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A B S T R A C T   

Members of the Picornaviridae family comprise a significant burden on the poultry industry, causing diseases such 
as gastroenteritis and hepatitis. However, with the advent of metagenomics, a number of picornaviruses have 
now been revealed in apparently healthy wild birds. In this study, we identified four novel viruses belonging to 
the family Picornaviridae in healthy Magellanic penguins, a near threatened species. All samples were subse-
quently screened by RT-PCR for these new viruses, and approximately 20% of the penguins were infected with at 
least one of these viruses. The viruses were distantly related to members of the genera Hepatovirus, Tremovirus, 
Gruhelivirus and Crahelvirus. Further, they had more than 60% amino acid divergence from other picornaviruses, 
and therefore likely constitute novel genera. Our results demonstrate the vast undersampling of wild birds for 
viruses, and we expect the discovery of numerous avian viruses that are related to hepatoviruses and trem-
oviruses in the future.   

1. Introduction 

Penguins (Order: Sphenisciformes) are unique in the avian world. 
Penguins are found throughout the temperate regions of the Southern 
Hemisphere, ranging from the Antarctic continent to as far north as the 
Galapagos Islands. Despite population declines of many penguin species, 
largely due to climate change and overfishing of their prey (Trathan 
et al., 2015), little is known about the pathogens and parasites har-
boured by these birds. Indeed, infections with various microorganisms 
are known to play a role in reducing avian populations, such as sub-
stantial declines of native Hawaiian birds due to avian malaria, 
decreased survival of albatross due to avian cholera, and decreased 
survival of a number of North American passerine species due to 
infection with West Nile virus (Atkinson and LaPointe, 2009; George 
et al., 2015; Jaeger et al., 2020; Warner, 1968). 

To date, studies of viral presence and prevalence among penguins 
has been limited, opportunistic, and related to sick birds in nature (eg 
(Kane et al., 2012; Molini et al., 2020)) or in rehabilitation centres (eg 
(Parsons et al., 2015)). Further, studies of viruses in penguins are highly 
biased towards the charismatic Antarctic Penguins, with serology 
studies dating back to the 1970’s (Smeele et al., 2018). Due to techno-
logical limitations, i.e. both serology and PCR based studies allow for the 
assessment of only known viruses, very little progress has been made 
revealing the viral communities in these species. This has changed 
dramatically with the rise of metagenomics and metatranscriptomics 
(Smeele et al., 2018; Wille et al., 2020), wherein novel and highly 
divergent viral species may be described. As a result, since 2015, more 
than 25 different novel viruses have been described in Antarctic and 
sub-Antarctic penguins (Smeele et al., 2018; Wille et al., 2020). These 
viruses include members from the Adenoviridae, Astroviridae, 
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Caliciviridae, Circoviridae, Coronaviridae, Herpesviridae, Paramyxoviridae, 
Orthomyxovirdae, Polyomaviridae, Papillomaviridae, Picornaviridae, Pico-
birnaviridae and Reoviridae (de Souza et al., 2019b; Miller et al., 2010; 
Morandini et al., 2019; Smeele et al., 2018; Wille et al., 2019a, 2020). 
Beyond Antarctica, evaluation of penguins for viruses is haphazard, 
although many of the same viral families have been detected through 
both virology and serology studies of Magellanic Penguins (Spheniscus 
magellanicus), African Penguins (Spheniscus demersus), Little Blue Pen-
guins (Eudyptula minor), and Galapagos Penguins (Spheniscus mendicu-
lus) (Fornells et al., 2012; Kane et al., 2012; Mele et al., 2012; Molini 
et al., 2020; Morgan et al., 1985; Niemeyer et al., 2013; Offerman et al., 
2014; Parsons et al., 2015; Travis et al., 2006; Uhart et al., 2020). It is 
clear from these studies that the viral diversity of penguins is vastly 
underappreciated, and thus the role of penguins as potential hosts for an 
array of viruses are yet to be revealed. 

Through metagenomics, a number of novel picornaviruses have 
recently been described in samples from wild birds. These viruses fall 
into the genera Megrivirus, Sapelovirus, Avihepatovirus, and other highly 
divergent viruses with unassigned genera (Boros et al., 2015, 2017, 
2018; Wang et al., 2019; Wille et al., 2018, 2019b). In penguins, seven 
picornaviruses have been described: Ross virus, Scott virus, Amundsen 
virus, Shirase virus, Wedell virus, Pingu virus and penguin megrivirus 
(Megrivirus E), all of which have been detected in apparently healthy 
Antarctic penguins (de Souza et al., 2019b; Wille et al., 2020). Until 
recently, avian picornaviruses were exclusively associated with 
morbidity and mortality in poultry and other birds (pigeons and pas-
serines) (Boros et al., 2014, 2016). Through an increased effort in 
investigating the virome in healthy wild birds, we are beginning to 
rewrite the narrative of many viral families. There is mounting evidence 
to suggest that picornaviruses are not exclusively disease causing, but 
rather that many picornaviruses from different species detected in wild 
birds are not associated with any signs of disease. 

In this study we aimed to identify and characterise viruses of Mag-
ellanic Penguins. We sampled faeces from Magellanic Penguins breeding 
on the Magdalena island, an important breeding colony for this species, 
situated in southern Chile, and we used a combination of high 
throughput metagenomic sequencing, followed by PCR screening to 
disentangle virus diversity and prevalence. The detection of four novel 
viruses at high prevalence in penguins without obvious disease, provides 
further evidence that penguins are reservoir hosts for a multitude of 
viruses belonging to different virus families and genera, including 
numerous viruses yet to be revealed. Finally, this finding has important 
evolutionary implications for the emergence/evolution of the picorna-
virus supergroup comprising Hepatovirus and Tremovirus. 

2. Material and methods 

2.1. Ethics statement 

The project was ethically approved by the Chilean National Forestry 
Corporation (CONAF) for the region of Magallanes, Chile (RESOLUCIÓN 
No:517/2015). 

2.2. Study site 

Sampling was carried out on the Magellanic Penguin colony situated 
on the Magdalena Island in the Strait of Magellan in Chilean Patagonia 
(− 52◦55′10′′S 70◦34′34′′W), from 19–November 21, 2015. The colony 
comprises approximately 63,000 breeding pairs of penguins as the last 
count in 2007. 

Freshly deposited faecal samples (n = 107) were collected from birds 
comprising 72 Magellanic Penguins, 1 Southern Rockhopper Penguin 
and, 3 Kelp Gulls. Some penguin faeces (n = 30) were sampled on more 
than once. An additional 2 samples were collected from the soil around 
the colony. All samples were collected using sterile plastic tools and 
placed in 1 ml RNAlater (ThermoFisher) and stored at room temperature 

for up to 72 h prior to storage in − 80 ◦C. For eight penguins, a duplicate 
sample was stored dry in sterile tubes without RNAlater for approxi-
mately 5 h at 8 ◦C prior to storage in − 80 ◦C. Samples remained at 
− 80 ◦C until processing. 

2.3. Sample preparation, library preparation and sequencing 

Twelve of the faecal samples from Magellanic Penguins were selected 
and sequenced using viral metagenomics, among which 4 were not 
stored in RNAlater. These samples represented a diversity of faecal 
colour and texture. Briefly, samples were extracted using Trizol and 
chloroform and amplified using Ovation RNA-Seq v2 (NuGEN). 
Sequencing libraries were constructed using the AB Library Builder 
System (Ion Xpress™ Plus and Ion Plus Library Preparation for the AB 
Library Builder™ System protocol, ThermoFisher). Template prepara-
tion was performed on the Ion Chef™ System using the Ion 520 & Ion 
530 Kit-Chef (ThermoFisher) and sequenced using the Ion S5™ XL 
System (ThermoFisher). 

2.4. Bioinformatics analysis of the metagenomics datasets 

The obtained reads were trimmed by quality in 5′ and 3’ and filtered 
by mean quality using PRINSEQ (v 0.20.4) with a PHRED quality score 
of 20 (Schmieder and Edwards, 2011). The good quality reads were used 
to produce de-novo assemblies with Megahit version 1.1.1 (Li et al., 
2016). A taxonomic classification of the obtained contigs was performed 
by running Diamond (v 0.9.6) (Buchfink et al., 2015) against the 
non-redundant protein database (release April 2019) and using the LCA 
algorithm from Megan 6 (v6.11.7) (Huson et al., 2007) to visualise the 
classification of each contig. A taxonomic classification at the read level 
was also performed using Diamond (blastx + LCA, using the output 
format 102). 

2.5. Comparative genomics and phylogenetics 

For contigs longer than 6000bp, gene prediction was performed 
using ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/) and pro-
tein domains prediction using InterProScan (https://www.ebi.ac.uk/ 
interpro/search/sequence/) (Jones et al., 2014). Relevant motifs in 
the 2C, 3C and 3D peptides were identified using conserved domain 
blast (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Reads 
were subsequently mapped back to viral contigs using the Burrows 
Wheeler Aligner BWA-MEM (v 0.7.12) (Li and Durbin, 2009). Internal 
ribosomal entry site (IRES) were assessed using IRESPred (http://bioin 
fo.unipune.ac.in/IRESPred/IRESPred.html) (Kolekar et al., 2016) and 
blast and secondary structure searches implemented in IRESite (www.IR 
ESite.org)(database release 2019-03-18) (Mokrejs et al., 2010). We 
further queried both the entire 5′ UTR and the 5’ UTR at 100bp intervals 
using parameter setting as indicated in (Asnani et al., 2015) and in cases 
where this was unsuccessful, of the short regions of sequence identified 
in the output of IRESite. 

Amino acid sequences of the P1 region were aligned using MAFFT 
(v7.2.50) integrated in Geneious Prime (www.geneious.com) with the 
E–INS–I algorithm (Katoh and Standley, 2013). Gaps and ambiguously 
aligned regions were stripped using trimAL v1.4 (Capella-Gutierrez 
et al., 2009). The most appropriate amino acid substitution model was 
then determined (here, LG + F + I + G4), and maximum likelihood trees 
were estimated using IQ-TREE (http://iqtree.cibiv.univie.ac.at/) with 
1000 ultrafast bootstraps (Nguyen et al., 2015). 

2.6. Prevalence of four novel picornaviruses 

RNA was extracted from the 107 fresh faecal samples using QIAamp 
Fast DNA Stool mini kit (Qiagen), followed by cDNA synthesis using the 
High-Capacity cDNA Reverse Transcription (Applied Biosystems). 
Custom primers were designed for each of the four picornaviruses 
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revealed (Table S1). For Sphenifaro and Sphenigellan viruses a nested 
PCR approach was employed, and for Sphenimaju and Sphenilena vi-
ruses a semi-nested approach was employed. Detailed reaction methods 
are presented in the Supplemental Methods. 

Viral prevalence was calculated using the bioconf() package and 
statistically evaluated using a Chi squared test in R v 3.5.3 integrated 
into RStudio 1.1.463. 

2.7. Data availability 

The 4 assembled viral genomes and their annotations (Supplemental 
Methods) have been deposited to European Nucleotide Archive (ENA), 
accession numbers: LR897978, LR897979, LR897980, LR897982. Reads 
have been deposited to ENA, accession number PRJEB40660. 

3. Results 

3.1. Sequence data and assembly 

We performed metagenomics sequencing of 12 faecal samples 
collected from 10 different Magellanic Penguins in a colony on Mag-
dalena Island, Chile. 

High-throughput sequencing of the samples produced 25, 357, 939 
reads (range 517,072–3,558,413 reads) with a mean length of 229 bp 
representing a total of 5.86 gigabases of sequence data. After quality 
control and filtering using PRINSEQ 24, 027, 073 reads (range 
463,974–3,438,3911 reads) remained (5.75 giga bases). Of these we 
assembled an average of 10,228 contigs, of which 4% comprised viral 
contigs (Table S2). 

For all samples, about 25% of the reads could be taxonomically 
classified. For 7 samples, greater than 50% of the reads could be clas-
sified. The majority of these reads were microbial, i.e. bacterial or viral; 
however, a number of penguin (host) reads were also identified. For 2 
samples, is_034_015 and is_034_016 viral reads were found in 33.8% and 
17.3% of all reads. A vast majority of those were classified as viruses 
belonging to the Picornaviridae family, and three previously not 
described viral genomes were assembled. From sample is_034_018, 33% 
(397 out of 1179 contigs) were classified as viral, of which 313 were 
classified as Picornaviridae. 

Overall, at the contig level, more than 25% of de novo assembled 
contigs were successfully classified. Eight samples had greater than 50% 
of the contigs classified as bacterial, viral or chordates. 

3.2. Four novel, divergent picornaviruses in Magellanic Penguins 

We revealed four novel picornaviruses in faecal samples from Mag-
ellanic Penguins which we have referred to as Sphenifaro virus, Sphe-
nigellan virus, Sphenimaju virus and Sphenilena virus for clarity. These 
viruses were recovered from 3 different genomic libraries corresponding 
to samples from 3 individuals. These samples were stored without 
RNAlater and their original sample IDs are NR2/Penguin 52 (library 
is_034_015), NR4/Penguin 58 (library is_034_016), and NR6/Penguin 
62 (library is_034_018). Two viruses (Sphenifaro virus and Sphenilena 

virus) were identified in a single sample, i.e. from the same penguin. 
Overall, the abundance (proportion of reads based on read mapping 
back to assemblies) of each virus was low (<1%) with the exception of 
Sphenimaju virus, which comprised 58.57% of all reads in the sample 
(is_034_015), with a very high genome coverage of 54,207. The sample 
“is_034_016” that contained two different viruses (Sphenifaro virus and 
Sphenilena virus) had low abundance for both viruses, with coverages of 
94 and 68 respectively. Each of these viruses comprised 0.29% and 
0.21% of the reads in the sample, respectively. Sample “is_034_018” had 
0.11% of the reads corresponding to Sphenigellan virus (Table 1), for a 
coverage of 42. 

These new viruses, recovered from the same penguin colony at the 
same time, are highly divergent from each other, sharing only 32–43% 
similarity at the amino acid level, suggesting that they represent not 
only four different species but potentially four different genera. Three of 
the viruses were most similar to members in the genus Hepatovirus in the 
Picornaviridae family when the genomes were analysed by Blastx. 
However, at the amino acid level the similarity was low, ranging from 35 
to 37% (Table 1). The fourth virus, Sphenifaro virus, was most similar to 
Crahelivirus A described in Red-crowned Cranes (Grus japonensis) when 
using Blastx, although as with the Blast results of the other viruses, the 
amino acid percentage identity was low (37.91%). By phylogenetic 
analysis these viruses were found in the same supergroup as members of 
the Hepatovirus and Tremovirus genera, in addition to newly described 
and unassigned viruses from Antarctic penguins (Wille et al., 2020) and 
Crahelivirus A and Gruhelivirus A from Red-crowned Cranes (Wang et al., 
2019) (Fig. 1, Fig. S1). However, as with the blast results, the viruses 
revealed here shared <30% amino acid similarity in the P1 region to 
other viruses in this supergroup. Further, all four viruses had long 
branch lengths in the phylogeny, all this together suggest that each of 
these new picornaviruses may represent new genera in the Picornaviridae 
family demonstrating the vast undersampling of viruses in this part of 
the tree. 

To investigate the frequency of these four new viruses in other 
samples sequenced by high throughput sequencing, all libraries were 
mapped against each of these new viral genomes. In the sample con-
taining Sphenimaju virus (is_034_015), there were over 5000 reads 
mapping to the Sphenigellan virus. In the sample with both Sphenifaro 
virus and Sphenilena virus (is_034_016), there were over 1000 reads 
mapping the Sphenigellan virus and Sphenimaju virus. Overall, there 
were 4 libraries with no evidence of any of the novel viruses described 
here, 2 with reads against only one of the novel viruses, and 6 libraries 
with evidence of more than one of these viruses (Table S3). 

Using InterProScan domain prediction we could predict the 3 main 
regions P1, P2, P3 for three of the viruses (Fig. 2). For Sphenilena virus, 
it was not possible to predict the exact P2 region location. Mature 
peptides 1B, 1C and 1D could also be located, as well as 2C, 3C and 3D 
peptides for all 4 viruses. On the contrary, peptides 2A, 2B, 3A and 3B 
could not be predicted using InterProScan (Table S4 – S7). We were able 
to identify all putative cleavage sites of the polyproteins using align-
ments with other known viruses of the genus Hepatovirus as per Wang 
et al. (2019). Using conserved domain blast we were able to identify 
both Walker A and Walker B motifs central to NTPase activity in the 2C 

Table 1 
Metadata for the four novel hepato-like viruses revealed in this study.  

Sample 
Name 

Virus Name Top Blastn hit Blastn percentage 
identity 

Length 
(bp) 

Total Number of reads in 
sample 

Number of reads (proportion of 
reads in sample) 

is_034_016 Sphenifaro virus AUW34301 Picornaviridae red 
crowned crane 

37.91% 7201 916,871 2687 (0.29%) 

is_034_018 Sphenigellan 
virus 

YP_009164030 Phopivirus 38.76% 7384 1,090,489 1238 (0.11%) 

is_034_015 Sphenimaju 
virus 

YP_009179216 Bat hepatovirus 38.37% 7441 2,689,813 1,575,605 (58.57%) 

is_034_016 Sphenilena virus YP_009215780 Tupaia hepatovirus 
A 

35.83% 7048 916,871 1919 (0.21%)  
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peptide, the protease active site in the 3C peptide and the RdRp active 
site in the 3D peptide (Fig. 2). 

In addition to the polyprotein, picornaviruses contain a 5′ untrans-
lated region (UTR) containing an internal ribosomal entry site (IRES) 
and a 3′ UTR. The 5′UTR for Sphenifaro virus, Sphenigellan virus, 
Sphenimaju virus and Sphenilena virus was 211 bp, 413 bp, 542 bp and 
121 bp, respectively. The 5′UTR for the picornaviruses revealed here 
were generally less than 500bp, and without doing 5′ RACE we are 
unable to confirm the entire 5′ UTR. Using IRESPred, potential IRES 
(Type 1) were identified in Sphenifaro virus, Sphenigellan virus and 
Sphenimaju virus. No IRES was precited for Sphenilena virus, however 
we recovered only a very short 5′UTR from this virus (121 bp). Using 
blastn and the blast feature in IRESSite, we found that the 5′UTR of 
Sphenigellan virus and Sphenimaju virus were similar to hepatoviruses. 
The 5′ UTR of Spenigellan virus shared 73% nt identity to Phopivirus 
(Hepatovirus B, GenBank accession number KR703607) over 51% of the 
query sequence (275 nt; positions 199 to 474) and further matched a 
number of other hepatoviruses. The 5′UTR of Sphenimaju virus shared 
73% nt identity to Red-crowned Crane Picornavirus yc-2 (Gruhelivirus A, 
GenBank accession number KY312541) over 64% of the query sequence 
(403 nt; positions 4 to 407) and further matched a number of other 
hepatoviruses. IRESsite, but not blastn, found a short match of the 5′

UTR of Sphenilena virus to Avian encephalomyelitis virus (positions 58 
to 69 and 39–50). The 3′ UTR of Sphenifaro virus, Sphenigellan virus, 
Sphenimaju virus and Sphenilena virus was 84 bp, 317 bp, 221 bp and 7 
bp, respectively. We identified a polyA tail at the 3′ end of the UTR in 
Sphenigellan and Sphenimaju virus but we did not identify the entire 3′

UTR for either Sphenifaro or Sphenilena virus. Blastn searches of the 3′

UTR did not show homology to other picornavirus 3′ UTRs. 

3.3. The four new picornaviruses are common among magellanic penguins 

To reveal the prevalence of the new viruses identified in this study, 
the 107 faecal samples were screened by RT-PCR for these 4 viruses. The 

samples were from 72 individual Magellanic Penguins, one Rockhopper 
penguin (Eudyptes chrysocome), and three Kelp gulls (Larus dominicanus). 
Overall, at least one of these 4 viruses were detected in 28 samples (25%; 
95% confidence interval [CI] 18–34%). All positive samples were from 
Magallanic Penguins, of which 22 were positive for at least one of the 4 
viruses (21%, 95 CI 14–30%). The prevalence was highest for Spheni-
lena virus with 11 PCR positive samples. Sphenifaro virus, Sphenigellan 
virus and Sphenimaju virus were found in 7, 7, and 9 Magellanic Pen-
guin individuals, respectively. There was no statistically significant 
difference in prevalence between the viruses (X2 = 3.01, df = 3, p =
0.3886) (Fig. 3 A). Interestingly, samples from 7 individuals contained 
more than one of these viruses. Two individuals were positive for 
Sphenifaro virus and Sphenigellan virus, one individual for Sphenifaro 
virus and Sphenimaju virus, three individuals were positive for Sphe-
nimaju virus and Sphenilena virus, finally, one sample contained 3 vi-
ruses: Sphenifaro, Spehnigellan, and Sphenilena virus. 

Sequencing the ~460bp PCR product demonstrated sequence vari-
ability for each of the new viruses. There was an average pairwise 
identity of 91.6%, 96.5%, 98% and 91% for Sphenifaro, Sphenigellan, 
Sphenimaju, and Sphenilena virus, respectively. The pairwise similarity 
for Sphenimaju was higher (i.e. less diversity) than that for the other 
species, despite having a comparable number of PCR products (n = 9) 
(Fig. 3 B). 

4. Discussion 

In this study we aimed to reveal the viral diversity of Magellanic 
Penguins sampled in Chile. By using high throughput sequencing we 
found four novel viruses belonging to the family Picornaviridae. These 
viruses are highly divergent and share less than 40% of the amino acid 
sequence in the P1 region with members of Hepatovirus and Tremovirus 
that they most closely resemble. The vast majority of the viral reads from 
most libraries mapped to these novel viruses indicate that these viruses 
were the dominant species in the faecal virome of the penguins. Further, 

Fig. 1. Maximum likelihood phylogeny of the P1 mature peptide of supergroup 4 and 5 of the Picornaviridae. We included representative members of all genera of 
these groups, as outlined in the 10th update of the ICTV, and the tree was rooted based on these supergroups. Genus names are provided at relevant nodes. Viruses 
described here are adjacent to a filled circle. Penguin silhouette was developed by M. Wille. Bootstrap values > 70% are shown. The scale bar indicates the number of 
amino acid substitutions per site. 
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Fig. 2. Genome features for the four novel picornaviruses described in this study. (A) Domains identified using InterProScan are in blue. Detailed results of domain 
searches using InterProScan are presented in Tables S4–S7. Additional peptides identified through alignments with hepatoviruses and tremoviruses are presented in 
green. Putative cleavage sites are presented above each schematic. Relevant motifs present in the 2C, 3C and 3D were identified using conserved domain blast and are 
presented below each schematic (B) Amino acid identity (percentage similarity) of the viruses revealed in this study and select reference sequences of the domains 
2Chel, 3Cpro and 3Dpol. As Ross virus is incomplete, no percentage identity values were calculated for the 2C. Similarly, Amundsen virus is incomplete and does not 
have sequence associated with any of the relevant peptides it is not included in panel B. Accession numbers for viruses included in B include: MT025069 Scott virus, 
MT025070 Ross virus, MT025064 and MT025063 Amundsen virus, KY312540 Crahelivirus A, KY312541 Gruhelivirus A, NC_003990 Tremovirus A, NC_001489 
Hepatovirus A, KX156153 Rohelivirus A, MG600068 Fipivirus A. 

Fig. 3. Diversity of four novel picornaviruses revealed through PCR. (A) Prevalence of each novel virus revealed in this study across samples collected from 
Magellanic Penguin individuals. The point estimate is presented as a filled circle and error bars correspond to 95% confidence intervals (B) Maximum likelihood tree 
of ~400bp PCR products sequenced from 20 positive samples. The tree was midpoint rooted for clarity only. Scale bar represents number of nucleotide substitutions 
per site. Viruses’ sequences assembled following metagenomic sequencing are indicated with a filled circle. Samples stored without RNAlater are labelled NR#. 
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through PCR screening we showed that over 20% of the sampled pen-
guins in this study were shedding at least one of these viruses, and in 
many individuals we co-detected two or three of these new viruses. The 
viruses revealed here, in addition to novel viruses from Antarctic pen-
guins likely constitute a number of novel genera. This finding of very 
divergent avian picornaviruses nested within Supergroup 5 suggests that 
there are many likely to be more picornaviruses in this group yet to be 
identified. 

The charismatic Sphenisciformes have long been a target for virus 
surveillance, with early studies initiated in Antarctic Penguins in the 
1970’s (Lang et al., 2016; Smeele et al., 2018). These studies were 
limited to screening for only previously described viruses, which were 
viruses of poultry, such as Influenza A Virus, Newcastle Disease virus, 
infectious bursal disease virus (e.g. (Lang et al., 2016; Morgan and 
Westbury, 1981, 1988; Smeele et al., 2018). As a consequence of this 
focus on poultry-relevant virus surveillance combined with limitations 
in technology, until very recently, few viruses had been described in 
penguin species, globally. Our viral catalogues are expanding, without 
detailed virus ecology studies, it remains unclear the role that penguins 
may play as hosts to an array of viruses. This particularly occurs for 
viruses detected in penguins in rehabilitation centres (Parsons et al., 
2015). The high prevalence of the four novel viruses identified in this 
study, and the high frequency of co-detection, indicates that these 
penguins are likely to be an important reservoir hosts for these picor-
naviruses. To understand the host range of these viruses, we would 
strongly encourage for the sampling and surveillance of not only other 
populations of Magellanic Penguins, but also other penguin species 
found in South America, and globally. Evidence for connectivity of 
penguin species and populations as hosts for viruses is sparse, however 
studies of avian ortho- and metaavulaviruses provide some clues. First, 
we have now seen repeated detection of Avian orthoavulavirus 17, 18, 19 
in three Antarctic Penguin species and across a number of colonies along 
the Antarctic peninsula. More interesting was the detection of Avian 
metaavulavirus 10, first in Rockhopper Penguins from the Falkland/-
Malvinas Islands (Miller et al., 2010), and more recently in Antarctic 
Penguins (Wille et al., 2019a). This data suggests that there is capacity of 
viruses to be shared across multiple penguin species and locations. How 
these viruses may fit into the larger migratory flyways used by other 
birds in South America, such as Red Knot (Calidris canutus), is very un-
clear (de Araujo et al., 2014; de Souza et al., 2019a). In addition to 
ecological questions, of importance is to understand the route of trans-
mission of these viruses. Given the detection in faeces, and the fact that 
faecal-oral route of transmission is very common in RNA viruses of wild 
birds, such as Influenza A virus and avian ortho- and metaavulaviruses, 
we may speculate that these viruses are transmitted by the faecal oral 
route. This, however, would need to be confirmed by dedicated studies. 
Taken together, we suggest not only more sampling and metagenomic 
studies in these hosts, but also more consistent and repeated sampling to 
reveal both virus diversity and virus ecology. 

Metagenomic tools have rapidly allowed for the expansion of 
described avian picornaviruses, but also redefined our understanding of 
the impact that these viruses have on their hosts. Prior to 2010, almost 
all described avian picornaviruses caused disease in their hosts. This 
includes duck hepatitis virus (Avihepatovirus A, genus Avihepatovirus) 
(Kim et al., 2006), turkey hepatitis virus (Megrivirus C, genus Megrivirus) 
(Honkavuori et al., 2011) and avian sapelovirus (Anativirus A, genus 
Anativirus, previously Sapelovirus) (Tseng and Tsai, 2007) which cause 
hepatitis in domestic ducks and turkeys, avian encephalomyelitis virus 
(Tremovirus A, genus Tremovirus) causing a neural disorder encephalo-
myelitis (Marvil et al., 1999) in domestic gallinaceous birds, and a 
number of viral genera causing gastroenteritis in domestic galliforms 
(Boros et al., 2016). Indeed, a recent metagenomic study revealed that a 
chicken with gastroenteritis was shedding six picornaviruses, simulta-
neously, although it is unclear which, if any, of these viruses was causing 
the disease (Boros et al., 2016). It is clear that the viruses isolated from 
poultry cause disease, however metagenomic studies have now revealed 

more than 20 novel picornavirus species in wild birds, and on all oc-
casions the sampled birds had no signs of disease (Boros et al., 2015, 
2017, 2018; de Souza et al., 2019b; Wang et al., 2019; Wille et al., 2018, 
2019b, 2020), with the exception of Poecevirus A causing avian keratin 
disorder (Zylberberg et al., 2018). In this study, we demonstrated not 
only a high viral load (large proportion of reads), but also that a number 
of penguins were co-detected with at least two of the new picornaviruses 
described here without any obvious signs of disease. Similarly, in a 
metagenomic study, Wille et al. (2018) found Red-necked Avocets 
(Recurvirostra novaehollandiae) to be co-detected with nine different vi-
ruses, including 3 highly divergent picornaviruses. This suggests that 
wild birds are able to tolerate high viral loads and diversity in the 
absence of overt disease (Medzhitov et al., 2012; Råberg, 2014). One 
hypothesis for the discordance in disease signs in wild birds as compared 
to poultry is that wild birds have a long history of host-pathogen 
co-evolution (van Dijk et al., 2015; Wille et al., 2018). Mass produced 
chickens and ducks, which suffer from disease when infected with an 
array of virus from different species, are a relatively new host niche in 
evolutionary time (Gilbert et al., 2017). 

The phylogenetic placement of the four viruses revealed here lend 
evidence to the interpretation of important evolutionary patterns in the 
supergroup 5 viruses. That the phylogeny of these viruses generally 
follows the phylogeny of the hosts from which they are sampled, with 
fish viruses most ancestral, suggests that there has been a process of 
virus-host co-divergence, that likely extends hundreds of millions of 
years. It further suggests that we may expect to find numerous avian 
picornaviruses that fall sister to the Hepatovirus and Tremovirus genera. It 
has been estimated that over 99% of viruses are still to be described 
(Geoghegan and Holmes, 2017), and therefore our data suggests a large 
number of picornaviruses are yet to be identified particularly from the 
great diversity of wild birds. 
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