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Abstract
	Here, we propose the establishment of a new, sixth genus in the family Adenoviridae for novel adenoviruses (AdVs) that have recently been discovered in several hosts belonging to superfamily Testudinoidea of the order Testudines. These AdVs form a lineage that is phylogenetically distant from the existing AdV genera. We propose the genus name Testadenovirus, which refers to the host origin. This genus would be represented by the exemplar red-eared slider AdV-1 classified into the type species Pond slider testadenovirus A. We also propose the creation of five new species in existing genera: Bovine atadenovirus E, Lizard atadenovirus B, Guinea pig mastadenovirus A, Psittacine siadenovirus D and Psittacine siadenovirus E. The new species are justified by multiple species demarcation criteria, including phylogenetic distance, genome organization, host and serology.


Text of proposal
		1. We propose the establishment of a new genus for AdVs that infect (and have supposedly coevolved with) testudine hosts. This is supported by the following findings. 
Phylogeny
The existence of a distinct lineage of AdVs infecting turtles has been described in different countries and turtle hosts (1, 2, 4, 6, 7, 10, 19). In the NCBI database, partial sequences from the DNA polymerase and hexon genes are currently available from viruses found in 5 and 3 different turtle species, respectively (https://sites.google.com/site/adenoseq/). In phylogenic reconstructions based on short partial sequences, these novel AdVs appear very close to each other but well-separated from all other known AdVs (4). A targeted PCR survey resulted in the recognition of seven genetic variants of the novel virus in yellow-bellied and red-eared sliders (Trachemys scripta scripta and T. s. elegans), with some animals harbouring more than one AdV. The distribution of the different variants was not related to the subspecies affiliation of their hosts. From one AdV variant, derived from a red-eared slider, an approximately 15-kbp PCR fragment encompassing the central part of the genome was sequenced. Phylogenic reconstructions based on the full length amino acid (aa) sequences of the DNA polymerase and penton base proteins, as well as on the partial hexon protein sequences, further confirmed the phylogenetic distinctness and genus-level separation of the novel AdV clade (Figs. 1, 2 and 3).
Hosts and coevolution
Turtles (Testudines) represent a very (if not the most) ancient lineage of vertebrates, appearing 220-260 million years ago. Thus, it is not surprising that their AdVs are markedly different from the AdVs of other vertebrate orders and classes. The ancient host origin alone could merit the classification of these AdVs into a separate genus.
We hypothesize that these AdVs have coevolved with members of the Testudines. One proof for this hypothesis is the remarkable similarity between the phylogenetic tree topologies of AdVs from red-eared slider, yellow-bellied slider, ornate box turtle (Terrapene ornata ornata), eastern box turtle (Terrapene carolina carolina), pancake tortoise (Malacochersus tornieri) and red-footed turtle (Chelonoidis carbonarius) and that of their hosts (Fig. 4). The separation of two major AdV clades corresponds to that of the hosts’ families (Testudinidae and Emydidae).
Genome differences
The G+C content of the sequenced genome portion of red-eared slider AdV-1 (NCBI GenBank Acc. No.: JN632576) is balanced (55.2%), and therefore the possibility of a recent host switch has not been considered.
The absence of the protein V gene, along with the phylogenetic data and the hosts, clearly separates this lineage from the other AdV genera.
Red-eared slider AdV-1 has the longest pVI protein (286 aa) among the known AdVs except porcine AdV-3 (which is a mastadenovirus). At the same time, it has the shortest pVII protein (57 aa) after white sturgeon AdV-1 (Fig. 5). The protease cleavage signals on pVI and pVII are usually characteristic of a given genus (Fig. 5 and Fig. 6). The second cleavage signal on pVII is of type I in siadenoviruses and the proposed testadenoviruses, as well as in mastadenoviruses. However, all the known siadenovirus cleavage signals start with ‘L’, while in red-eared slider AdV-1 it starts with ‘M’ (Fig. 5). White sturgeon AdV-1 even lacks this second cleavage signal.
The second cleavage signal in pVI is even more different (Fig. 6). All known AdVs have a type II signal in this position, whereas red-eared slider AdV-1 alone has an exclusive type I signal. Furthermore, the third fragment (pVIc, which, by attaching to it, enhances the enzymatic capability of the viral protease) of the processed pVI contains 11 aa in every AdV but red-eared slider AdV-1, where its length is only 10 aa. These differences underscore the uniqueness of the novel AdV lineage compared to members of the other genera.
To reflect the characteristic host range, we propose the name Testadenovirus for the new genus.

2. We propose the creation of a new AdV species in the above proposed genus for the classification of the exemplar virus from red-eared slider. As red-eared and yellow-bellied sliders were found to harbour identical variants, and are of subspecies of the same slider species, which have the common name of pond sliders, we propose to name the new species Pond slider testadenovirus A.

3. We propose the establishment of a novel species, Bovine atadenovirus E for the classification of bovine AdV-6 (BAdV-6). This virus was isolated and described as a new serotype long ago (17). Subsequently, it has been detected repeatedly (8). Its full hexon gene (12) then finally its entire genome have been sequenced (5). The genomic DNA has a low (35.1%) G+C content. BAdV-6 was classified into genus Atadenovirus (Fig. 2) without any species assignment. One of the AdV species demarcation criteria is the 10-15% difference in the aa sequence of the DNA polymerase. In phylogeny inference as well as in pairwise aa sequence identity, the BAdV-6 DNA polymerase was found to be adequately different from the most similar atadenoviruses, namely BAdV-4 and deer AdV-1 (Fig. 1, Fig. 7). The different host species, compared to deer AdV-1 (syn. Odocoileus AdV) and the lack of cross-neutralization with BAdV-4 or BAdV-7 justify the novel species.

4. Bearded dragon AdV-1 (its earlier syn. name being agamid AdV-1) was first characterised by a consensus-primer-based PCR (21). Later, it was found to be common in captive-bred bearded dragons (Pogona vitticeps) in numerous countries. It was also detected in central netted dragons (Ctenophorus nuchalis) in Australia. Recently, the whole genome of bearded dragon AdV-1 has been published (14). The virus belongs to genus Atadenovirus, like all AdVs from squamate reptiles. Its genome encodes proteins of the C-type lectin-like domain superfamily, which are non-homologous to ORF19 of aviadenoviruses, the only hitherto adenoviral protein of the same superfamily. Based on species demarcation criteria (phylogeny and individual pairwise distance of the DNA polymerase, host, genome organisation), it merits the establishment of a new species to include it (Fig. 1, Fig. 7). Since this virus has been detected in lizards of different species, it seems to be logical to follow the earlier naming policy and propose the species name of Lizard atadenovirus B.

5. Short sequences of AdVs from guinea pig (Cavia porcellus) have been described previously (16). By now, the full genomic sequences of two strains, one AdV from Australia (MN986925) and another one from Germany (MN986926) have been reported (11). Based on phylogeny, pairwise distance (Fig. 1, Fig. 8) and the unique host, these AdVs merit the establishment of a new species with a proposed name of Guinea pig mastadenovirus A.

6. To date, full sequences of several psittacine AdVs have been described. Some AdVs found in birds of various psittacine species turned out to be of identical types. It is essential that such viruses have a uniform, valid naming. We adopted the approach of using a collective name (i.e. psittacine) with ascending type numbers, as opposed to the current practice, according to which the numbering is re-started each time when the virus is detected in a new host. Following this logic, we propose the name psittacine AdV-5 for the siadenoviruses, detected in four different hosts. These hosts include Pacific parrotlet (Forpus coelestis; MK695679) (9) and sun parakeet (syn. sun conure; Aratinga solstitialis; MN450070). Both of these viruses are now fully sequenced. Additionally, the AdVs reported from a cockatiel (Nymphicus hollandicus; MH507070) (3) and a budgerigar (Melopsittacus undulatus; AB485763) should also be named as psittacine AdV-5. Another psittacine siadenovirus shows adequate divergence for being named with the next available type number, psittacine AdV-6. It comes also from a budgerigar and is fully sequenced (MN687905) (15). In spite of representing two different types, psittacine AdV-5 and psittacine AdV-6 should be classified into a common species, based on the species demarcation criteria (Fig. 1, Fig. 7). According to the earlier naming policy, we propose the species name Psittacine siadenovirus D. Psittacine siadenovirus C has just been accepted (20). The appropriateness of the general name (Psittacine) is justified by the occurrence of these viruses in members of multiple psittacine species.

7. We propose the establishment of a further species, Psittacine siadenovirus E, to include the siadenovirus found recently in the little corella (Cacatua sanguinea; MK227353) (18). This virus fulfils the species demarcation criteria (Fig. 1, Fig. 7).
The introduction of the above-proposed type and species naming would likely prevent the mixing up of these viruses in future since the emergence of additional similar viruses is expectable.

This work was supported partly by a grant provided by the Hungarian Scientific Research Fund (OTKA NN128309).
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Fig 1. Phylogenetic tree of AdVs based on maximum likelihood analysis of DNA-dependent DNA polymerase (pol) amino acid sequences from one AdV from each species or candidate species, or distinct strain with the full pol sequence known. Only the proposed species Psittacine siadenovirus D is represented by three virus strains. Multiple alignment: MultAlin; model selection: ProtTest 2.4; maximum likelihood calculation: PhyML 3.1 with model LG+I+G and Shimodaira-Hasegawa-like branch test for statistical test for branch support on the Galaxy/Pasteur platform. Unrooted calculation; white sturgeon AdV-1 and red-eared slider AdV-1 are selected as outgroups for visualization. Species names (if any) are shown after the virus names. Genus names are noted and the branches belonging to special genera are shown by different colours. Red letters designate the proposed novel species and genus. From the name of the AdV types the word adenovirus/AdV was removed for clarity. The branches of primate AdVs are collapsed. The bar indicates 20% difference between two neighbouring sequences. SH (Shimodaira-Hasegawa) branch support values are shown at the nodes.
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Fig 2. Midpoint rooted phylogenetic tree of AdVs based on maximum likelihood analysis of full length penton base amino acid sequences from AdVs one from each species and candidate species, or distinct strain with full pol sequence known (except three strains belonging to proposed species Psittacine siadenovirus D). Multiple alignment: T-Coffee Server; model selection: ProtTest 3.4.2; maximum likelihood calculation and statistical test: PhyML 3.0 with model LG+I+G+F and Shimodaira-Hasegawa-like approximate likelihood-ratio test for branches on the ATGC bioinformatics platform. Species names (if any) are shown after the virus names. Genus names are noted and the branches belonging to special genera are shown by different colours. Red letters sign the proposed novel species and genus. The word adenovirus/AdV was removed from the names of the AdV types for clarity. The bar indicates 20% difference between two neighbouring sequences. SH (Shimodaira-Hasegawa) branch support values are shown at the nodes.
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Fig 3. Midpoint rooted phylogenetic tree of AdVs based on maximum likelihood analysis of partial hexon amino acid sequences (137 aa). Multiple alignment: T-Coffee Server; model selection: ProtTest 3.4.2; maximum likelihood calculation and statistical test: PhyML 3.0 with model LG+I+G and Shimodaira-Hasegawa-like approximate likelihood-ratio test for branches on the ATGC bioinformatics platform. Species names (if any) are shown after the virus names. Genus names are noted and the branches belonging to specific genera are shown by different colours. Red letters designate the proposed testadenovirus species and genus. The word adenovirus/AdV was removed from the names of the AdV types for clarity. The bar indicates 10% difference between two neighbouring sequences. SH (Shimodaira-Hasegawa) branch support values are shown at the nodes.
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Fig. 4. Comparison of the phylogenetic trees of testadenoviruses (left) and turtle hosts (right) Midpoint-rooted phylogenetic tree reconstructions of testadenoviruses calculated on 92 amino acid-long alignment of DNA-dependent DNA polymerases (maximum likelihood method, JTT+I model) and turtle hosts calculated on 1086 nucleotide-long multiple alignment of the mitochondrial cytochrome b genes (maximum likelihood method, GTR+G model). The reliability of the nodes was tested using the Shimodaira–Hasegawa-like approximate likelihood-ratio test. The scale bars above the trees indicate the number of amino acid and nucleotide substitutions per site.
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Fig. 5. Protease cleavage signals (type I, II, IIb and III) in pVII. The actual cleavage site is after the fourth aa. The cleavage signal of red-eared slider AdV-1 (type IIb and type I) are similar to those of the phylogenetically closely related siadenoviruses, but still distinct. 
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Fig. 6. The second protease cleavage signals (type I and II) in pVI (the exact cleavage site is indicated by arrows). Only the red-eared slider AdV-1 (slider-1) has a type I protease cleavage signal (M/I/L)XGG-X). The length of pVIc cofactors (designated by red or green capitals) are 10 aa (slider-1) or 11 aa (members of all other genera). The exemplars of the new candidate species in this proposal are designated by asterisks.
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Fig. 7. Pairwise identity of the DNA-dependent DNA polymerase amino acid sequences of the non-mastadenoviruses representing the official AdV species and further unclassified strains. Sequence Demarcation Tool ver. 1.2 (13), Muscle alignment. The first cut-off value is 90% identity, the second is 46%. Red-eared slider AdV-1 (slider_A) shows less than 46% identity (42%) to the phylogenetically most closely related white sturgeon AdV-1 (sturgeon_A; Sturgeon ichtadenovirus A) and all other known AdVs. Similarly, members of the established genera show less than 46% identity to any members of the other genera. The unclassified white-eyed parakeet AdV (whe_parak) shows 90% identity with psittacine AdV-3 (psittaci3A; Psittacine siadenovirus A) and thus most probably should be classified into this species. Psittacine AdV-5 from Pacific parrotlet and also from sun parakeet, furthermore psittacine AdV-6 from budgerigar, show more than 95-99% identity and thus belong to the same novel proposed species Psittacine siadenovirus D.
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Fig. 8. Pairwise identity of the DNA-dependent DNA polymerase amino acid sequences of mastadenoviruses (except primate AdVs) representing different AdV species or unclassified strains. All of them, including guinea pig AdV-1, show more than 15% difference, which is the species demarcation criterion. Guinea pig AdV-1 shows only 54% identity with porcine AdV-3, the most closely related AdV.
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Mastadenovirus

human-2 MS I L I S P S N N T GWG L R F P S K MF GG A K K R S DQ H P V R V R GH Y R A PWG A - - - - - - - -

human-12 MS I L V S P S N N T GWG L G A - A R MY GG A K T R S S Q H P V R V R GH Y R A PWG A - - - - - - - -

human-40 MS I L I S P D N N T GWG L C S - A GMY GG A K R R S S Q H P V R V R GH Y R A PWG A - - - - - - - -

bovine-2 MA I L V S P S N N T GWG L GC - K S MY GG A R R L T E H H P V L V R R H F R A SWGS - - - - - - - -

canine-1 MA I L I S P S N N T GWG L G T - H K L F GG A K Q K S DQ H P V Y VQ A H Y R A PWGS - - - - - - - -

porcine-3 MA I L V S P S N N F GWG L G L - R S MY GG A R R L S P D H P V I V R R H Y R A NWA S - - - - - - - -

murine-1 MS I L I S P S D N T GWG L G T - GK MY GG A R K R S A E H P V H V R S YWR A AWGS - - - - - - - -

murine-2 MS I L I S P S N N T GWG L G V - S K MY GG A L T RQ GP Y T V A V R S Y Y R R PWGS - - - - - - - -

dolphin-1 MA I L V S P S N N T GWG L G L - K T MY GG A R V L S E H H P V K V V S H Y R AQWGS - - - - - - - -

sealion-1 MS I L I S P T N N T GWG I GS - G I L Y GG A R T R S D V H P V K V R A H Y R A AWGS - - - - - - - -

treeshrew-1 MA I L V S P S N N S GWG L G V - K S MY GG A R K R S A A H P V L V K K H Y R A PWG T - - - - - - - -

Aviadenovirus

fowl-1 MS I L I S P S D N R GWG A N MR - - - - - - - - Y R R R A S MR G V GR R R - - - - - - - - - - - - - -

fowl-9 MS I L I S P N D N R GWGM - - R R - - R - - - - - - - - S S MR G V G I R R - - - - - - - - - - - - - -

fowl-4 MS I L I S P N N N T GWGM - - R R R S R S - - - - - - - S S MR G V GMR R - - - - - - - - - - - - - -

turkey-1 MS I L I S P S D N R GWG A A MR R R C R - - - - - - - - S S MR G V G L R R - - - - - - - - - - - - - -

goose-4 MS I L I S P S D N R GWG T MMR R - S R S R S T MR R R P A MR G T G V R R - - - - - - - - - - - - - -

duck-2 MS I L I S P S D N R GWG A MMR R - T R S C S R MR H R S A MR G T G L R R - - - - - - - - - - - - - -

pigeon-2 MS I L I S P S D N R GWGM - - R R R T R - - - - - - - - S S MR G V G V R R - - - - - - - - - - - - - -

Atadenovirus

bovine-4 MS I L MS P S D N T GWGS I G T A L MR A T G V K F S K RQ P V R V R P Y Y R AQWGQ L - - - - - - -

duck-1 MS I L MS P A D N T GWG - L G T R ML R A T G L R F S E R E P V R V R S Y Y R AQWGQ L - - - - - - -

ovine-7 MS I L V S P S D N T GWG - I G T S S MR A T G L K F S K K Q P V R V R P Y Y R AQWGQ L - - - - - - -

psittacine-3 MS I L I S P S D N T GWG - V G T T L MR A T G T R F T D D E P V R V R A Y Y R AQWGQ R - - - - - - -

snake-1 MP I L I S P S D N T GWG - L GK L R I R A T G L T F T D S T P V S V R H Y F R D S GGQ R - - - - - - -

lizard-2 MS I L I S P S D N T GWG - L GN C R I R G T G A R F T L S T P V P V R H Y Y R AQWGS K - - - - - - -

bearded dragon-1 MS I L I S P S D N T GWG - I G T S L L R G T G L R Y R R AQ P V P V H S Y Y R S QWGQ L - - - - - - -

Siadenovirus

frog-1 MT A V L L S P A D N R GWG A R A MR GS G V Y L V GG A S A P S D V Y T - - - - - E H V R G YWR R K R

greattit-1 MT A V F Y S P GD S R GWG L GS S S MR D Y Y L I GG A L Q P S D V Y T - - - - - V R V R E HWR R K R

raptor-1 MS S I V Y S P A D S R GWG I GN T A MR - A Y L I GG A L E P S D V Y T - - - - - V R V R E HWR R K S

skua-1 MA S I V Y S P GD S R GWG I GN S A MR D Y Y L V GG A L E P S D V Y T - - - - - V R V R E HWR R K S

THEV MH S V V Y S P GD S R GWG I GN S S MR D Y Y L I GG A L Q P S D I Y T - - - - - V R V R E HWR R K R

Testadenovirus

slider-1 MY L G L T S P GN T R GWGR R MY R R R R R R MT GGS V A S R V GH L E R N Y S Y R DQ R GWE V K F

Ichtadenovirus

sturgeon-1 MY - - - - S T GD S T GWGR R V S Q I R F S F Q I F - - - - - - - - - - - - - - - - - - - - - - - - - -
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Mastadenovirus

human-2 G N W Q S T L N S I V G L G V Q S L K R R R C F

human-12 S N W Q S T L N S I V G L G V K S L K R R R C Y

human-40 A N W Q S T L N S I V G L G V K S L K R R R C Y

canine-1 R G W Q G T L A N I V G V G L S N V K R R R C F

porcine-3 R G W Q N K L N T I V G L G V R T C K R R R C Y

murine-1 H H W Q G T L D S I M G L G L Q P I K R R R C F

murine-2 G D W Q S K L A N V V G A G L R C S R R R R C F

dolphin-1 R G W Q G A L N N L V G V G M K F L R Q K K Q Y

sealion-1 M G W Q S T L N N I V G M G V R V N K R R R C F

Guinea  pig-1* T R W Q T T L N D I V G L G F H I D K R R R C Y

treeshrew-1 L G W Q G K L N S I V G V G V R P I K R R R C Y

Aviadenovirus

fowl-1 G Q W R A R L D S L S G T G V A T A T R R M C Y

fowl-9 G S W R T R L N S L S G N G V A V S R R R M C Y

fowl-4 G S W R A R L N T L S G T G V N V S S R R L C Y

turkey-1 G S W R A R L D T L A G K G V A S S R K R M C Y

goose-4 G T W R S R L D S M T G S G V Q Y M K K R M C Y

duck-2 N S W R A R L N S M T G S G V H A S R R R M C Y

pigeon-2 A N W R D R L N S I S G T G V S A S S R R M C Y

Atadenovirus

bovine-4 S G W G A F L N D M T G D G V N S V T R R Y C Y

bovine-6* S G W G A F L N D M T G D G V N S V T R R Y C Y

duck-1 S G W G A A L D S M V G D G V R Y G S Q R Y C Y

ovine-7 S G W G A F L D N M T G D G V N F N T R R Y C Y

psittacine-3 S S W G T V L D G I T G D G V R F S R R R Y C Y

snake-1 R G W G S A L E D M L G D G V C Y R S K R Y C Y

lizard-2 R G W G T A L E E M L G N G V D F G S K R Y C Y

bearded dragon-1* S G W G A A L E D M I G D G V S H R A Q R F C Y

Siadenovirus

frog-1 S A W R Q K L N E I V G S G V N Y S T L S R C Y

greattit-1 L E W Q Q Q L R N M L G E G V R Y S S T K H C Y

raptor-1 T E W Q R Q L N S M L G Q G V R Y T N T N Q C Y

skua-1 S E W Q R H L N S M L G Q G V R Y T N T N K C Y

THEV S E W Q T H L N K M L G Q G V R F T S T N Q C Y

penguin-2 A E W Q I H L N N M L G Q G V R Y T S S N Q C Y

psittacine-5* L E W Q R Q L N S M L G Q G V K F T S A N Q C Y

psittacine-6 L E W Q R Q L N S M L G Q G V K F T S A N Q C Y

psittacine-7* L E W Q R Q L N N M L G Q G V K F T S T N Q C Y

Ichtadenovirus

sturgeon-1 A G Y G R G M L P F C G R G V S Y S K L R K C Y

Testadenovirus

slider-1* P R W K R A L R Q M T G - G L A R K R R R Y C H

II

I
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