identical sequence to the left end ITR. No other known viruses were detected through reference-guided assembly or BLAST search of the de novo assembled contigs. 
The ReAdV-1 genome, accession number MZ507556, was found to be 34,822 base pairs with ITRs of 166 bp and a relatively high G+C content of 61.25%. ReAdV-1 displayed a typical mastadenovirus genome organization with the genus-specific genes encoding proteins V and IX and the E1, E3 and E4 regions (Fig. 3). The ReAdV-1 genome is predicted to clone for 30 proteins, each showing clear homology to their orthologues in mastadenoviruses. The expected splicing sites were identified in the genes for IVa2, polymerase, pTP and 33K. Interestingly, the gene E1A seemed not to be spliced, while in most mastadenoviruses, it is coded by two exons (Reddy et al., 1998; Zhao et al., 2014). The gene for the whole U exon protein (UXP) was also identified by predicting splicing sites for three exons. The E3 region of mastadenoviruses usually contains several ORFs, and in the E3 region of ReAdV-1, we predict two genes. One of these (E3 ORF-1) is rather unique, with homologues only in deer AdV-2, bovine adenovirus 3 (BAdV-3), and ovine adenovirus 8 (OAdV-8) (Reddy et al., 1998; Ridpath et al., 2017; Vidovszky et al., 2019). Nevertheless, a second protein is also encoded in the E3 region, originally named 121R in BAdV-3 but actually being a homologue of E3 14.7K, found in several mastadenovirus genomes. Neither ReAdV-1 nor deer AdV-2, BAdV-3 or OAdV-8 contained the E3 12.5K gene, which is present in almost every mastadenovirus (Davison et al., 2003; Ursu et al., 2004). This short E3 region is more typical of some rodent and bat AdVs than other mammalian AdVs, whilst primate AdVs have especially complex E3 region (Hemmi et al., 2011; Kohl et al., 2012; Podgorski et al., 2016). The E4 region contains a 34K homologue. This gene (called ORF6 in human AdVs) is preserved both in mastadenoviruses and in the atadenoviruses. The coded protein, in association with E1B 55K, target cellular proteins for degradation (Gilson et al., 2016). The less-conserved part of E4 region contains four ORFs, each showing 46-86% amino acid sequence identity with the corresponding E4 proteins of deer AdV-2, BAdV-3 and OAdV-8. E4 ORF-1, -2 and -4 showed sequence homology only to the corresponding ORFs of deer AdV-2, BAdV-3 and OAdV-8 while E4 ORF-3 shows up to 36% identity also with the 34K protein of these and many other mastadenoviruses; reflecting homology between these two proteins.
The virus demonstrated closest amino acid sequence identity with those of deer AdV-2 (85.8%) and bovine AdV-3 (81.5%) for their polymerase as shown in GenBank (i.e. the non-spliced version of deer AdV-2 and the spliced version of BAdV-3 polymerase). Phylogenetic analysis accordingly clustered the virus in the Mastadenovirus genus and close to these two viruses, but in distinct branches (Fig. 4). The virus was only distantly related to other adenovirus genera in the Adenoviridae family including deer AdV-1 (45.8% identity for the polymerase; genus Atadenovirus). 

4. DISCUSSION
Here we present discovery and characterisation of a novel adenovirus seemingly capable of causing necrotising bronchiolitis in reindeer. Uncertainty is surrounding the likely pathogenicity of mastadenoviruses in adult deer species. In this case, the presence of intraepithelial intranuclear adenoviral inclusions and epithelial cytopathic effects supports the notion that ReAdV-1 is capable of directly causing necrotizing bronchiolitis in reindeer. What is unclear is how this animal was initially infected and whether this animal had already been immunocompromised to predispose to adenoviral infection and lesions. It is also uncertain whether the ReAdV-1 was involved in the initiation of the pneumonia or purely in progression of the pneumonia, as there were co-existent subacute lesions of aspiration pneumonia.
Mammalian adenoviruses mostly belong to the genus Mastadenovirus, however, atadenoviruses can also be found in ruminants such as cattle, sheep, goat or deer. In this context, we investigated which of these two genera the discovered adenovirus belonged to. The virus undoubtedly clusters into the genus Mastadenovirus, and practically satisfies the AdV species demarcation criterion of having a phylogenetic distance of >10–15% in polymerase sequence (Harrach & Benkő., 2021). Although the closest similar AdV was the deer AdV-2, the splicing sites of deer AdV-2 genes were not predicted in the GenBank entry for comparison. A frame shift, caused by a possible sequencing mistake in the AdV-2 genome, also made identification of the splice donor and acceptor sites of the polymerase gene impossible. In spite of this, the difference between the polymerase sequences of deer AdV-2 and ReAdV-1 is clearly more than 10% (almost 15%) which means that ReAdV-1 can be considered a novel AdV species. ReAdV-1 also fulfils the criterion to have a different host species, i.e. reindeer. The two criteria together propose that a new species should be established for this virus. The proposed species name must also follow the recently accepted ICTV policy for the obligatory binomial (preferably latinized or Latin) Linnaean species naming ( Siddell et al., 2020; Adriaenssens et al., 2021). Thus the Latin name of the so far unique host could be applied and then the proposed species name may be Mastadenovirus tarandri (genitive of tarandus, the Latin name of reindeer). Eventually, also all the presently official adenovirus species names must be changed and they could follow this or similar naming system.
Further research regarding this virus should be aimed at establishing the prevalence of wider exposure of reindeer and whether this virus may be implicated in disease processes in this species and possibly in other ruminants. These studies may also shed light on the source of this virus.
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FIGURE 1 Bronchioles contained neutrophils and necrotic cell debris with lining bronchiolar epithelial cell degeneration and necrosis (necrotizing bronchiolitis), frequently with large, up to 6 µm intensely basophilic intranuclear inclusion bodies. Arrows indicate numerous intranuclear basophilic inclusion bodies that peripheralise the chromatin. H&E stain.

[bookmark: _GoBack]FIGURE 2 Bronchioles contained numerous degenerate bronchiolar epithelial cells that labelled positively of both cell membrane and cytoplasmically, indicated by the brown labelling (arrow) in immunohistochemistry for adenovirus antigen.

FIGURE 3 Genomic organisation of reindeer adenovirus 1 (ReAdV-1). Different colours are used to indicate genes that have homologs in other adenoviruses. Blue, genes are present in all AdVs; red, genes occurring in both mastadenoviruses and atadenoviruses; green, genes specific to mastadenoviruses; yellow, genes with homologues only in deer AdV-2, bovine AdV-3 and ovine AdV-8. ITRs are labelled with black.

FIGURE 4 Maximum-likelihood phylogenetic analysis of reindeer adenovirus 1 (ReAdV-1) DNA polymerase and those of representative adenoviruses from the six adenovirus genera. The tree with the highest log likelihood (-75708.09) is shown. Initial tree for the heuristic search was obtained automatically by applying Neighbour-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT model, and then selecting the topology with superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate differences among sites [5 categories (+G, parameter = 0.7913)]. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The percentage of trees in which the associated taxa clustered together in the bootstrap analysis is shown next to the branches. Bootstrap values less than 50% were omitted.

1

