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Adenoviruses are common pathogens in vertebrates, infecting a wide range of hosts, but only having rarely been
detected and correlatedwith disease in cetaceans. This article describes the first complete genomic sequence of a
cetacean adenovirus, bottlenose dolphin adenovirus 1 (BdAdV-1), detected in captive bottlenose dolphin popu-
lation (Tursiops truncatus) suffering from self-limiting gastroenteritis. The complete genome sequence of BdAdV-
1 was recovered from data generated by high-throughput sequencing and validated by Sanger sequencing. The
genome is 34,080 bp long and has 220 nucleotides long inverted terminal repeats. A total of 29 coding sequences
were identified, 26 of which were functionally annotated. Among the unusual features of this genome is a re-
markably long 4380 bp E3 ORF1, that displays no sequence homology with the corresponding E3 regions of
other adenoviruses. In addition, the fiber protein only has 26% identity with fiber proteins described in other ad-
enoviruses. Three hypothetical proteins were predicted. The phylogenetic analysis indicates that the closest
known relative to BdAdV-1 is an adenovirus detected in bottlenose dolphin (KR024710), with an amino acid se-
quence identity between 36 and 79% depending on the protein. Based on the phylogenic analysis, the BdAdV-1
appears to have co-evolved with its host.
The results indicate that BdAdV-1 belongs to theMastadenovirus genus of the Adenoviridae family, however, it is
clearly different from other adenoviruses, especially in the 3′-end of the viral genome. The high degree of se-
quence divergence suggests that BdAdV-1 should be considered as a novel species in the Mastadenovirus
genus. The study also demonstrates the usefulness of high-throughput sequencing to obtain full-length genomes
of genetically divergent viruses.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Since their discovery in tissues fromhuman adenoids in 1953 (Rowe
et al., 1953), adenoviruses have been recognized as common pathogens
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able to infect a broad range of vertebrate hosts (Davison et al., 2003).
The viral family Adenoviridae is divided into five genera:
Mastadenovirus, Aviadenovirus, Atadenovirus, Siadenovirus, and
Ichtadenovirus. Mastadenovirus is the genus within Adenoviridae that is
specifically associated with infections and diseases of mammalian host
species.

All members of the Adenoviridae family have non-segmented linear
double stranded (ds) DNA genomes ranging in size from 26 to 45 kbp
and are characterized by inverted terminal repeats (ITRs) (Davison et
al., 2003). The adenovirus particles are of icosahedral symmetry and
represent the largest known non-enveloped virions (90–100 nm). The
virion has unique fibers with knobs that are attached to the penton
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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base of the capsid. These structures aid the attachment of the virus par-
ticle to the host cells via host cell surface receptors.

The adenovirus life cycle is divided by the DNA replication process
into two phases: an early and a late phase. Both phases are initiated
by a primary transcript that is alternatively spliced to generate
monocistronic mRNAs compatible with the host's ribosome, allowing
for the products to be translated. The early genes are responsible for
mainly expressing non-structural, regulatory proteins. These proteins
alter the expression of host proteins necessary for DNA synthesis, acti-
vate other viral genes, and avoid premature death of the infected cell
by the host-immunedefences. The late genes produce structural protein
components and proteins needed to pack all the genetic material pro-
duced during DNA replication. Once the viral components have been
replicated, the virus is assembled into its protein shell and released
from the cell as a result of cell lysis induced by the virus.

Adenoviruses are associated with a wide range of clinical symptoms
and disease manifestations in various host species. Infections with
human adenoviruses have been associated with respiratory disease
(HAdV-C), gastroenteritis (HAdV-G and F) (Wold, 2007), and conjuncti-
vitis (HAdV-D) (Wold, 2007). Other mammalian adenoviruses have
been associated with for example: hepatitis (Cabasso et al., 1954), en-
cephalitis (Knowles, 2011), and various respiratory and enteric syn-
dromes such as pneumoenteritis in Bovidae and in Ovidae (Aldasy et
al., 1965; Belak and Palfi, 1974).

Historically, adenoviruses have played a major role in the under-
standing of basic molecular biology processes, such as understanding
of alternative splicing and DNA replication. Identification of novel ani-
mal adenoviruses is, in addition to being interesting from an animal
health perspective, also providing important knowledge for possible
further use of adenoviruses in therapy (Alonso-Padilla et al., 2016).
Modified forms of adenoviruses are being developed to treat genetic
diseases, to fight cancer, and to deliver vaccines (Majhen et al., 2014;
Wold and Toth, 2013).

In cetaceans, adenoviruses were first described in 1979, when ade-
novirus-like particles were isolated from rectal swabs of a sei whale in
the Antarctic (Smith and Skilling, 1979). Thereafter, adenoviruses
were isolated from colon samples of two bowhead whales harvested
at Barrow, Alaska (Smith et al., 1987), and from the intestines of a belu-
ga from the St. Lawrence estuary (De Guise et al., 1995). None of these
cases were however, associated with clinically manifested disease
symptoms (Van Bressem et al., 1999). In marine mammals, up to re-
cently, the only clearly established association between adenovirus
and disease was in Californian sea lions (Zalophus californianus) suffer-
ing from gastroenteritis with fatal hepatitis (Britt et al., 1979; Dierauf
et al., 1981; Goldstein et al., 2011; Inoshima et al., 2013). However, in
2015 a novel adenovirus was described causing self-limiting gastroen-
teritis in captive bottlenose dolphins (Tursiops truncatus) in Valencia,
Spain. This was the first adenovirus identified in bottlenose dolphins.
Sequence analysis based on partial DNA polymerase (320 bp) and
hexon gene sequences (435 bp) showed less than 80% sequence identi-
ty to previously published sequences (Rubio-Guerri et al., 2015). For
clarification, the virus name used in the publication by Rubio-Guerri et
al. 2015 (Tursiops adenovirus) has been changed to bottlenose dolphin
adenovirus 1 (BdAdV-1) in line with the adenovirus nomenclature. In
September 2015, a partial genome (29,474 bp) of a bottlenose dolphin
adenovirus detected in faeces from a bottlenose dolphin in USA became
available in GenBank (KR024710). This sequence will hereafter be re-
ferred to as bottlenose dolphin adenovirus 2 (BdAdV-2). A partial ge-
nome of harbour porpoise adenovirus 1 (HpAdV-1) was published in
March 2017 (KY352473). This virus was detected in The Netherlands,
in faeces from stranded harbour porpoises (Phocoena phocoena) with
no adenovirus-associated lesions (van Beurden et al., 2017).

The high degree of sequence divergence found in the initial sequenc-
ing efforts of BdAdV-1 spurred interest in the complete genome. To ad-
dress important research questions regarding phylogenetic
classification, evolution, and tropism of this likely disease-causing
adenovirus we sequenced, assembled and annotated the full genome.
Traditional methods for sequencing of whole genomes, such as primer
walking, can be particularly challenging when working with genomes
that have very low identity with previously identified organisms, and
where the size of the genome can vary greatly. To circumvent these
challenges, we used a high-throughput sequencing approach.

2. Material and methods

2.1. Samples and sample preparation

As previously described by Rubio-Guerri et al., 2015, four adult
bottlenose dolphins kept at the Oceanográfic in Valencia, Spain, devel-
oped anorexia, diarrhoea and vomiting. A novel adenovirus was
suspected to be the causative agent, based on seropositivity for antibod-
ies against canine adenovirus 1 and 2, as well as PCR and Sanger se-
quencing of partial DNA polymerase and hexon adenoviral genome
regions (Rubio-Guerri et al., 2015). Faecal samples from one of the se-
verely affected bottlenose dolphins (Animal 3) were collected on day
2 (2/10/14) as previously described (Rubio-Guerri et al., 2015). Animal
samplingwas conducted in accordancewith Spanish and European reg-
ulations (RD 53/2013, Directive 2010/63/UE) on animal welfare. A frac-
tion of the faecal sample was shipped to the Swedish University of
Agricultural Sciences in Uppsala, Sweden, for further analysis. There,
the faecal sample was diluted in ice-cold PBS, homogenized using an
Omni homogenizer with disposable soft tissue tips (Omni International,
USA) and centrifuged at 3400 rpm for 10 min. The supernatant was
transferred to a spin filtrate column (0.22 μm) and centrifuged for
4 min at 3400 rpm. The filtrate was treated with 6 U of TURBO™
DNase (Ambion, Thermo Fisher Scientific, Pittsburgh, PA, USA), in reac-
tion volumes of 100 μl, and incubated for 30min at 37 °C. A total volume
of 400 μl was treated with QIAGEN Protease (dissolved in AVE buffer)
and Ambion RNase Cocktail™ for 5 min at room temperature. DNA
was extracted using QIAamp MinElute kit (Qiagen, Gilden, Germany).
The DNA concentration was measured on Qubit 2.0 Flurometer using
dsDNA HS (high sensitivity) kit.

2.2. Library preparation and sequencing

Sequencing libraries were made using Nextera XT Library Prepara-
tion Kit (Illumina, San Diego, CA, USA), normalization and pooling of
2 nM sequencing libraries was done based on concentration measure-
ments from Agilent High Sensitivity DNA Kit (2100 Bioanalyzer, Agilent
Technologies, Palo Alto, CA, USA). The pool of sequencing libraries was
denaturated with NaOH and further diluted with hybridization buffer
to a final concentration of 10 pM and spiked with 5% PhiX for diversity.
Paired-end sequencing was performed with MiSeq Reagent Kit v3
600 cycles on the MiSeq instrument (Illumina, San Diego, CA, USA).
The quality of the dataset was assessed using the FastQC software.

2.3. Assembly of sequence reads

All sequence reads were initially assembled using the MIRA assem-
bler (v4.0.2) (Chevreux et al., 1999) with the standard settings for de
novo assembly of Illumina data. The obtained contigs were merged
into even longer sequences using CodonCode Aligner (v5.1.5)
(CodonCode Corporation) and the “assemble from scratch”-function
with default settings. Potential adenoviral sequences were identified
by using BLASTn searches against the NCBI non-redundant nucleotide
library (NCBI NT).

2.4. Estimation of coverage

All reads were trimmed according to FastQC results using the FastX
toolkit (http://hannonlab.cshl.edu/fastx_toolkit). Alignments against
sequences of interest were performed using Bowtie2 (v2.2.3)

http://hannonlab.cshl.edu/fastx_toolkit
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(Langmead and Salzberg, 2012; Langmead et al., 2009), and the results
were converted into the Binary Alignment/Map (BAM) file format
using the SAMtools (v0.1.19) software package (Li and Durbin, 2009).
Mapping quality and coverage statistics were assessed using QualiMap
(v2.2) (Garcia-Alcalde et al., 2012; Okonechnikov et al., 2016).

2.5. Genome verification

To allow verification by PCR and Sanger sequencing, the web-based
Primer3 softwarewas used to designed primers according to the obtain-
ed consensus sequence. For primer sequences see Supplementary Table
S1. PCRs were made using KAPA2G Robust HotStart PCR Kit (Kapa
Biosystems, Boston, MA, USA). The PCR products were run on a 1.5%
agarose gel stainedwith GelRed and visualized under UV transillumina-
tion (GelDoc, Bio-Rad Laboratories, Inc., Richmond, CA, USA). PCR prod-
ucts were purified and Sanger sequenced commercially (Macrogen Inc.
Europe, Amsterdam, NL).

2.6. Genome annotation

As adenovirus genomes contain splice sites, several pipelines were
used for the gene prediction and annotation. PROKKA (Seemann,
2014), an annotation pipeline for prokaryotic and viral genomes, was
run using a set of Adenoviridae protein sequences for the functional in-
ference (SwissProt release 2015_09). MAKER (Cantarel et al., 2008),
more suited for annotating eukaryotic genomes, was run using two pro-
tein training sets: Adenoviridae sequences extracted from SwissProt
and from TrEMBL (release 2015_09). In addition, gene prediction was
also performed using GeneMark.hmm with heuristics models online
(Besemer and Borodovsky, 1999). The previously annotated genomes
of BdAdV-2 (KR024710) and California sea lion adenovirus 1 strain
Zc11-030 (KJ563221) were used as a comparison to manually curate
the annotation.

2.7. GC-content and recombination analysis

The ENDMEMO online web tool (www.endmemo.com/bio/gc.php)
was used to calculate the GC-content for all genes in BdAdV-1. For
spliced genes, the sequence corresponding to the spliced mRNA was
used. A representative subset of ten complete or near-complete adeno-
virus genomes (KR024710.1, KY352473.1, NC_002513.1, NC_030860.1,
NC_030874.1, NC_024150.1, NC_001734.1, NC_027708.1,
NC_015932.1, NC_002702.1) was recovered for recombination analysis
with BdAdV-1 based on homology search using BLASTn (Brudno et al.,
2003) against the NCBI nr-database. The sequences were aligned using
the ClustalW in CodonCode Aligner (v5.1.5) (CodonCode Corporation)
prior to analysis with the RDP4 (v4.84) software program (Martin et
al., 2015).

2.8. Comparative genomics and phylogenetic analysis

An online sequence alignment program,mVISTA Limited Area Glob-
al Alignment of Nucleotides (LAGAN) (http://genome.lbl.gov/vista/
index.shtml) was used for global pairwise sequence alignment to com-
pare BdAdV-1 with eight closely related adenovirus species, as revealed
by BLASTn (Brudno et al., 2003).

Phylogenetic relationships were assessed for three predicted pro-
teins from the core region (DNA polymerase, hexon and 100 K), both in-
dividually and concatenated. Protein alignments were performed using
the MAFFT software (Katoh and Toh, 2008) and phylogenetic relation-
ships were inferred using both Bayesian inference andmaximum-likeli-
hood methods. The Bayesian inference analysis was conducted using
the MrBayes program (Huelsenbeck and Ronquist, 2001; Ronquist and
Huelsenbeck, 2003) from within the TOPALi (v.2.5) software suite,
and maximum-likelihood analysis in the mega 6 software package
(Tamura et al., 2013). Best-fit models of molecular evolution were
chosen using the selection tools in TOPALi (v2.5) and Mega 6. The
Dendroscope software (v3.5.8) (Huson et al., 2007) and Adobe Illustra-
tor CS (Adobe Systems, San Jose, CA, USA) were used for tree
visualization.

2.9. Viral metagenomics data analysis

The cleaned reads were mapped against the bottlenose dolphin
(Tursiops truncatus) genome available in Ensembl (in October 2015).
Due to known problems with between sample contamination within a
MiSeq run (Wright and Vetsigian, 2016) mapping towards Equid her-
pesvirus 5 (GQ325593.1), and Influenza A virus (KM366383.1,
KM366384.1, KM366386.1, KM366387.1, KM366388.1, KM366389.1,
KM366390.1, GQ495134.1)was also performed in order to remove con-
taminations from amplicons sequenced in the same run. The reads that
did not match were analysed using the KAIJU software for taxonomic
classification (Menzel et al., 2016).

3. Results

3.1. Processing of samples

After homogenization, centrifugation, filtration and nuclease treat-
ment the DNA concentration was below the detection limit (1 ng/μl)
of the Qubit 2.0 Flurometer. The sample did however generate a se-
quencing library and good quality sequence reads.

3.2. Sequence data and assembly

High-throughput sequencing of the sample produced 515,234
paired-end reads with a mean length of 265 bp representing a total of
136.44 Mbp of sequence data. The initial MIRA assembly produced
1531 contigs and three singletons. CodonCode used 1529 of these
contigs to produce a 34,120 bp long sequence. Manual inspection and
trimming were performed before the sequence was used as the refer-
ence genome for mapping of reads and estimation of coverage. Accord-
ing to the results, 99.49% of all the reads mapped to the genome and
were evenly distributed along the full length (Supplementary Fig. S1).
This yielded an average coverage depth of 3674 (standard deviation
645) with a mean mapping quality of 43.55. However, since the se-
quencewas very divergent to other adenovirus genomes publicly avail-
able at the time, the final sequence was also verified using Sanger
sequencing.

3.3. The genome

The complete genome of BdAdV-1 (ENA: LT841149.1) is 34,080 bp
and has ITR regions of 220 bp at each end of the genome (Fig.1).
BdAdV-1 has a GC-content of 36.2%. The core region of BdAdV-1 is sim-
ilar to other mastadenoviruses. A total of 29 coding sequences were
identified, out of which 26 were functionally annotated. Three proteins
were assigned as hypothetical. Table 1 shows an overview of all genes,
and their closest homologue according to BLASTp (9th of May 2017),
identity percentage, and query coverage.

A global pairwise whole-genome sequence comparison between
BdAdV-1 and eight closely related adenovirus species, as revealed by
BLASTn, showed overall high sequence divergence (Fig. 2), especially
in the 3′ end including the E3 ORF1, U exon, fiber, E4 34K, E4 ORF1-2
and dUTPase. At the 5′ end of the BdAdV-1 genome there is some se-
quence homology with BdAdV-2 but limited homology with other ade-
noviruses. The region in close proximity to the genes of pVII and pV
display rather high degree of sequence divergence in comparison to
other parts in the more conserved central part of the genome.

The BdAdV-1 contains a highly divergent 4380 bp E3 ORF1. The only
similarity found was with the fiber of BdAdV-2 (12% query coverage, E-
value of 9e-06, identity 29%). The fiber of BdAdV-2 does not have any
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Fig. 1. Bottlenose dolphin adenovirus 1 (BdAdV-1) genome organization. Predicted ORFs are assigned with arrows, exons of spliced genes are connected by lines. Black arrows indicate
genes that are conserved in all adenoviruses, grey arrows indicate genes that are present in more than one genus. Turquoise arrows indicate genes that are unique to the genus
Mastadenovirus and purple arrows indicate genes coding for hypothetical proteins.
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similarities to other fibers of adenoviruses therefore we speculate that
the sequence/annotation of the 3´end of this genomemight bemislead-
ing. Another possibility is the unlikely presence of two fiber ORFs in
BdAdV-1, something that has been described in human adenovirus 40,
human adenovirus 41 and simian adenovirus 1 (Kidd et al., 1993;
Kovacs et al., 2005; Pieniazek et al., 1990). In comparison to E3 regions
of other mastadenoviruses, which usually contain several smaller
ORFs, the complete 1459 amino acids long E3ORF1 is unusual. In length,
it is similar to recently described E3 genes in Bat adenovirusesWIV9–11
(Tan et al., 2016). On a structural level, there appears to be several
Table 1
Coding sequences of the bottlenose dolphin adenovirus (BdAdV-1), their closest homologue ac

Gene Location (bp) Strand Length
(aa)

Description Close

E1A 414–1029 + 177 Early E1A protein BdAd
E1B_19K 1130-1681 + 183 E1B 19 K protein BdAd

E1B_55K 1498-2817 + 439
E1B protein, large T-antigen
homologue

BdAd

pIX 2876–3292 + 138 Hexon-interlacing protein HpA
IVa2 3302-4917 − 443 IVa2 multifunctional protein BdAd
pol 4390-12,208 − 1130 DNA-dependent DNA polymerase HpA
pTP 7617–12,208 − 616 DNA terminal protein HpA
p52K 9504-10,487 + 327 Packaging protein 3 BdAd
pIIIa 10,509-12,170 + 553 Pre-capsid vertex protein BdAd
penton 12,227-13,711 + 494 Penton protein HpA
pVII 13,716–14,366 + 216 Pre-histone-like nucleoprotein BdAd
pV 14,439–15,422 + 327 Core-capsid bridging protein HpA
pX 15,413-15,664 + 83 Late L2 mu core protein Equi
pVI 15,733–16,467 + 244 Pre-protein VI BdAd
hexon 16,503-19,334 + 943 Hexon protein HpA
protease 19,336-19,974 + 212 Cysteine endopeptidase (adenain) Tree
DBP 19,971-21,278 − 435 Early E2A DNA-binding protein BdAd
p100K 21,292–23,406 + 704 Shutoff protein HpA
p22K 23,243-23,611 + 122 Packaging protein 2 HpA
p33K 23,243-23,840 + 160 Alternative RNA splicing factor HpA
pVIII 23,859–24,524 + 221 Pre-hexon-linking protein BdAd
E3 12.5
K

24,517–24,885 + 122
Probable immunomodulatory
protein

BdAd

E3 ORF1 24,581–28,960 + 1459 hypothetical protein BdAd
U exon 29,105–29,272 − 55 U exon protein Bovi
fiber 29,282–31,573 + 763 Fiber protein Bat m
E4 34 K 31,613–32,410 − 265 Early E4 34 kDa protein Bovi

E4 ORF2 32,394–32,789 − 131 hypothetical protein
Sang
prote

E4 ORF1 32,873–33,253 − 126 hypothetical protein BdAd
dUTPase 33,253-33,624 − 123 dUTPase BdAd

a Except for this hit, the E3ORF1 does notmatch anythingby BLASTp. Our interpretation is tha
likely that this is an E3 ORF then a second fiber. We therefore annotated it as E3 ORF1.

b The E4ORF1 in BdAdV-1 is homologous to the E4 34 K of the BdAdV-2 but as there already i
ORF was annotated as E4 ORF1.
transmembrane domains according to predictions made using
Interproscan (Fig. 3). The predicted protein E3 12.5 K is located within
the 5´end of the E3 region.

The nucleotide sequence of the fiber gene of the BdAdV-1 is homolo-
gous to the respective genomic sequences of mastadenoviruses. The C-
terminal domain of the fiber matches the knob domain (pfam00541) at
position 580–753with an E-value of 1.91 e-09, whichwas also confirmed
by an Interproscan analysis. The BdAdV-1 fiber is highly divergent with
the closest homologue on protein level being bat mastadenovirus
WIV13 (99% query coverage, E-value of 9 e-28, identity 26%).
cording to BLASTp, identity percentage, and query coverage.

st homologue GenBank accession
no.

Identity
(%)

Query cover
(%)

V-2 ALE15290.1 36 87
V-2 ALE15291.1 48 86

V-2 ALE15292.1 54 89

dV-1 AQQ73623.1 46 78
V-2 ALE15294.1 61 100
dV-1 AQQ73625.1 64 99
dV-1 AQQ73626.1 71 99
V-2 ALE15297.1 71 96
V-2 ALE15298.1 64 99
dV-1 AQQ73629.1 72 100
V-2 ALE15300.1 62 100
dV-1 AQQ73631.1 58 100
ne adenovirus 1 ANG08561.1 61 80
V-2 ALE15303.1 54 100
dV-1 AQQ73634.1 80 100
shrew adenovirus 1 YP_068070.1 61 95
V-2 ALE15306.1 72 99
dV-1 AQQ73637.1 64 100
dV-1 AQQ73639.1 53 91
dV-1 AQQ73638.1 50 93
V-2 ALE15310.1 66 100

V-2 ALE15311.1 60 97

V-2 (fiber)a ALE15313.1 29 12
ne mastadenovirus B AP_000040.1 44 100
astadenovirus WIV13 YP_009272940 26 99

ne mastadenovirus A (E4 ORFD) YP_094053.1 38 88
huangporus baumii (hypothetical
in)

OCB86471.1 30 54

V-2 (E4 34 K)b ALE15315.1 54 88
V-2 ALE15316.1 43 99

t thefiber in BdAdV-1 show clear characteristics of an adenovirusfiber andwefind itmore

s a, by amino acid sequence homology, well supported E4 34K in the BdAdV-1 genome this

ncbi-p:ALE15290.1
ncbi-p:ALE15291.1
ncbi-p:ALE15292.1
ncbi-p:AQQ73623.1
ncbi-p:ALE15294.1
ncbi-p:AQQ73625.1
ncbi-p:AQQ73626.1
ncbi-p:ALE15297.1
ncbi-p:ALE15298.1
ncbi-p:AQQ73629.1
ncbi-p:ALE15300.1
ncbi-p:AQQ73631.1
ncbi-p:ANG08561.1
ncbi-p:ALE15303.1
ncbi-p:AQQ73634.1
ncbi-p:YP_068070.1
ncbi-p:ALE15306.1
ncbi-p:AQQ73637.1
ncbi-p:AQQ73639.1
ncbi-p:AQQ73638.1
ncbi-p:ALE15310.1
ncbi-p:ALE15311.1
ncbi-p:ALE15313.1
ncbi-p:AP_000040.1
ncbi-p:YP_009272940
ncbi-p:YP_094053.1
ncbi-p:ALE15315.1
ncbi-p:ALE15316.1


Fig. 2. Global pairwise whole-genome sequence comparison between BdAdV-1 and eight closely related adenovirus species, as revealed by BLASTn, using the onlinemVISTA Limited Area
Global Alignment of Nucleotides (LAGAN) tool. The BdAdV-2 and HpAV-1 are only partial genomeswith the 3´endmissing. The height along the y-axis reflects the percentage of sequence
conservation. All alignments display a general low level of sequence similarity. The regions towards the 3′ end, including the E3 ORF1, U exon, fiber, E4 34K, dUTPase and E4ORF1-2, seem
to be highly diverged from all other known adenoviruses.
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The E4 ORF2, located in the 3´end, has only one homologous protein
in the gene bank database, a hypothetical protein in Sanghuangporus
baumii. The E4 ORF1, also located at the 3′ end, matched with what
has been annotated as the E4 34 K of BdAdV-2. However, as the E4
34 K in BdAdV-1 is homologous to many other E4 34Kwe choose to an-
notate the E4 ORF1 as a hypothetical protein. The only other BLAST hit
for E4 ORF1 is a inaD-like protein (Castor canadensis) (30% query cover-
age, E-value of 4.3, identity 43%).

The BdAdV-1 dUTPase matches the dUTPase superfamily domain
(pfam00692) at position 26–110with an E-value of 7.72 e-04. The clos-
est homologue is the dUTPase2 of BdAdV-2, followed by dUTPase in
“Candidatus Saccharibacteria bacterium” GW2011_GWA2_46_10
(KKU18896.1), indicating a dUTPase activity.

The U exon of BdAdV-1 is most closely related to Bovine
mastadenovirus B.

Virus associated RNAs (VA-RNAs) are non-protein coding se-
quences, which can antagonize the antiviral activity of interferons
(Mathews and Shenk, 1991). There is to date no evidence of VA-RNA
in non-primate mastadenoviruses (Venktesh et al., 1998). In line with
previous research the BdAdV-1 appears to lack VA-RNAs.
3.4. Splicing sites in the BdAdV-1 genome

The genome of BdAdV-1 has splicing sites in several locations found
in previous adenovirus studies (Davison et al., 2003). To confirm if these
sites are the correct ones, further experimental evidence is needed.
Fig. 3. A schematic representation of domains in the E3 ORF1 as predicted by an Interprosc
3.5. Phylogenetic analysis

3.5.1. Recombination
Average GC-content per gene across the BdAdV-1 genome varied

from 29.8–51.5% (Fig. 4) with the lowest figures seen in the 3′ end of
the genome. The three genes used for phylogenetic analysis had GC con-
tents that were close to the average of the BdAdV-1 genome, i.e. 36.2%,
indicating that they have not been subjected to recombination recently.
In addition, recombination analysis of complete and near-complete ad-
enovirus genomes revealed no significant recombination events within
the BdAdV-1 genome.

3.5.2. Homology search
A homology search in BLASTn (9th of May 2017) indicated that the

most similar genome is the partial genome of BdAdV-2 (KR024710)
(60% query coverage, E-value of 0, identity 71%), followed by the partial
genome of harbour porpoise adenovirus 1 (KY352473) (56% query cov-
erage, E-value of 0, identity 69%), the complete genome of bat
mastadenovirus WIV12 (KT698856) (44% query coverage, E-value of
0, identity 67%), and the bovine adenovirus type 2 (AF252854) (38%
query coverage, E-value of 0, identity 68%) (Salmon et al., 1993).

3.5.3. Phylogenetic analysis on protein level
Individual phylogenetic analyses of the protein sequences for the

three genes DNA polymerase, hexon and 100 K, using both maximum-
likelihood and Bayesian inference methods with best suggested
an analysis. Left to the right in the picture corresponds to the 5′ to 3′ of the E3 ORF1.



Fig. 4. The GC-content of the different genes of the BdAdV-1 genome. The average GC-content is displayed as a dotted line.
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evolutionmodels, showed similar evolutionary patterns (Supplementa-
ry Fig. S2). A concatenated analysis was therefore performed (Fig. 5).
Detailed information about the 69 adenoviruses included in the phylo-
genetic analysis can be found in Supplementary Table S2. The best-fit
substitution model used for the majority of the maximum-likelihood
analyses was LG + G + I. The only exception was the hexon dataset
for which the LG + G + I + F amino acid substitution model was
deemed superior. Themodel used for all the Bayesian inference analyses
was WAG + I + G as suggested by the model selection feature within
TOPALi.

Both the maximum-likelihood and Bayesian analyses grouped
BdAdV-1 within the Mastadenovirus genus, and more specifically
Fig. 5. A) A Maximum-likelihood tree of representatives from each of the genera (except Icht
concatenated DNA polymerase, hexon, and 100 K. B) Bayesian analysis phylogram depictin
Ichtadenovirus) in the family Adenoviridae, based on the deduced amino acid sequences for co
among mastadenoviruses infecting Cetartiodactyla (even-toed ungu-
late). The most closely related virus was the BdAdV-2, followed by
HpAdV-1, and then porcine and bovine adenoviruses. The location of
BdAdV-1 among mastadenoviruses infecting Cetartiodactyla indicates
co-evolution with its host.

Individual analyses of the DNA polymerase, hexon and 100 K, on an
amino acid level, indicate 64–80% identity (99–100% query coverage) to
the HpAdV-1 (Table 1), and 62–79% identity (97–99% query coverage)
to the BdAdV-2. The fiber of BdAdV-1was shown to be highly divergent
from other fibers, with the closest fiber having 26% identity (in Bat
mastadenovirus), phylogenetic analysis of the fiber could therefore
not be conducted.
adenovirus) in the family Adenoviridae, based on the deduced amino acid sequences for
g the relationship of the BdAdV-1 to representatives from each of the genera (except
ncatenated DNA polymerase, hexon and 100 K.
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3.6. Viral metagenomics

In total 0.09% of the cleaned reads mapped against the bottlenose
dolphin genome. The majority of the remaining 99.91% of the reads
were classified as adenovirus, in particular as mastadenovirus. The full
table of the classified reads is available in Supplementary Table S3.
The viral metagenomics analysis shows no indication of DNA viruses
other than the adenovirus present in the studied faecal sample. The
raw sequence data from the MiSeq is deposited in ENA with accession
number ERX1999096.

4. Discussion

Wedescribe the complete genomic sequence of a adenovirus identi-
fied during an investigation of an outbreak of gastroenteritis among
bottlenose dolphins living under human care (Rubio-Guerri et al.,
2015). According to our results, the identified bottlenose dolphin ade-
novirus 1 (BdAdV-1) is distinctly different from other adenoviruses
andwe therefore propose that it should be considered as a novel species
in the Mastadenovirus genus. Similarity searches against databases of
publicly available sequences revealed that the most closely related
virus is an undescribed adenovirus found in the faeces of a bottlenose
dolphin from the United States (GenBank Acc. no. KR024710), here re-
ferred to as BdAdV-2. Despite the partial sequence of BdAdV-2, large
parts of the genomes could still be compared. Amino-acid-level compar-
isons of individual genes revealed a sequence identity ofmaximum79%,
suggesting that there are profound differences even though the two ad-
enoviruses were detected in faecal samples from the same host animal.
Interestingly, nine proteins in the HpAdV-1, whichwas detected in har-
bour porpoise stranded in the Netherlands, were given a higher score in
BLASTp then BdAdV-2 when compared to BdAdV-1 (Table 1). There is a
major lack of adenovirus sequences from cetaceans in general, and
delphinids in particular. Thus, by revealing the complete genetic charac-
teristics of a dolphin-associated adenovirus, thiswork contributes to the
growing bodyof knowledge concerning themolecular biology of adeno-
viruses. Furthermore, the genome has been carefully annotated and cu-
rated by combining predictions made by annotation tools designed for
eukaryotes and prokaryotes, as well as tools for protein domain predic-
tion. This has allowed us to investigate important aspects such as ge-
nome structure, function, and evolution.

BdAdV-1 has a linear, double-stranded DNA genome of 34,080 bp in
length, flanked on each side by 220 bp ITRs. A total of 29 coding se-
quences were identified, of which 26 were functionally annotated.
Two short hypothetical proteins E4 ORF1 and E4 ORF2, as well as a lon-
ger hypothetical protein named E3ORF1were identified. This unusually
long E3 ORF1 is an interesting finding in the BdAdV-1 genome. E3 re-
gions are present in all mastadenoviruses and contains from one to
nine genes (Davison et al., 2003). The E3 region is involved in immune
modulating activities and is known to display genetic variation
(Ginsberg et al., 1989). Genes located in the E3 region encode mem-
brane proteins whichmay have conserved regions involved in manipu-
lating the immune response (Deryckere and Burgert, 1996;Hofmayer et
al., 2009). An extremely large E3 gene, 1482–1648 amino acid long, was
recently described to encode amRNA transcribed 4–36-hour post-infec-
tion in Bat adenoviruses WIV 9–11 (Tan et al., 2016). So, although the
1458 amino acid long E3 ORF1 of BdAdV-1 is not homologous to any
known E3 proteins with respect to protein sequence, we hypothesize
that the E3 protein is expressed and that its role is related to immune
evasion.

Based on phylogenetic analysis BdAdV-1 clearly belongs to the
Mastadenovirus genus in the Adenoviridae family. Besides BdAdV-2, the
most genetically similar sequences are HpAdV-1, bovine and porcine
adenoviruses. This corresponds well with the current view of mamma-
lian evolution, and is further supported by a recent phylogenetic study
of eutherian mammalian genomes (Foote et al., 2015), in which dol-
phins and whales were more closely related to bovines and porcine
while being more distantly related to other aquatic mammals such as
sea lion, walrus and manatee. This strongly suggests that BdAdV-1 is a
dolphin-, or possibly cetacean-specific virus that has been co-evolving
with its host. In agreement with this speculation is the finding that the
fiber of BdAdV-1 displays clear characteristics of an adenoviral fiber, in-
cluding the knob domain, but is highly divergent by protein sequence.
The closest homologue, the bat mastadenovirus, has only 26% identity
on a protein level. The exposed location of the fiber protein and its in-
volvement in invasion could in part explain its increased protein se-
quence variation. However, further studies are needed in order to
truly be able to evaluate species and tissue tropism. Based on the gastro-
enteritis symptoms, and similarity to other adenoviruses, it is possible
to assume that the cells infected are located in the gastroenteric tract.

The presence of dUTPase in viruses has primarily been explained by
horizontal gene transfer (Baldo and McClure, 1999). dUTPase hydroly-
ses dUTP into dUMP, a substrate for synthesis of dTTP. In this way, the
dUTP:dTTP ratio are kept lowwhich preventsmisincorporation of uracil
into DNA. dUTPase play an important role in some viruses in virus rep-
lication in non-dividing cells (Chen et al., 2002). dUTPase has also been
associated with an oncogenic potential (Baldo and McClure, 1999). The
dUTPase in BdAdV-1 is most closely related to the dUTPase2 in BdAdV-
2, with the main difference being that there is no evidence for an addi-
tional dUTPase in BdAdV-1. The second closest homologue is a dUTPase
in “Candidatus Saccharibacteria bacterium”, which is indicative of a hor-
izontal gene transfer event.

The GC-content of BdAdV-1 is very low (36.2%) in comparison with
othermastadenoviruses, such as bovine adenovirus (43.6–54%), human
adenoviruses (46.5–55.3%), and porcine adenovirus (50.5–63.6%). The
only other two currently genetically characterized mastadenoviruses
with as low GC-content are California sea lion adenovirus (36%) and
BdAdV-2 (36.4%). Lower GC-content and more acute pathogenicity
has been associated with recent host jumps (Benko and Harrach,
2003; Poss et al., 2006; van Hemert et al., 2007), but further research
is needed to know if this is the case for BdAdV-1. The GC-content in
BdAdV-1 is lowest in the 3′ genes dUTPase, E4 ORF1–2, U exon and E3
ORF1. This could be indicative of greater genetic flexibility in this region,
as is generally seen in other adenoviruses.

Traditional methods for sequencing of whole genomes, such as
primer walking, can be particularly challengingwhen workingwith ge-
nomes that have very low similarity with previously identified organ-
isms. This study demonstrates the usefulness of high-throughput
sequencing to obtain full-length genomes of genetically divergent virus-
es. An additional benefit with applying a viral metagenomics approach
is the ability to exclude, in this case, the involvement of other DNA vi-
ruses in the etiology of the disease.

Modified forms of adenoviruses are being developed to treat genetic
diseases, tofight cancer, and to deliver vaccines. However, manyhuman
based adenoviruses used for therapy cause problems such as toxicity
due to their liver tropism (Raper et al., 2003). To our knowledge
BdAdV-1 does not seem to display any liver tropism, which might
make it an interesting candidate for evaluation of some of the above
listed applications.

Future research should focus on investigating expression of BdAdV-1
mRNA/proteins and determination of tissue tropism, in order to clarify
important questions regarding the infection biology of this newly de-
tected adenovirus.

5. Conclusion

The complete sequence of a recently identified adenovirus associat-
ed with gastroenteritis in dolphins is described. This novel adenovirus,
termed BdAdV-1, has a viral genome of 34,080 bp. The present study re-
vealed that BdAdV-1 belongs to the Mastadenovirus genus in the
Adenoviridae family, however, it is clearly different from previously
characterized adenoviruses, especially in the 3´end of the viral genome.
The BdAdV-1 genome is most similar to the complete genome of



54 M. Malmberg et al. / Infection, Genetics and Evolution 53 (2017) 47–55
BdAdV-2 (KR024710). The study also demonstrates the usefulness of
high-throughput sequencing to obtain full-length genomes of genetical-
ly divergent viruses.

Supplementary data associated with this article can be found in the
online version. Fig. S1 presents the coverage of reads across the
BdAdV-1 genome. Fig. S2 displays individual phylogenetic trees. Table
S1 contains primer sequences. Table S2 contains information on all the
adenoviruses used for the phylogenetic analysis. Table S3 contains the
classified reads. Supplementary data associated with this article can be
found in the online version, at doi: 10.1016/j.meegid.2017.05.008.
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