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Members of the Delphinidae family are widely distributed across the world’s oceans. We used a viral meta
genomic approach to identify viruses in orca (Orcinus orca) and short-finned pilot whale (Globicephala macro
rhynchus) muscle, kidney, and liver samples from deceased animals. From orca tissue samples (muscle, kidney,
and liver), we identified a novel polyomavirus (Polyomaviridae), three cressdnaviruses, and two genomoviruses
(Genomoviridae). In the short-finned pilot whale we were able to identify one genomovirus in a kidney sample.
The presence of unclassified cressdnavirus within two samples (muscle and kidney) of the same animal supports
the possibility these viruses might be widespread within the animal. The orca polyomavirus identified here is the
first of its species and is not closely related to the only other dolphin polyomavirus previously discovered. The
identification and verification of these viruses expands the current knowledge of viruses that are associated with
the Delphinidae family.

1. Introduction
Prior to the advent of high-throughput sequencing-based viral met
agenomic approaches, viral genomes were generally determined from
infected hosts showing disease pathology or from in vitro culture ex
periments. This obviously had its downsides, the primary one being that
without a visual pathology, non-pathogenic viruses were not identified.
The use of viral metagenomic approaches allows for identification of
viruses in various samples types and sources without a prior knowledge
of virus sequences. The implementation of viral metagenomics has
enabled the identification of both pathogenic and non-pathogenic vi
ruses in a variety of organisms and ecosystems (Davila-Ramos et al.,
2019; Edwards and Rohwer, 2005; Hugenholtz and Tyson, 2008;

Roossinck et al., 2015).
Delphinidae is a large marine mammal family with 37 species
assigned to 17 genera (Jefferson and Leduc, 2018). In this study we
examine the diversity of circular DNA viruses in samples of the
short-finned pilot whale (Globicephala macrorhynchus) and orca (Orcinus
orca, also known as killer whale). The range of the short-finned pilot is
circum-global in tropical and subtropical waters; closely-related long-
finned pilot whales are found in the temperate and subarctic North
Atlantic and Southern Oceans (Olson, 2009). Short-finned pilot whales
reach their highest density within tropical, warm latitudes and have
been reported to feed on fish, squid, and other invertebrates (David and
Robert, 2016). Orcas have global distribution and are most commonly
found in coastal seas at higher latitudes. In these environments, orcas are
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known to share a similar diet to the pilot whale, but also take on
mammalian prey (Bolaños-Jiménez et al., 2014; Estes, 2006).
West Nile virus, papillomavirus, astrovirus, and herpesvirus have
been identified in orcas (Bossart et al., 1996; Gottschling et al., 2011; St
Leger et al., 2011) whereas only morbillivirus has been identified in
short-finned pilot whales (Duignan et al., 1995). More broadly viruses in
the families Adenoviridae, Astroviridae, Coronaviridae, Flaviviridae, Her
pesviridae, Orthomyxoviridae, Papillomaviridae, Paramyxoviridae, Picor
naviridae, Polyomaviridae, Poxviridae and Rhabdoviridae have been
identified in members of the Delphinidae family (Bossart et al., 1996;
Duignan et al., 1995; Malmberg et al., 2017; Rivera et al., 2010;
Rodrigues et al., 2020; St Leger et al., 2011).
Here we use a circular DNA virus targeted viral metagenomic
approach to identify DNA viruses associated with oceanic dolphins and
we identify several novel cressdnaviruses in short-finned pilot whale and
orca tissue samples and a polyomavirus in a muscle tissue from an orca.

viruses, we designed sets of abutting primers (Table 1) to recover the full
genomes by polymerase chain reaction (PCR). The PCR amplifications
were carried out using Kapa Hifi HotStart DNA polymerase (Kapa Bio
systems, USA). The cycle conditions were 95 ◦ C for 3 min; then 25 cycles
of 98 ◦ C for 20 s, 60 ◦ C for 15 s, 72 ◦ C for 2 min, and finally 72 ◦ C for 3
min for genomes of ~2–3 kb in length and for larger genome of ~5 kb,
an extension time of 6 min was used in each cycle. These PCR products
were then resolved by using gel electrophoresis on a 0.7% agarose gel.
The expected size amplicons were gel excised using Quick-spin Gel Pu
rification Kit (iNtRON Biotechnology, Korea). The purified amplicons
were then cloned into pJET 1.2 plasmid vector (ThermoFisher Scientific,
USA). The recombinant plasmids were then transformed into XL blue
E. coli competent cells. Plasmids from transformed cells were purified
using a DNA-spin Plasmid DNA purification kit (iNtRON Biotechnology,
Korea) and Sanger sequenced at Macrogen Inc. (Korea) via primer
walking.
Resulting contigs were assembled using Geneious Prime software
(Biomatters Ltd., New Zealand). The sequences (n = 8) of the viral ge
nomes were deposited in the NCBI GenBank database (Accession
numbers: MW562318-MW562325).

2. Methods and materials
2.1. Sample collection, viral nucleic acid isolation and high-throughput
sequencing

2.2. Genomovirus sequence analyses

Tissue samples from a short-finned pilot whale and orcas were
collected from deceased animals that had been taken for human con
sumption in the traditional whaling operation based on the Caribbean
island of St. Vincent Island (Fielding, 2018). Samples were collected
from the deceased animals with the permission of the whalers and
processors. The samples—which included muscle, kidney, and liver
tissues—were stored at − 20 ◦ C in St. Vincent until their export under
CITES Permit 16US774223/9 to the USA, where they were imported
under NMFS Permit 19091. Samples were held at the University of the
South (Sewanee, TN), then Arizona State University (Tempe, AZ), where
they were stored at − 80 ◦ C. Each sample (~5g) was first homogenized in
SM buffer and the homogenate was used to extract viral DNA using the
High Pure Viral extraction kit (Roche, USA). Circular molecules in the
DNA extract were then amplified via rolling circle amplification (RCA)
using Templiphi (GE Healthcare, USA). The amplified viral DNA was
subsequently used to prepare 2x100 bp Illumina libraries and these were
sequenced on an Illumina HiSeq4000 sequenced at Macrogen Inc (USA).
The quality trimmed pair-end reads were de novo assembled using
metaSpades (Nurk et al., 2017) and assembled contigs >750 nts in
length were analyzed against a viral protein database using BLASTx
(Altschul et al., 1990). Circular sequence contigs were determined by
searching for terminal sequence redundancy.
In cases where we identified BLASTx hits similar to circular DNA

The Rep protein sequences from the three dolphin-associated
genomoviruses were combined with those available from GenBank (n
= 393) and aligned with MUSCLE (Edgar, 2004). The dolphin-associated
genomovirus Reps clustered with those gemycircularviruses, gemyki
biviruses and gemyvongviruses. As a result three alignments were
generated for each group and the resulting alignments were used to infer
maximum likelihood phylogenetic trees with PhyML (Guindon et al.,
2010) using WAG+G+I amino acid substitution model determined using
ProtTest (Darriba et al., 2011). Branches with <0.8 aLRT phylogenetic
tree branch support were collapsed using TreeGraph2 (Stöver and
Müller, 2010)and visualized with Figtree (Rambaut, 2007).
2.3. Polyomavirus sequence analyses
The large T antigen protein sequence of the orca-associated poly
omavirus was aligned with MUSCLE (Edgar, 2004) with those available
in the NIH/NCI laboratory of cellular oncology technology files (Buck
et al., 2016). Large T antigen protein sequence alignment was used to
infer a maximum likelihood phylogenetic tree PhyML (Guindon et al.,
2010) using rtREV+G+I+F amino acid substitution model determined
using ProtTest (Darriba et al., 2011). Branches with <0.8 aLRT in the
phylogenetic tree were collapsed using TreeGraph2 (Stöver and Müller,

Table 1
Summary of the circular DNA viruses identified in this study and the primer sequences used amplify the genomes.
Host

Sample
date

Sample

Virus group

Virus
Name

GenBank
accession #

Primer pair

Short-finned pilot whale
(Globicephala macrorhynchus)
Orca (Orcinus orca)

22-Sep2015
26-Aug2015

Kidney

Genomovirus

MW562318

Muscle

Unclassified
cressdnavirus

Delphin
genomovirus 3
Delphin virus 1
Delphin
genomovirus 2
Delphin
genomovirus 1
Delphin virus 3

MW562322

Delphin virus 2

MW562325

Orca
polyomavirus

MW562324

Delphin virus 2

MW562319

F: GGCCTATTCTGCCTAGATGAGTC
R: CCCAAAGTAAGCGTGGTTGCCTAG
F:
CCTATACCCTCAACGGTAACAAGATTGTCATATTC
R: CTACGTCTGTCATCTTTGTAGTGTTGAAC
F: GAGTCAGTAACTTCAATGAAATCCACATTGCC
R: GCTAATCGAGTCTATTTCTCATGCCAATAC
F: CGCAGGATATATTTTTCAGGGGTTTCAAAGAG
R: CATTCCGTGTATGATCATTACTCCATGACCTAG
F: ATTGCTAGAGATGAAGAAGAATAGGTCCAG
R: CGCATCTTTCAATTCTGATTCATCCCATAG
F: TGAAAAGTGGCCGTATCAAGAATTTCCTAG
R: CAAGACTCATTACGACCCAAAATAACGGTTAC
F:
CTGTTCTAGCTGATTCTCTTATATAAGACTCTGCC
R: TTACACATAGCTTAGCATACTTACTTCCCCTG
F: TGAAAAGTGGCCGTATCAAGAATTTCCTAG
R: CAAGACTCATTACGACCCAAAATAACGGTTAC

Genomovirus

Orca (Orcinus orca)

28-Apr2018

Liver

Genomovirus

Muscle

Unclassified
cressdnavirus
Unclassified
cressdnavirus
Polyomavirus

Kidney

Unclassified
cressdnavirus

157

MW562321

MW562320
MW562323
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2010) and visualized with FigTree (Rambaut, 2007).

6–10 components that are ~1 kb each (Rosario et al., 2012; Zhao et al.,
2019). Some of these cressdnaviruses are loosely branded as cruciviruses
based on the fact that their capsid protein (CP) sequences are most
closely related to those of plant infecting RNA viruses in the family
Tombusviridae (de la Higuera et al., 2020).

2.4. Cressdnavirus analyses
Rep protein sequences of cressdnaviruses identified in this study
were analyzed with those of cressdnaviruses available from GenBank.
These sequences were used to construct sequence similarity networks
using EST-EFI (Zallot et al., 2019). A network threshold of 60 supported
clear clustering of known cressdnavirus families. Cytoscape V3.7.1
(Shannon et al., 2003) was used to visualize the networks in the organic
layout. Three network clusters containing the Reps of the viruses iden
tified in this study were identified. The sequences from these were
extracted, aligned and used to infer maximum likelihood phylogenies.
An alignment of these sequences was created using MUSCLE (Edgar,
2004) and this was used to generate two maximum likelihood phylo
genetic trees using PhyML (Guindon et al., 2010) with an WAG+G+F
amino acid substitution model for both trees determined using ProtTest
(Darriba et al., 2011). Branches with <0.8 aLRT support were collapsed
using TreeGraph2 (Stöver and Müller, 2010) and visualized with FigTree
(Rambaut, 2007).

3.3. Unclassified cressdnaviruses
In this study, three unique cressdnaviruses were identified in the
muscle and kidney tissue samples from different orcas (Table 1). These
viruses have been named delphin virus 1–3 (DelV1-3). These sequences
ranged in size from 1939 to 2849 nts. DelV2 was identified in both the
kidney and muscle tissue of the orca sampled on the Apr 28, 2018 and
are 100% identical. DelV1 (MW562321), DelV2_kidney (MW562319),
DelV2_muscle (MW562325), and DelV3 (MW562323) group into three
Rep-based sequence similarity network clusters (Fig. 1A). Cluster 1 has
the Rep sequence of DelV2 (kidney and muscle) (Table 1) and its Rep
shares 58% identity with that of a cressdnavirus from a sea anemone
(KR528545) (Rosario et al., 2015). DelV1 is part of cluster 2 and its Rep
shares 42% identity with that of a cressdnavirus from a faecal sample of
a flying fox (KT732818) (Male et al., 2016) and larvae of a dragonfly
(KF738885) (Dayaram et al., 2014). In cluster 3, the Rep of DelV3 is
most closely related to that of a cressdnavirus of a red snapper
(MH617461) (Tisza et al., 2020) sharing 56% identity.
The Reps of cressdnaviruses have three conserved rolling circle
replication (RCR) motifs. These motifs are believed to play an important
role in HUH endonuclease activity for DNA binding and cleavage. Also
included in the rep protein of cressdnaviruses are catalytic superfamily 3
(SF3) helicase domains, Walker A, Walker B, and Motif C. In addition to
these, cressdnaviruses also have a nanonucleotide sequence that serves
as the origin of replication (Rosario et al., 2012). In the Rep sequences of
DelV1-3 we identified the HUH endonuclease and SF3 helicase domain
motifs (Fig. 1B).

2.5. Pairwise identities
All pairwise identities for genomes and protein sequences were
determined using SDT v1.2 (Muhire et al., 2014).
3. Results and discussion
3.1. Identification of viruses in short-finned pilot whale and orca tissue
samples
We identified seven contigs that have similarities to coding se
quences of unclassified cressdnaviruses (n = 3), viruses in the Genomo
viridae family (n = 3), and viruses in the Polyomaviridae family (n = 1).
Based on the sequences of these contigs with the knowledge that these
are all circular DNA viruses, we designed seven pairs of abutting primers
(Table 1) to screen and recover the full genomes from all short-finned
pilot whale and orca tissue samples.
From the tissue samples from three different animals, one shortfinned pilot whale and two orcas, we recovered and sequenced the ge
nomes of three genomoviruses (2176–2253 nts), four unclassified
cressdnaviruses (1939–2849 nts) and one polyomavirus (5162 nts)
(Table 1). The genomoviruses were identified in the kidney sample of
the short-finned pilot whale and in the muscle and liver of the orca
samples collected on the Aug 26, 2015 and Sep 22, 2015, respectively.
The unclassified cressdnaviruses were identified in the muscle tissue of
an orca sampled on the Aug 26, 2015 and in the muscle and kidney
samples of an orca sampled on the Apr 28, 2018. The polyomavirus was
identified in the muscle tissue of the orca sampled on the Apr 28, 2018.
Delphin virus 2 (an unclassified cressdnavirus) was found in both the
muscle and kidney tissue of the orca sampled on Apr 28, 2018 and is
100% identical in both tissue types.

3.4. Genomovirus
The family Genomoviridae (Krupovic et al., 2016) has nine genera,
namely Gemycircularvirus, Gemyduguivirus, Gemygorvirus, Gemykibivirus,
Gemykolovirus, Gemykrogvirus, Gemykroznavirus, Gemytondivrus, and
Gemyvongvirus (Varsani and Krupovic, 2017). Only two genomoviruses
thus far have known identified hosts, the Sclerotinia sclerotiorum
hypovirulence-associated DNA virus which infects the fungus Sclerotinia
sclerotiorum (Krupovic et al., 2016; Yu et al., 2010) and recently Botrytis
cinerea genomovirus 1 which infects Botrytis cinerea (Hao et al., 2021).
The remainder have all been identified in various environmental sam
ples. Although genomoviruses have been found to be associated with
many different samples of terrestrial mammals, there is only one re
ported instance of a genomovirus associated within an aquatic mammal,
the New Zealand fur seal (Sikorski et al., 2013). Here we identify three
genomoviruses in short-finned pilot whale kidney and orca muscle and
liver tissue samples (Table 1).
The genomovirus classification is based on a 78% genome-wide
pairwise identity threshold for species demarcation (Varsani and Kru
povic, 2017) coupled with phylogenetic support. The three genomovi
ruses identified here would represent new species as they share <78%
genome-wide pairwise identity with known genomovirus sequences
available in GenBank. The phylogeny of the Rep protein sequences
shows that Delphin genomovirus 1 (DelGmV1) from orca muscle tissue
is part of the Gemyvongvirus genus with its Rep sharing 45% identity with
that of a human-associated gemyvongvirus (KP974693) (Zhang et al.,
2016) (Fig. 2). DelGmV2 is part of the Gemycircularvirus genus and its
Rep shares 90% identity to that of Hypericum associated gemycircu
larvirus (KF413620) (Du et al., 2014). DelGmV3 is part of the Gemyki
bivirus genus and its Rep shares 91% identity with that of capybara
genomovirus 4 (MK483076) (Fontenele et al., 2019).
The genomovirus Reps in addition to the HUH endonuclease and SF3

3.2. Cressdnaviruses
Viral metagenomic approaches have led to the identification of many
known and novel circular DNA viruses (Simmonds et al., 2017). Among
these, cressdnaviruses have been identified in almost all environments
and diverse hosts. These viruses are characterized by their
replication-associated protein (Rep) that has a helicase and endonu
clease domain (Kazlauskas et al., 2018, 2019). There are currently seven
classified eukaryotic-infecting virus families in the phylum Cressdna
viricota (Krupovic et al., 2020): Bacilladnaviridae, Circoviridae, Gem
iniviridae, Genomoviridae, Nanoviridae, Redondoviridae, and Smacoviridae.
Their genome size ranges from ~1.7 to 8 kb, with the members of the
Nanoviridae family having multicomponent genome organisation with
158

K. Smith et al.

Virology 559 (2021) 156–164

Fig. 1. A) Sequence similarity networks and the phylogenetic trees of the Rep protein sequences of the cressdnaviruses identified in this study. The dolphin
cressdnaviruses are highlighted in red. Pairwise identities compared to the Rep of the orca cressdnaviruses are provided on the right of the phylogenetic tree. B) A
summary of the HUH endonuclease and SF3 helicase domain motifs. (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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Fig. 2. A) Phylogenetic trees of the Rep protein sequences of genomoviruses with dolphin genomoviruses highlighted in red in the detailed subtree on the right.
Pairwise identities compared to the Rep of the genomovirus from this study are provided on the right of the phylogenetic tree. B) A summary of the HUH endo
nuclease, SF3 helicase and GRS domain motifs. (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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helicase domains have a conserved geminivirus-like sequence (GRS)
motif which is thought to be essential for viral replication in these vi
ruses (Nash et al., 2011; Rosario et al., 2012). In the three genomovi
ruses we identified the three motifs in each of the HUH endonuclease
and SF3 helicase domains and also the GRS motif (Fig. 2).

>80 species (Moens et al., 2017). Polyomaviruses are non-enveloped
viruses with icosahedral capsids which enclose ~4–7.4 kb
double-stranded circular genomes. These genomes typically encode two
regulatory proteins (large and small tumor antigens; T-Ag, t-Ag) on one
strand and three capsid proteins (VP1, VP2, and VP3) on the comple
mentary strand. The large tumor antigen, expressed from spliced mRNA,
and small tumor antigen, from non-spliced mRNA, are both oncogenic
proteins expressed throughout early infection for viral replication. The
structural VP1, VP2, and VP3 capsid proteins are expressed post onset of
viral DNA replication (An et al., 2012; Gerits and Moens, 2012). To date,
only one polyomavirus has been identified in a dolphin species, i.e. the
short-beaked common dolphin (Delphinus delphis) (Anthony et al.,

3.5. Polyomavirus
Viruses in the Polyomaviridae family are oncogenic viruses that have
been identified in various mammals, birds and fish (Moens et al., 2017).
The family is divided into 4 genera: Alphapolyomavirus, Betapolyomavi
rus, Deltapolyomavirus, and Gammapolyomaivrus, which altogether are

Fig. 3. Phylogenetic analysis of large T-antigen protein sequences of polyomaviruses with a detailed section with the orca polyomavirus highlighted in red is shown.
Pairwise identities compared to the large T-antigen of the orca polyomavirus are provided on the right of the phylogenetic tree. (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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2013), but has also been identified in various marine mammals and birds
such as the California sea lion (Zalophus californianus) (Colegrove et al.,
2010), Weddell seal (Leptonychotes weddellii) (Varsani et al., 2017), sea
otter (Enhydra lutris) (Siqueira et al., 2017) and Adélie penguin (Pygo
scelis adeliae) (Varsani et al., 2015). Recently, diverse polyomaviruses
have been identified in various marine fish including black sea bass
(Centropristis striata), giant guitarfish (Rhynchobatus djiddensis),
sharp-spined notothen (Trematomus pennellii), emerald notothen
(Trematomus bernacchii) and gilthead sea bream (Sparus aurata) (Buck
et al., 2016; López-Bueno et al., 2016; Peretti et al., 2015; Van Doorslaer
et al., 2018).
In an orca muscle tissue sample (sampled on Apr 28, 2018) we have
identified a novel polyomavirus whose genome is 5126 nts which has a
typical polyomavirus genome organisation and we have named it orca
polyomavirus. A BLASTn analysis reveals that the genome shares 71%
identity with 44% coverage (E-value 1 × 10− 134) with that of Philan
tomba monticola polyomavirus 1 (MG654482) (Ehlers et al., 2019).
Polyomavirus species classification is determined based on five criteria
outlined in (Polyomaviridae Study Group of the International Commit
tee on Taxonomy of et al., 2016). In particular, if the large T-antigen
coding sequence is <15% similar to that of any known polyomavirus, it
is likely that the new polyomavirus represents a new species. In this case
the large T-antigen of the orca polyomavirus shares 53% amino acid
sequence identity to that of Philantomba monticola polyomavirus 1
(MG654482) (Ehlers et al., 2019) (Fig. 3) and 43% identity with that of
dolphin polyomavirus 1 identified in the trachea of a short-beaked
common dolphin (Delphinus delphis) (Anthony et al., 2013). The orca
polyomavirus large T-antigen clusters with bat, ungulate and primate
derived polyomaviruses and based on the phylogeny is likely part of the
Alphapolyomavirus genus. Thus, the orca polyomavirus likely represents
a new species that is significantly diverse from the dolphin polyomavirus
1 which is classified in the species Delphinus delphis polyomavirus 1 but
has not been assigned a genus. Thus, like other polyomaviruses, it is
likely that multiple polyomavirus lineages are associated with the
members of the Delphinidae family.

distinct from this. Thus, it is likely that there are multiple lineages of
polyomaviruses which infected the last common ancestor of the Del
phinidae family, as can be seen by the various primate-infecting poly
omaviruses in multiple phylogenetic lineages. To get a better
understanding of the viruses that infect members of the Delphinidae
family, more effort is needed to identify viruses using viral metagenomic
approaches in both wild and captive animals from an animal health and
conservation perspective. For example, a novel poxvirus was recently
identified in a tattoo lesion of Indo-Pacific bottlenose dolphin from an
oceanarium (Rodrigues et al., 2020). Routine viral surveillance can help
inform management plans in the case there is an outbreak of a patho
genic virus.

4. Concluding remarks
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Viral metagenomics has opened up the field of virology by enabling
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from excreted material from various animals, such as faeces, as viruses
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In this study we identify a polyomavirus, three unclassified cressd
naviruses and two genomoviruses in orca tissue samples (muscle, kidney
and liver) and one genomovirus in a kidney sample of a short-finned
pilot whale. The genomoviruses identified here are likely to infect
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Simmonds, P., Adams, M.J., Benkő, M., Breitbart, M., Brister, J.R., Carstens, E.B.,
Davison, A.J., Delwart, E., Gorbalenya, A.E., Harrach, B., Hull, R., King, A.M.Q.,
Koonin, E.V., Krupovic, M., Kuhn, J.H., Lefkowitz, E.J., Nibert, M.L., Orton, R.,
Roossinck, M.J., Sabanadzovic, S., Sullivan, M.B., Suttle, C.A., Tesh, R.B., van der
Vlugt, R.A., Varsani, A., Zerbini, F.M., 2017. Consensus statement: virus taxonomy in
the age of metagenomics. Nat. Rev. Microbiol. 15, 161–168.
Siqueira, J.D., Ng, T.F., Miller, M., Li, L., Deng, X., Dodd, E., Batac, F., Delwart, E., 2017.
Endemic infection of stranded southern sea otters (Enhydra lutris nereis) with novel
parvovirus, polyomavirus, and adenovirus. J. Wildl. Dis. 53, 532–542.
St Leger, J., Wu, G., Anderson, M., Dalton, L., Nilson, E., Wang, D., 2011. West Nile virus
infection in killer whale, Texas, USA, 2007. Emerg. Infect. Dis. 17, 1531–1533.
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