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Abstract: Circoviruses infect a variety of animal species and have small (~1.8–2.2 kb) circular
single-stranded DNA genomes. Recently a penguin circovirus (PenCV) was identified associated
with an Adélie Penguin (Pygoscelis adeliae) with feather disorder and in the cloacal swabs of three
asymptomatic Adélie Penguins at Cape Crozier, Antarctica. A total of 75 cloacal swab samples
obtained from adults and chicks of three species of penguin (genus: Pygoscelis) from seven Antarctic
breeding colonies (South Shetland Islands and Western Antarctic Peninsula) in the 2015−2016 breeding
season were screened for PenCV. We identified new variants of PenCV in one Adélie Penguin and
one Chinstrap Penguin (Pygoscelis antarcticus) from Port Charcot, Booth Island, Western Antarctic
Peninsula, a site home to all three species of Pygoscelid penguins. These two PenCV genomes (length
of 1986 nucleotides) share > 99% genome-wide nucleotide identity with each other and share ~87%
genome-wide nucleotide identity with the PenCV sequences described from Adélie Penguins at Cape
Crozier ~4400 km away in East Antarctica. We did not find any evidence of recombination among
PenCV sequences. This is the first report of PenCV in Chinstrap Penguins and the first detection
outside of Ross Island, East Antarctica. Given the limited knowledge on Antarctic animal viral
diversity, future samples from Antarctic wildlife should be screened for these and other viruses to
determine the prevalence and potential impact of viral infections.
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1. Introduction

Growing interest and access to the Antarctic continent has increased human-induced challenges
to Antarctic wildlife while expanding our knowledge of the region’s endemic biota. However,
our knowledge of pathogen presence and prevalence in even the continent’s most iconic group of
animals, penguins (order: Sphenisciformes), remains limited. To date, most studies of Antarctic
penguin viral pathogens have focused on colonies located near fixed scientific research stations, which
can monitor sites seasonally or, in some cases, year-round over several years [1–8].
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Literature concerning penguin disease primarily consists of observations and case reports
of pathologies or mass mortality events in these well-studied colonies. Exploratory studies to
determine sub-clinical prevalence of viral pathogens are more recent, progressing from immunoassays,
histopathology, plate culture, and microscopic techniques [9–16] to PCR- and sequencing-based methods
to survey host viromes and identify particular viruses [4,7,17–22]. Though these methodological
advances have broadened our knowledge of the viral profile present in the Antarctic environment,
more analyses are required to document new viruses and understand viral prevalence.

A recent study of one of the world’s largest penguin colonies, the Cape Crozier Adélie Penguin
(Pygoscelis adeliae) colony on Ross Island in East Antarctica, identified a novel circovirus associated with
Adélie Penguins [3]. Circoviruses (family: Circoviridae; genus: Circovirus) are circular single-stranded
DNA viruses that infect a variety of avian, fish, mammalian, and reptilian species. Their genome
encodes two genes in an ambisense orientation: the replication-associated protein (rep) in the virion
sense and the capsid protein (cp) in the complementary sense [23]. The penguin circovirus (PenCV)
was first noted in the guano of a chick exhibiting feather disorder in the 2018–2019 breeding season [3].
Subsequent analysis of cloacal swabs from the 2014–2015 breeding season also identified three other
individuals with this virus sharing > 99% shared genome-wide identity [3]. Feather disorder in
penguins was first observed in an Emperor Penguin (Aptenodytes forsteri) chick at Cape Washington,
near the Ross Sea in 1996 [3] with subsequent observations in African Penguin (Spheniscus demersus)
and Magellanic Penguin (Spheniscus magellanicus) chicks (Kane et al., 2010). Adélie Penguin chicks with
the disorder have been reported three times in the literature: (1) at Esperanza Bay (Hope Bay), Antarctic
Peninsula in 2013–2014 [24], (2) at all three colonies on Ross Island in 2011–2012 [2], and (3) the recent
case at Cape Crozier, Ross Island in 2018–2019 [3]. A number of viruses have been found to infect
Adélie Penguins (reviewed in Smeele et al. [6]), though the etiological agent of the feather disorder
has not been confirmed. The recent identification of the PenCV circovirus in an affected individual
is intriguing.

Chinstrap Penguins (Pygoscelis antarcticus) are closely related to Adélie Penguins (estimated
divergence 3.47 mya, 95% Highest Posterior Density: 1.68–5.27) [25]. The southernmost portions of
the Chinstrap Penguin range overlap with the northernmost reaches of the Adélie Penguin in the
South Sandwich Islands, the South Orkney Island, South Shetland Islands, and down the Western
Antarctic Peninsula to 64◦S. Where the species overlap, colonies tend to be either entirely single-species
or have species-segregated aggregations within the larger colonies. Among the larger, mixed colonies,
it is rare to have more than two penguin species breeding. One interesting exception is the Port
Charcot colony on Booth Island, Western Antarctic Peninsula, which is home to all three species in the
genus Pygoscelis [26]. Predominated by the Gentoo Penguin (Pygoscelis papua), with approximately
1300–1800 nests, it is also home to 4–10 nests of Adélie Penguins and 16–25 nests of Chinstrap
Penguins [27]. The three species nest in very close proximity to each other, which make it a site of
interest in exploring host–pathogen interactions in sympatric species. In this paper, we report the
molecular detection of sequences of Adélie Penguin circovirus (PenCV) in both an Adélie Penguin
and Chinstrap Penguin at Port Charcot, representing the first detection of this virus in the Antarctic
Peninsula, 4400 km away from its first reported location at Cape Crozier and the first detection in a
Chinstrap Penguin.

2. Materials and Methods

Between the 27 December 2015 and the 27 January 2016, a total of 75 cloacal swab samples were
obtained from penguins in the genus Pygoscelis at seven sites in the South Shetland Islands and the
Antarctic Peninsula (Figure 1) as part of a DNA virome study. These consisted of 17 Adélie Penguins
(9 adults, 8 chicks), 32 Chinstrap Penguins (21 adults, 11 chicks), and 26 Gentoo Penguins (16 adults,
10 chicks). Regular flocked swabs (Eswab™, Copan®, Murrieta, CA, USA) were used, stored in 1 mL
of liquid Amies medium, which was stored frozen aside from transport with cold packs under relevant
import permits to the United Kingdom. Adult birds were swabbed at the nest when their cloacas were
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positioned accessibly (facing out), such that the sample could be obtained in under 30 s with minimal
disturbance or restraint. In cases of adult–chick paired sampling, the adult was swabbed first, and then
chicks were retrieved by hand from the nest, swabbed, and immediately returned to the nest in under
one minute. All sampling in Antarctica was conducted under permits S3 34/2015 and S7/S9 35-2015,
with ethical approval from the University of Oxford Animal Welfare and Ethical Review Board.
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Figure 1. Map of Pygoscelis species penguin colonies sampled along the South Shetland Islands and
Western Antarctic Peninsula, with pie chart colors representing the species sampled at each site.
The grey boxed number associated with each pie chart reflects the total number of swabs obtained at
the site. Site abbreviations: Half Moon Island (HMI); Yankee Harbor (YH); Baily Head (BH); Kinnes
Cove (KC); Georges Point (GP); Port Charcot (PC); Moot Point (MP) as in Table 1.

Viral DNA was extracted using 200 µL of the swab suspension after vortexing, using the
High Pure Viral Nucleic Acid Kit (Roche Diagnostics, Indianapolis, IN, USA). The virus was
preferentially amplified for circular DNA by rolling circle amplification (RCA) using the TempliPhi™
100 Amplification Kit (GE Healthcare, Chicago, IL, USA). The resulting RCA-amplified DNA
(5 µL) was pooled based on animal species per site and used to generate Illumina sequencing
libraries using the Nextera DNA Flex Library Prep Kit (Illumina Inc, San Diego, CA, USA).
The libraries were sequenced on an Illumina4000 sequencer (2 × 100 bp library), and the resulting
paired-end raw reads were trimmed using Trimmomatic [28] and then de novo assembled
using metaSPAdes v 3.12.0 [29]. Assembled contigs > 500 nts were analyzed against a viral
RefSeq [30] protein database using BLASTx [31]. We identified two contigs (1508 and 1859 nts)
in two libraries from Booth Island (one each for Adélie and Chinstrap Penguins) that had high
similarity (>85%) to the recently identified penguin circovirus [3]. Based on the sequences of the
contigs, we designed a pair of abutting primers (5′-TGAAAGCATGGAGAACTCTGTATAATAAAGT-3′

and 5′-GCGTAATCATTTAATTCGTTCTCGTCATCT-3′) to screen all the individual samples (n = 75)
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and recover the full genomes. The genomes were recovered with this primer pair by PCR using 0.5 µL
of the RCA product as a template with KAPA HiFi HotStart DNA Polymerase (Kapa Biosystems,
Wilmington, MA, USA) in 20 µL reactions. The amplicons were resolved on a 0.7% agarose gel, excised,
purified, and cloned into pJET1.2 plasmid (ThermoFisher, Waltham, MA, USA). The recombinant
plasmids were Sanger-sequenced by primer walking at Macrogen Inc. (Seoul, Korea) and contigs
assembled using Geneious Prime [32].

The genomes of the circoviruses identified in this study were aligned with the four penguin
circoviruses (GenBank MN164703–MN164706) and representative genomes of other avian circoviruses
using MUSCLE [33]. The alignment was used to infer a maximum-likelihood phylogenetic tree with
1000 bootstrap replicates using PhyML [34] with GTR+I+G nucleotide substitution model (identified as
the best fit model using jModelTest [35]). Similarly, the Rep and CP amino acid sequences encoded by
the circoviruses identified in this study were aligned with those of the four penguin circoviruses and
representative avian circoviruses. The resulting alignments were used to infer maximum-likelihood
phylogenetic trees with 1000 bootstrap replicates using PhyML [34] using the substitution models
rtREV+G+I+F for CP and WAG+G for Rep determined as best fit models using ProtTest [36]. For all
phylogenetic trees, branches with < 60% branch support were collapsed using TreeGraph2 [37], and the
trees were rooted with circoviruses sequences of duck circovirus (DuCV), goose circovirus (GoCV),
and swan circovirus (SwCV).

All pairwise identities (genomes and amino acids) were determined using SDT v1.2 [38].
We aligned the PenCV sequences (two from this study and four reported by [3]) and analyzed
these for recombination using RDP4 v.4.97 [39].

In order to test for signatures of positive selection, the codeml program in PAML v4.9 [40] was
used. Two sets of model comparisons were used: (i) the M1/M2a comparison, where positive selection
is disallowed and allowed, respectively, and (ii) the M7/M8 comparison, where dN/dS is modeled using
a beta distribution, and positive selection is disallowed and allowed, respectively. The Bayes Empirical
Bayes (BEB) algorithm was then used to identify particular sites under positive selection [41].

3. Results and Discussion

Of 75 swabs tested in this study, two from Port Charcot, Booth Island, Southwest Antarctic
Peninsula, presented penguin circovirus (PenCV) sequences, found in one Adélie Penguin adult
(1/2 sampled at the site) and one Chinstrap Penguin adult (1/3 sampled) (GenBank accession numbers
MN877414–MN877415). These two circoviruses share 87.1–87.8% genome identity with the ones
identified in Adélie Penguins at Cape Crozier (East Antarctica) [3], and since the circovirus species
delineation threshold is 80% genome-wide pairwise identity [42], this is considered to be the same
species of circovirus. No other sites sampled and no chicks or Gentoo Penguins at this site yielded any
circovirus sequences, though this absence may not be indicative of true prevalence due to the small
sample size in this study (Table 1).

Though the Booth Island sample size is small, there were only 6 Adélie Penguin chicks and
25 Chinstrap Penguin chicks counted at this colony that year [27], and so this sample set may be
considered representative. Gentoo Penguins, on the other hand, had 1023 chicks that year at the
site [27], and further sampling would be needed to determine whether this virus might be shared in
that species. The absence of virus in the chicks of infected adults could indicate that infection occurs
during the non-breeding season elsewhere and/or that this virus is not vertically transmitted or was
undetectable in our samples. It is impossible to understand whether this is endemic or an introduction.



Viruses 2020, 12, 858 5 of 11

Table 1. Sampling site details and penguin circovirus (PenCV) viral sequence prevalence in adults and chicks. Colony names and subareas follow the Antarctic Site
Inventory naming convention [43].

Colony and Antarctic Site
Inventory Subarea Coordinates Penguin Species

(Individuals Sampled)
PenCV Dentification
in Adults Sampled

PenCV Identification in
Chicks Sampled

Half Moon Island (HMI), South
Shetland Islands 60◦36′ S, 59◦55′ W Chinstrap (10) 0/10 -

Yankee Harbor (YH), Greenwich
Island, South Shetland Islands 62◦32′ S, 59◦47′ W Gentoo (9) 0/6 0/3

Baily Head (BH), Deception Island,
South Shetland Islands 62◦58′ S, 60◦30′ W Chinstrap (10) 0/5 0/5

Kinnes Cove (KC, Madder Cliff),
Joinville Island, Northeast

Antarctic Peninsula
63◦18′ S, 56◦29′ W Adélie (14) 0/7 0/7

Georges Point (GP), Ronge Island,
Northwest Antarctic Peninsula

64◦40′ S, 62◦40′ W
Chinstrap (6) 0/3 0/3

Gentoo (6) 0/3 0/3

Port Charcot (PC), Booth Island,
Southwest Antarctic Peninsula

65◦05′ S, 64◦00′ W
Adélie (3) 1/2 0/1

Chinstrap (6) 1/3 0/3
Gentoo (6) 0/3 0/3

Moot Point (MP), Southwest
Antarctic Peninsula 65◦12′ S, 64◦06′ W Gentoo (5) 0/4 0/1

Total by Species
Adélie (17) 1/9 0/8

Chinstrap (32) 1/21 0/11
Gentoo (26) 0/16 0/10
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Both genomes recovered from our samples were 1986 nucleotides in length, with capsid protein
(cp; 726 nt) and replication-associated protein (rep; 870 nt) genes matching the reported length of PenCV
genes. The two sequences share 99.6% genome-wide nucleotide identity and 99.6% (CP) and 99.3%
(Rep) amino acid sequence identity with each other, encompassing just two non-synonymous changes
in each protein. They share 87.1–87.8% genome-wide nucleotide identity and 90.9–91.7% and 95.8% CP
and Rep amino acid identity, respectively, with the PenCV sequences recently discovered ~4400 km
away, at Cape Crozier, in three Adélie Penguin adults and one chick (Figure 2, Supplementary Data 1).
The circovirus sequences reported in this manuscript are approximately 12% divergent to those reported
in Morandini et al. [3] with all PenCV represented in a monophyletic clade based upon whole-genome
or encoded protein-specific analyses (Figure 2; Supplementary Data 1). Interestingly, the PenCV
reported in this manuscript sampled from Adélie and Chinstrap Penguin (Pygoscelis antarcticus) cloacal
swabs are more similar to each other than the PenCV from Adélie Penguins from Cape Crozier on
Ross Island. Hence, the sequence differences between Booth Island and Ross Island PenCVs appear to
be more related to location than a consequence of host species adaptation. In psittacine birds, different
host species have been known to share circoviruses (beak and feather disease virus) with > 98% shared
genome-wide identity [44]. There was no evidence of recombination between PenCVs sequenced at
different locations.

As might be expected, the level of shared amino acid identity between different circoviruses
sequenced from different hosts was much higher for the Rep than for the CP protein (Figure 2B;
Supplementary Data 1). It is interesting to note the very high level of identity within the PenCV
sequences from Adélie and Chinstrap Penguins from Booth Island even within the CP (> 99.6% amino
acid identity). Within the PenCV clade, PAML analysis of the rep gene showed no evidence of positive
selection (M1/M2a model, p = 0.868; M7/M8 model p = 0.462; Supplementary Data 2). In contrast,
cp tended towards significance for the M7/M8 comparison (p = 0.102), and one codon was determined
to have undergone positive selection using the BEB algorithm (site 201, posterior probability 0.973;
Supplementary Data 2). Further increasing the power of this analysis with more penguin circovirus
representatives may give a clearer indication of the sites that may be functionally important for
endonuclease or helicase function in case of the Rep or receptor bind in the case of the CP.
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Figure 2. (A) Maximum-likelihood phylogenetic tree based on the genomic sequences of
PenCVs and other avian circoviruses with a color-coded nucleotide pairwise identity matrix.
(B). Maximum-likelihood phylogenetic trees of the Rep and CP amino acid sequences encoded by
PenCVs with corresponding color-coded amino acid pairwise identity matrixes. Branches with < 60%
support have been collapsed, and the trees are rooted with sequences of duck circovirus (DuCV), goose
circovirus (GoCV), and swan circovirus (SwCV). * Viruses likely infect avian species, but they have
been identified in fecal samples and insect vectors.
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4. Conclusions

The addition of these new PenCV sequences continues to support their distinct categorization
as a separate species from other known avian circoviruses, clustering most closely with gull
circoviruses (GuCV) from Larus spp., with ~67% genome-wide nucleotide identity. There are no known
circovirus sequences identified in other penguin species or seabirds in the next-closest related order
Procellariformes. Similar clustering is seen for amino acid sequence-based phylogenies, with PenCVs
sharing 66–67% Rep amino acid identity and 57–58% CP amino acid identity with GuCV. PenCV
clusters with other avian circoviruses identified in parrot (beak and feather disease virus, BFDV),
raven (RaCV), canary (CaCV), zebra finch (ZfiCV), finch (FiCV), pigeon (PiCV), and starling (StCV),
sharing 62–64% amino acid identity, with their Reps and CPs sharing 61–68% and 39–53% amino acid
identity, respectively.

At the time of sampling, there was no evidence of physical deformities or feather anomalies;
therefore, here we report the identification of a new PenCV variant that is not linked to any clinical
presentation. Throughout the sampling season (2015–2016), visits to approximately 100 different
Pygoscelid penguin colonies in the South Shetland Islands and Antarctic Peninsula yielded
no observations of feather disorder, although one was noted in a Rockhopper Penguin in the
Falkland Islands. Previous sequencing of PenCV in a chick exhibiting feather disorder in Cape
Crozier merits further exploration since feather abnormalities and immunosuppression in other
orders of birds—Psittaciformes, Passeriformes, Anseriformes, Columbiformes, Struthioniformes,
and Charadriiformes—have been correlated to avian circovirus infections [45].

In conclusion, the investigation of prevalence of circoviruses and other potential viral pathogens
should be expanded across the range of all penguin species, particularly given their vulnerability to
environmental stressors and the rapid pace of abiotic changes to their habitats [46].

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/8/858/s1,
Supplementary Data 1: Spreadsheet containing pairwise identities of the avian circovirus genomes, and the Rep
and CP amino acid sequences; Supplementary Data 2: Bayes Empirical Bayes inference of the probability of
positively selected sites in PenCV protein-coding genes obtained from various codeml models [41].

Author Contributions: Conceptualization, H.L., A.D., A.L.S., T.H., A.V.; methodology, H.L., S.R.F., A.D., C.E.B.,
S.K., A.L.S., T.H., A.V.; validation, H.L., S.K., A.V.; formal analysis, H.L., S.R.F., A.D., S.K., A.L.S., T.H., A.V.;
investigation, H.L., S.R.F., A.D., C.E.B., S.K., A.L.S., T.H., A.V.; resources, A.L.S., T.H., A.V.; data curation, H.L., A.V.;
writing—original draft preparation, H.L., A.L.S., T.H., A.V.; writing—review and editing, H.L., S.R.F., A.D., C.E.B.,
S.K., A.L.S., T.H., A.V.; visualization, H.L., A.D., A.V.; supervision, H.L., A.L.S., T.H., A.V.; project administration,
H.L., A.L.S., T.H., A.V.; funding acquisition, H.L., A.L.S., T.H., A.V. All authors have read and agreed to the
published version of the manuscript.

Funding: We thank Quark Expeditions for logistical and financial support provided to H.L., T.H., A.D., and C.E.B.
The molecular work described in this study was supported by the Center of Evolution and Medicine Venture
Fund (Center of Evolution and Medicine, Arizona State University, U.S.A.) grant awarded to A.V. H.L.’s work was
supported by a University of Oxford Clarendon Fund Scholarship. S.R.F. was supported by funding from the
Biotechnology and Biological Sciences Research Council (BBSRC) under grant number BB/M011224/1.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Barbosa, A.; Palacios, M.J. Health of Antarctic birds: A review of their parasites, pathogens and diseases.
Polar Biol. 2009, 32, 1095. [CrossRef]

2. Grimaldi, W.W.; Seddon, P.J.; Lyver, P.O.; Nakagawa, S.; Tompkins, D.M. Infectious diseases of Antarctic
penguins: Current status and future threats. Polar Biol. 2015, 38, 591–606. [CrossRef]

3. Morandini, V.; Dugger, K.M.; Ballard, G.; Elrod, M.; Schmidt, A.; Ruoppolo, V.; Lescroel, A.; Jongsomjit, D.;
Massaro, M.; Pennycook, J.; et al. Identification of a novel adelie penguin circovirus at cape crozier
(Ross Island, Antarctica). Viruses 2019, 11, 1088. [CrossRef]

http://www.mdpi.com/1999-4915/12/8/858/s1
http://dx.doi.org/10.1007/s00300-009-0640-3
http://dx.doi.org/10.1007/s00300-014-1632-5
http://dx.doi.org/10.3390/v11121088


Viruses 2020, 12, 858 9 of 11

4. Neira, V.; Tapia, R.; Verdugo, C.; Barriga, G.; Mor, S.; Ng, T.F.F.; Garcia, V.; Del Rio, J.; Rodrigues, P.;
Briceno, C.; et al. Novel avulaviruses in penguins, Antarctica. Emerg. Infect. Dis. 2017, 23, 1212–1214.
[CrossRef]

5. Olivares, F.; Tapia, R.; Galvez, C.; Meza, F.; Barriga, G.P.; Borras-Chavez, R.; Mena-Vasquez, J.; Medina, R.A.;
Neira, V. Novel penguin Avian avulaviruses 17, 18 and 19 are widely distributed in the Antarctic Peninsula.
Transbound. Emerg. Dis. 2019, 66, 2227–2232. [CrossRef] [PubMed]

6. Smeele, Z.E.; Ainley, D.G.; Varsani, A. Viruses associated with Antarctic wildlife: From serology based
detection to identification of genomes using high throughput sequencing. Virus Res. 2018, 243, 91–105.
[CrossRef] [PubMed]

7. Wille, M.; Aban, M.; Wang, J.; Moore, N.; Shan, S.; Marshall, J.; Gonzalez-Acuna, D.; Vijaykrishna, D.;
Butler, J.; Wang, J.; et al. Antarctic penguins as reservoirs of diversity for avian avulaviruses. J. Virol. 2019, 93.
[CrossRef]

8. Yinda, C.K.; Esefeld, J.; Peter, H.U.; Matthijnssens, J.; Zell, R. Penguin megrivirus, a novel picornavirus from
an Adelie penguin (Pygoscelis adeliae). Arch. Virol. 2019, 164, 2887–2890. [CrossRef]

9. Alexander, D.J.; Manvell, R.J.; Collins, M.S.; Brockman, S.J.; Westbury, H.A.; Morgan, I.; Austin, F.J.
Characterization of paramyxoviruses isolated from penguins in Antarctica and sub-Antarctica during
1976–1979. Arch. Virol. 1989, 109, 135–143. [CrossRef]

10. Austin, F.J.; Webster, R.G. Evidence of ortho- and paramyxoviruses in fauna from Antarctica. J. Wildl. Dis.
1993, 29, 568–571. [CrossRef]

11. Baumeister, E.; Leotta, G.; Pontoriero, A.; Campos, A.; Montalti, D.; Vigo, G.; Pecoraro, M.; Savy, V. Serological
evidences of influenza A virus infection in Antarctica migratory birds. Int. Congr. Ser. 2004, 1263, 737–740.
[CrossRef]

12. Gardner, H.; Kerry, K.; Riddle, M.; Brouwer, S.; Gleeson, L. Poultry virus infection in Antarctic penguins.
Nature 1997, 387, 245. [CrossRef] [PubMed]

13. Mac Donald, J.W.; Conroy, J.W.H. Virus disease resembling puffinosis in the gentoo penguin Pygoscelis papua
on Signy Island South Orkney Islands. Br. Antarct. Surv. Bull. 1971, 80–82.

14. Morgan, I.R.; Westbury, H.A. Virological studies of Adelie Penguins (Pygoscelis adeliae) in Antarctica. Avian Dis.
1981, 25, 1019–1026. [CrossRef] [PubMed]

15. Morgan, I.R.; Westbury, H.A. Studies of viruses in penguins in the Vestfold hills. Hydrobiologia 1988, 165,
263–269. [CrossRef]

16. Morgan, I.R.; Westbury, H.A.; Caple, I.W.; Campbell, J. A survey of virus infection in sub-Antarctic penguins
on Macquarie Island, Southern Ocean. Aust. Vet. J. 1981, 57, 333–335. [CrossRef] [PubMed]

17. Hurt, A.C.; Vijaykrishna, D.; Butler, J.; Baas, C.; Maurer-Stroh, S.; Silva-de-la-Fuente, M.C.; Medina-Vogel, G.;
Olsen, B.; Kelso, A.; Barr, I.G.; et al. Detection of evolutionarily distinct avian influenza a viruses in Antarctica.
mBio 2014, 5, e01098-14. [CrossRef] [PubMed]

18. Lee, S.Y.; Kim, J.H.; Park, Y.M.; Shin, O.S.; Kim, H.; Choi, H.G.; Song, J.W. A novel adenovirus in Chinstrap
penguins (Pygoscelis Antarctica) in Antarctica. Viruses 2014, 6, 2052–2061. [CrossRef]

19. Lee, S.Y.; Kim, J.H.; Seo, T.K.; No, J.S.; Kim, H.; Kim, W.K.; Choi, H.G.; Kang, S.H.; Song, J.W. Genetic and
molecular epidemiological characterization of a novel adenovirus in Antarctic penguins collected between
2008 and 2013. PLoS ONE 2016, 11, e0157032. [CrossRef]

20. Thomazelli, L.M.; Araujo, J.; Oliveira, D.B.; Sanfilippo, L.; Ferreira, C.S.; Brentano, L.; Pelizari, V.H.;
Nakayama, C.; Duarte, R.; Hurtado, R.; et al. Newcastle disease virus in penguins from King George Island
on the Antarctic region. Vet. Microbiol. 2010, 146, 155–160. [CrossRef]

21. Varsani, A.; Kraberger, S.; Jennings, S.; Porzig, E.L.; Julian, L.; Massaro, M.; Pollard, A.; Ballard, G.; Ainley, D.G.
A novel papillomavirus in Adelie penguin (Pygoscelis adeliae) faeces sampled at the Cape Crozier colony,
Antarctica. J. Gen. Virol. 2014, 95, 1352–1365. [CrossRef]

22. Varsani, A.; Porzig, E.L.; Jennings, S.; Kraberger, S.; Farkas, K.; Julian, L.; Massaro, M.; Ballard, G.; Ainley, D.G.
Identification of an avian polyomavirus associated with Adelie penguins (Pygoscelis adeliae). J. Gen. Virol.
2015, 96, 851–857. [CrossRef] [PubMed]

23. Breitbart, M.; Delwart, E.; Rosario, K.; Segales, J.; Varsani, A.; Ictv Report, C. ICTV virus taxonomy profile:
Circoviridae. J. Gen. Virol. 2017, 98, 1997–1998. [CrossRef] [PubMed]

24. Barbosa, A.; Colominas-Ciuro, R.; Coria, N.; Centurion, M.; Sandler, R.; Negri, A.; Santos, M. First record of
feather-loss disorder in Antarctic penguins. Antarct. Sci. 2015, 27, 69–70. [CrossRef]

http://dx.doi.org/10.3201/eid2307.170054
http://dx.doi.org/10.1111/tbed.13309
http://www.ncbi.nlm.nih.gov/pubmed/31355981
http://dx.doi.org/10.1016/j.virusres.2017.10.017
http://www.ncbi.nlm.nih.gov/pubmed/29111456
http://dx.doi.org/10.1128/JVI.00271-19
http://dx.doi.org/10.1007/s00705-019-04404-9
http://dx.doi.org/10.1007/BF01310525
http://dx.doi.org/10.7589/0090-3558-29.4.568
http://dx.doi.org/10.1016/j.ics.2004.02.099
http://dx.doi.org/10.1038/387245a0
http://www.ncbi.nlm.nih.gov/pubmed/9153386
http://dx.doi.org/10.2307/1590077
http://www.ncbi.nlm.nih.gov/pubmed/7039589
http://dx.doi.org/10.1007/BF00025595
http://dx.doi.org/10.1111/j.1751-0813.1981.tb05839.x
http://www.ncbi.nlm.nih.gov/pubmed/7340785
http://dx.doi.org/10.1128/mBio.01098-14
http://www.ncbi.nlm.nih.gov/pubmed/24803521
http://dx.doi.org/10.3390/v6052052
http://dx.doi.org/10.1371/journal.pone.0157032
http://dx.doi.org/10.1016/j.vetmic.2010.05.006
http://dx.doi.org/10.1099/vir.0.064436-0
http://dx.doi.org/10.1099/vir.0.000038
http://www.ncbi.nlm.nih.gov/pubmed/25537375
http://dx.doi.org/10.1099/jgv.0.000871
http://www.ncbi.nlm.nih.gov/pubmed/28786778
http://dx.doi.org/10.1017/S0954102014000467


Viruses 2020, 12, 858 10 of 11

25. Gavryushkina, A.; Heath, T.A.; Ksepka, D.T.; Stadler, T.; Welch, D.; Drummond, A.J. Bayesian total-evidence
dating reveals the recent crown radiation of Penguins. Syst. Biol. 2017, 66, 57–73. [CrossRef]

26. Lynch, H.J.; Naveen, R.; Fagan, W.F. Censuses of penguin, blue-eyed shag Phalacrocorax atriceps and southern
giant petrel Macronectes giganteus populations on the Antarctic Peninsula, 2001–2007. Mar. Ornithol. 2008,
36, 83–97.

27. Humphries, G.R.W.; Naveen, R.; Schwaller, M.; Che-Castaldo, C.; McDowall, P.; Schrimpf, M.; Lynch, H.J.
Mapping Application for Penguin Populations and Projected Dynamics (MAPPPD): Data and tools for
dynamic management and decision support. Polar Rec. 2017, 53, 160–166. [CrossRef]

28. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics
2014, 30, 2114–2120. [CrossRef]

29. Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.;
Pham, S.; Prjibelski, A.D.; et al. SPAdes: A new genome assembly algorithm and its applications to single-cell
sequencing. J. Comput. Biol. 2012, 19, 455–477. [CrossRef]

30. O’Leary, N.A.; Wright, M.W.; Brister, J.R.; Ciufo, S.; Haddad, D.; McVeigh, R.; Rajput, B.; Robbertse, B.;
Smith-White, B.; Ako-Adjei, D.; et al. Reference sequence (RefSeq) database at NCBI: Current status,
taxonomic expansion, and functional annotation. Nucleic Acids Res. 2016, 44, D733–D745. [CrossRef]

31. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol.
1990, 215, 403–410. [CrossRef]

32. Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.;
Markowitz, S.; Duran, C.; et al. Geneious basic: An integrated and extendable desktop software platform for
the organization and analysis of sequence data. Bioinformatics 2012, 28, 1647–1649. [CrossRef] [PubMed]

33. Edgar, R.C. Muscle: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res.
2004, 32, 1792–1797. [CrossRef] [PubMed]

34. Guindon, S.; Dufayard, J.F.; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New algorithms and methods
to estimate maximum-likelihood phylogenies: Assessing the performance of PhyML 3.0. Syst. Biol. 2010, 59,
307–321. [CrossRef] [PubMed]

35. Posada, D. jModelTest: Phylogenetic model averaging. Mol. Biol. Evol. 2008, 25, 1253–1256. [CrossRef]
[PubMed]

36. Darriba, D.; Taboada, G.L.; Doallo, R.; Posada, D. ProtTest 3: Fast selection of best-fit models of protein
evolution. Bioinformatics 2011, 27, 1164–1165. [CrossRef]

37. Stover, B.C.; Muller, K.F. TreeGraph 2: Combining and visualizing evidence from different phylogenetic
analyses. BMC Bioinform. 2010, 11, 7. [CrossRef]

38. Muhire, B.M.; Varsani, A.; Martin, D.P. SDT: A virus classification tool based on pairwise sequence alignment
and identity calculation. PLoS ONE 2014, 9, e108277. [CrossRef]

39. Martin, D.P.; Murrell, B.; Golden, M.; Khoosal, A.; Muhire, B. RDP4: Detection and analysis of recombination
patterns in virus genomes. Virus Evol. 2015, 1, vev003. [CrossRef]

40. Yang, Z. PAML 4: Phylogenetic analysis by maximum likelihood. Mol. Biol. Evol. 2007, 24, 1586–1591.
[CrossRef]

41. Yang, Z.; Wong, W.S.; Nielsen, R. Bayes empirical bayes inference of amino acid sites under positive selection.
Mol. Biol. Evol. 2005, 22, 1107–1118. [CrossRef] [PubMed]

42. Rosario, K.; Breitbart, M.; Harrach, B.; Segales, J.; Delwart, E.; Biagini, P.; Varsani, A. Revisiting the taxonomy
of the family Circoviridae: Establishment of the genus Cyclovirus and removal of the genus Gyrovirus.
Arch. Virol. 2017, 162, 1447–1463. [CrossRef] [PubMed]

43. Naveen, R.; Forrest, S.C.; Dagit, R.G.; Blight, L.K.; Trivelpiece, W.Z.; Trivelpiece, S.G. Censuses of penguin,
blue-eyed shag, and southern giant petrel populations in the Antarctic Peninsula region, 1994–2000. Polar Rec.
2000, 36, 323–334. [CrossRef]

44. Julian, L.; Piasecki, T.; Chrzastek, K.; Walters, M.; Muhire, B.; Harkins, G.W.; Martin, D.P.; Varsani, A.
Extensive recombination detected among beak and feather disease virus isolates from breeding facilities in
Poland. J. Gen. Virol. 2013, 94, 1086–1095. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/sysbio/syw060
http://dx.doi.org/10.1017/S0032247417000055
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.1089/cmb.2012.0021
http://dx.doi.org/10.1093/nar/gkv1189
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1093/bioinformatics/bts199
http://www.ncbi.nlm.nih.gov/pubmed/22543367
http://dx.doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
http://dx.doi.org/10.1093/sysbio/syq010
http://www.ncbi.nlm.nih.gov/pubmed/20525638
http://dx.doi.org/10.1093/molbev/msn083
http://www.ncbi.nlm.nih.gov/pubmed/18397919
http://dx.doi.org/10.1093/bioinformatics/btr088
http://dx.doi.org/10.1186/1471-2105-11-7
http://dx.doi.org/10.1371/journal.pone.0108277
http://dx.doi.org/10.1093/ve/vev003
http://dx.doi.org/10.1093/molbev/msm088
http://dx.doi.org/10.1093/molbev/msi097
http://www.ncbi.nlm.nih.gov/pubmed/15689528
http://dx.doi.org/10.1007/s00705-017-3247-y
http://www.ncbi.nlm.nih.gov/pubmed/28155197
http://dx.doi.org/10.1017/S0032247400016818
http://dx.doi.org/10.1099/vir.0.050179-0
http://www.ncbi.nlm.nih.gov/pubmed/23324468


Viruses 2020, 12, 858 11 of 11

45. Smyth, J.A.; Todd, D.; Scott, A.; Beckett, A.; Twentyman, C.M.; Brojer, C.; Uhlhorn, H.; Gavier-Widen, D.
Identification of circovirus infection in three species of gull. Vet. Rec. 2006, 159, 212–214. [CrossRef]
[PubMed]

46. Cimino, M.A.; Lynch, H.J.; Saba, V.S.; Oliver, M.J. Projected asymmetric response of Adelie penguins to
Antarctic climate change. Sci. Rep. 2016, 6, 28785. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1136/vr.159.7.212
http://www.ncbi.nlm.nih.gov/pubmed/16905737
http://dx.doi.org/10.1038/srep28785
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

