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A B S T R A C T   

Picobirnaviruses are double-stranded RNA viruses known from a wide range of host species and locations but 
with unknown pathogenicity and host relationships. Here, we examined the diversity of picobirnaviruses from 
cattle and gorillas within and around Bwindi Impenetrable Forest National Park (BIFNP), Uganda, where wild 
and domesticated animals and humans live in relatively close contact. We use metagenomic sequencing with 
bioinformatic analyses to examine genetic diversity. We compared our findings to global Picobirnavirus diversity 
using clustering-based analyses. Picobirnavirus diversity at Bwindi was high, with 14 near-complete RdRp and 15 
capsid protein sequences, and 497 new partial viral sequences recovered from 44 gorilla samples and 664 from 
16 cattle samples. Sequences were distributed throughout a phylogenetic tree of globally derived picobirnavi
ruses. The relationship with Picobirnavirus diversity and host taxonomy follows a similar pattern to the global 
dataset, generally lacking pattern with either host or geography.   

1. Introduction 

Viruses are ubiquitous on earth, infecting all cellular organisms 
(Paez-Espino et al., 2016) and possibly, even the majority of cells 
(Munson-McGee et al., 2018). Global virus numbers are a staggering 1 ×
1031 (Editorial, 2011), and diversity is also extraordinarily high. Be
tween 40,000 (Carlson et al., 2019) and 320,000 (Anthony et al., 2013) 
virus species infect mammals alone, while bacteriophages or phages, 
viruses that infect bacteria and archaea, also exhibit very high species 
diversity (Camarillo-Guerrero et al., 2021; Keen, 2015). Difficulties in 
estimating global viral diversity arise because the vast majority of vi
ruses are unknown. Complete genomic sequence information is limited 
for all domains of life (Rhie et al., 2021; Zhang et al., 2020) but is 
particularly lacking for viruses. Currently, 9110 viral taxa are recog
nised by the International Committee on Taxonomy of Viruses (ICTV) 
(Walker et al., 2021), a tiny fraction of total diversity (Delwart, 2007), 

with a bias towards those that cause disease in humans and domesti
cated animals and plants. However, recent developments in sequencing 
technology, i.e. shotgun metagenomics, which allow ‘unbiased’ ampli
fication of viral nucleic acids, have improved detection rates and 
accelerated the discovery of new species (Roux et al., 2021) and recent 
studies using metagenomic sequencing routinely identify a high pro
portion of unknown viral taxa (Camarillo-Guerrero et al., 2021; Cebriá- 
Mendoza et al., 2021; Guajardo-Leiva et al., 2020; Zheng et al., 2021). 
Virus species vary in host range, with some known from a single host 
species e.g., smallpox, while others can infect multiple taxa e.g., rabies 
virus. Increasing knowledge of viromes from different environments and 
hosts enhances understanding of the range of habitats and hosts where 
virus species exist and may identify previously unknown reservoirs or 
transmission pathways. Ultimately, this will allow research into disease 
emergence and the ecological and evolutionary processes that lead to 
cross-species transmission events (Lloyd-Smith et al., 2009; Pepin et al., 
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2010). A suitable virus group to study these processes would be abun
dant, widespread, diverse, and found across a wide range of host taxa, all 
such attributes are evident in the family Picobirnaviridae (Perez et al., 
2021). 

Picobirnaviruses were first discovered in 1988 and possess a biseg
mented double-stranded RNA (dsRNA) genome (Pereira et al., 1988). 
Picobirnaviruses are dsRNA viruses with short, but variable segmented 
genomes with either a large or small genome profile. The size of the 
genomic segments for the large genome profile is 2.3–2.6 kb for segment 
1 and 1.5–1.9 kb for segment 2, respectively (Rosen et al., 2000). 
Segment 2 contains the RNA-dependent RNA polymerase (RdRp). The 
genus is divided into at least two genogroups based on nucleotide 
sequence similarities in the RdRp (segment 2). The small genome profile 
is 1.75 and 1.55 kb for segment 1 and 2, respectively (Bhattacharya 
et al., 2007). Overall, most studies have found higher quantities of 
genogroup I as compared to genogroup II of segment 2 (Perez et al., 
2021). 

Picobirnaviruses are typically found in faecal or wastewater tran
scriptome studies (Buzinaro et al., 2003; Cascio et al., 1996; Symonds 
et al., 2009; Zhang et al., 2015), but also in respiratory and alimentary 
tract samples (Smits et al., 2012; Woo et al., 2019). It is, however, un
clear if they are associated with disease in animal hosts (Smits et al., 
2016) or indeed whether they are even truly mammalian viruses with 
recent evidence suggesting a bacterial or fungal host (Ghosh and Malik, 
2021; Krishnamurthy and Wang, 2018). The high degree of genetic di
versity between Picobirnavirus sequences from different taxa has 
hampered alignment-dependent phylogenetic analyses (Knox et al., 
2018; Perez et al., 2021). However, it is clear they are abundant and 
ubiquitous and have been found in many species and locations (Kash
nikov et al., 2020; Woo et al., 2016). Despite this, any phylogenetic 
association with host is presently unclear (Ghosh and Malik, 2021). 

Picobirnaviruses are frequently detected in metagenomic studies 
(Chong et al., 2019; Guajardo-Leiva et al., 2020; Hull et al., 2020; 
Ramesh et al., 2021; Woo et al., 2014) and their abundance and ubiq
uitous nature suggest they must play a major role in ecosystems, but 
given the lack of any clear biological or geographical associations within 
or between related Picobirnavirus taxa, it is unclear what this role may 
be. Therefore, such abundant organisms might allow the following 
questions to be asked: Is there biogeographic structure in Picobirnavirus 
populations? Is there host association among Picobirnavirus? Can ubiq
uitous and diverse dsRNAs be used as markers of host switching to 
address questions about pathogen emergence? Here, we aim to address 
those questions using published and unpublished Picobirnavirus viral 
fragments from 35 countries, including new data from people, cattle and 
mountain gorillas in a location with high potential for cross-species 
transmission among mammals in Uganda (Muylaert et al., 2021). 

2. Methods and results 

2.1. Ethics 

Ethical approval was obtained through the Massey University 
Human Ethics Committee, application number Southern A Application 
14–44. 

2.2. Sample collection 

Sample collection was undertaken by collaborators in Uganda, 
Conservation through Public Health (CTPH) between 2014 and 2015. 
Faecal samples were collected from mountain gorillas (Gorilla beringei 
beringei), domesticated cattle (Bos taurus africanus) and people from the 
region of Bwindi Impenetrable Forest National Park (BIFNP) in south- 
western Uganda (hereafter, Bwindi). Habituated gorilla groups are 
tracked daily by CTPH and the faecal samples were collected from the 
night nests, cattle faeces were from the cattle in and around Buhoma

village, and anonymous diagnostic human faecal samples were from the 

Bwindi Community Hospital, the healthcare clinic serving Buhoma. The 
health status of the gorillas and cattle were unknown, but no signs of 
illness observed. The human samples were from clinical diagnostic 
samples, but were anonymous and the symptoms and signs were not 
provided. The study site and species were selected to investigate cross- 
species transmission as part of a wider research project. In Bwindi, 
wildlife (including gorilla) is found in proximity to humans and live
stock (e.g., cattle) and research has demonstrated contact between these 
groups (Muylaert et al., 2021). Faeces from all species were collected 
and placed into 5 mL cryovials containing RNAlater® (Sigma, MO, USA) 
and stored in a − 20 ◦C freezer until shipment and shipped on ice. In 
total, three anonymous faecal samples from clinically unwell humans 
with unknown symptoms, 16 cattle faecal samples and 44 mountain 
gorilla faecal samples were imported into New Zealand and were stored 
until analysis at − 80 ◦C in a PC2 containment facility at the Hopkirk 
Research Institute, Massey University, New Zealand. 

2.3. Laboratory 

The extraction of nucleic acids from the collected faeces was per
formed following the protocol as described by Hall et al. (2014). 
Approximately 200 mg of faeces was placed into a 2 mL Safelock tube 
(Eppendorf, Hamburg, Germany) with 1 mL of 0.01 M PBS pH 7.3 and 
incubated for one hour at 4 ◦C. The suspended faeces were centrifuged at 
6000 xg for 5 min and the supernatant passed through a sterile 0.45 μm 
filter (Macherey-Nagel GmbH & Co. KG, Düren, Germany) and 200 μL 
was used for nucleic acid extraction with a Roche High Pure Viral 
Nucleic Acid Kit (Roche, Basel, Switzerland). DNA was removed with 
Ambion DNA-free™ (ThermoFisher, Massachusetts, USA) following the 
manufacturer’s instructions. First-strand cDNA synthesis was performed 
using Invitrogen SuperScript™ III (ThermoFisher, Massachusetts, USA). 
The resulting single-stranded DNA was used as the template for whole 
transcriptome amplification using the QuantiTect Whole Transcriptome 
kit with the substitution of Superscript III for the reverse transcriptase 
(RT) enzyme (Qiagen, Hilden, Germany; ThermoFisher, Massachusetts, 
USA). Quantification of cDNA was performed using the DNA Qubit kit 
(Thermofisher, Massachusetts, USA). Aliquots of 5 μg of whole tran
scriptome and whole genome amplified nucleic acids were dried down 
in a hooded cabinet under negative pressure at room temperature 
overnight in a DNAstable® plate (Biomatrica, California, USA) and sent 
overnight in room temperature conditions via courier to Orion Inte
grated Biosciences Inc. (Manhattan, Kansas, USA) for next generation 
sequencing (NGS) on an Illumina® MiSeq with Nextera XT DNA Library 
Prep (Illumina®, California, USA). Raw sequencing data was deposited 
in NCBI (BioProject PRJNA949793, SAMN33959666-SAMN33959728). 

2.4. Bioinformatics 

Following quality control checks and trimming, sequences were 
assembled with Megahit (1.1.4) (Li et al., 2015), using the default set
tings. Diamond BLASTX (Diamond 2.0.9) was used to identify pico
birnaviruses by comparing the assembled contigs to the National Center 
for Biotechnology Information (NCBI) non-redundant (nr) protein 
database, downloaded in June 2022. False positive results were avoided 
by using sequence similarity cut-off e-values of 1E-5 for the database 
(Buchfink et al., 2021). Then, the contigs of interest were saved for 
further analysis in Geneious 10.2.6. First ORFs were identified (mini
mum ORF size 300 nt, standard genetic code, assuming start and stop 
codons outside sequence) and translated to amino acids. Spurious ORF 
translations were removed by running blastp (protein-protein BLAST) 
sequences against Picobirnavirus (taxid:104394) and Picobirnaviridae 
(taxid:585893) and non-hits were removed. 

2.5. Analysis 1. Diversity of study picobirnavirus sequences 

Due to the high levels of sequence diversity within Picobirnavirus and 
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difficulties with alignment-based approaches, especially with partial 
sequences, we chose to investigate diversity using a clustering approach. 
To approximate species-level diversity, amino acid sequences were 
grouped at 90% similarity using the CD-HIT webserver (Huang et al., 
2010) using the default algorithm and alignment coverage parameters 
(see supplementary fig. 1) and clusters were treated as biological units in 
subsequent analyses. 

2.6. Analysis 2. Comparison with NCBI data and global patterns of 
geographic and host diversity 

To investigate linkages with previously described picobirnaviruses 
we conducted a NCBI search for Picobirnavirus protein sequences (n =
4634, range 18–752 aa). Sequence metadata (host, country) for all ac
cessions was recorded for later analyses. The combined list of sequences 
(n = 5795) was run through CD-HIT at 90% similarity threshold to 
generate the clusters of highly similar sequences which we treat as units 
of Picobirnavirus diversity in our analyses. We were able to identify se
quences from other studies which clustered with our sequences. Based 
on CD-HIT clusters, we summarize the current extent of knowledge on 
Picobirnavirus diversity and explore patterns in host and location within 
Picobirnavirus clusters with high sequence similarity. We visualised these 
relationships with chord diagrams created in R using igraph (Csardi and 
Nepusz, 2006). Initially, we examined the relationship between host 
(family) and continent among all Picobirnavirus clusters in our dataset 
excluding those from host families with n < 5 sequences (31 sequences 
removed). Then, to visualise relationships within Picobirnavirus clusters 
identified with CD-HIT, we also created chord diagrams using data from 
clusters with 10 or more sequences (n = 999 sequences, 44 clusters) 
using clusters and host (Family level classification) and clusters and 
continent. 

2.7. Analysis 3: Phylogenetic analysis on near complete RdRp sequences 

Several near full-length polymerase (RdRp) and capsid protein se
quences (>500 aa) from our data were recovered and RdRp sequences 
were compared with representatives from the NCBI nr database. We 
chose the same representatives used in a recent analysis of viral 
(including Picobirnavirus) diversity (Chen et al., 2022) as well as some 
from a recent metagenomic study (Ramesh et al., 2021) which had se
quences closely matching sequences in our study. We chose a partitivirus 
(AVM41706.1, Heterobasidion partitivirus 20, Partitiviridae) as an out
group for the maximum likelihood analyses. The sequences were aligned 
using MAFFT (v7) employing the E-INS-i algorithm (Katoh and Standley, 
2013). Sequence alignments were then trimmed using trimAL with the 
gappyout setting to remove any ambiguously aligned regions (Capella- 
Gutiérrez et al., 2009). The best-fit model of amino acid substitution was 
determined using smart model selection in PhyML (Lefort et al., 2017). 
Phylogenetic trees were subsequently inferred using the maximum 
likelihood approach (ML) implemented in PhyML version 3.0 (Guindon 
et al., 2010), employing Subtree Pruning and Regrafting (SPR) branch- 
swapping. Branch support was estimated using an approximate likeli
hood ratio test (aLRT) with the Shimodaira–Hasegawa-like procedure 
implemented in PhyML. 

3. Results 

Our initial analyses returned 1444 nucleotide sequences (200–3049 
bp, n = 239 > 1000 bp) identified from the metagenomic assembled 
contigs using Diamond. Following translation based on ORFs, we were 
left with 1161 sequences between 98 and 627 aa which have been 
deposited in NCBI (Accessions OP904296- OP905455). Of these, 497 
were recovered from 44 gorilla samples, 664 from the 16 cattle samples 
and none from the three human samples. At least one PBV was present in 
35/44 (79%, 65–91% 95% confidence interval, CI) gorilla, 16/16 
(100%, 79–100% 95% CI) cattle and 0/3 (0%, 0–71% 95% CI) human 

samples. The presence of PBV was not significantly different between 
the cattle and gorilla (χ2 = 2.4, p-value = 0.12), but was among all three 
with PBV less in people (χ2 = 16.6, p-value <0.001). We recovered 29 
sequences >500 aa (near complete). Of these, 14 were RdRp (3 cattle, 11 
gorilla) and 15 capsid (13 cattle, 2 gorilla), and overall 16 were from 
cattle, and 13 from gorilla samples. 

3.1. Analysis 1. Diversity of study picobirnavirus sequences 

We used a clustering analysis to examine similarities within the set of 
sequences. At 90% similarity, 910 clusters were formed from the 1161 
sequences. 830 sequences did not cluster with anything else. The 
remaining 331 sequences formed 80 clusters made up of between 2 and 
41 sequences. We observed no evidence of cross species transmission. Of 
the clusters, 65 were from gorilla only, and 15 from cattle only. Pico
birnaviruses were shared within species. Based on our clustering anal
ysis, 90% similar Picobirnavirus sequences were present in up to 20/44 
gorilla individuals. Sharing appeared to be more common among gorilla 
samples. For example, 37 Picobirnavirus clusters were shared by 3 or 
more individual gorillas and only one cluster was shared among 3 or 
more cattle. 

3.2. Analysis 2. Comparison with NCBI data and global patterns of 
geographic and host diversity 

CD-HIT analyses formed 3428 clusters from the 5795 sequences. 
Similar to the previous analysis, many sequences (2727) did not cluster 
with anything else. The remaining 3066 sequences formed 702 clusters 
of between 2 and 98 sequences. We observed a high number of clusters 
with intercontinental distributions. Of 702 clusters identified, 202 were 
made up of sequences from between two and five different continents. 
Hosts were also commonly shared by Picobirnavirus clusters. Samples 
with unknown host information or from wastewater or environmental 
samples were excluded and 152/702 clusters had between two and six 
different host species. Picobirnavirus sharing did not appear to be related 
to host taxonomy, 138 clusters were made up of hosts from different 
families, 109 with different suborders, 85 with different orders. 

Picobirnaviruses have been identified from every continent except 
Antarctica, with the bulk of sequences coming from Asia, Africa and 
North America (Fig. 1). In terms of host taxa, Bovidae, Suidae and 
Hominidae are well represented, along with the Cercopithidae (Old World 
monkeys), Sciuridae (squirrels) and wastewater (Fig. 1). Among the most 
well represented clusters (CD-HIT clusters with 10 or more sequences) 
the pattern is similar. Host sharing among different families is common 
(supplementary fig. 2). Interestingly, clusters from Bovidae (cloven- 
hooved ruminants, including cattle) and Sciuridae are less well repre
sented, suggesting under sampling in these families. Asia hosts the ma
jority of well-represented clusters, and clusters are frequently 
distributed across multiple continents (supplementary fig. 3). 

Our sequences were also found to be similar to sequences from a 
wide range of hosts and locations. In all, 17 clusters from our analyses 
were grouped with NCBI sequences at >90% similarity. These NCBI 
sequences included 12 countries across six continents and 12 host spe
cies (supplementary fig. 4; supplementary Table 1). In some instances, 
the clusters shared a single host species in multiple countries, though 
more commonly the clusters were comprised of multiple host taxa (see 
supplementary fig. 3). 

3.3. Analysis 3: Phylogenetic analysis on near complete RdRp sequences 

The phylogenetic analysis of Picobirnavirus RdRp sequences >500 aa 
length showed that our sequences clustered with others throughout the 
Picobirnavirus phylogenetic tree (Fig. 2). Genogroups I and II were both 
represented within our set of sequences. Interestingly, many of our se
quences cluster with other non-genogroup 1/2 Picobirnavirus RdRp se
quences. Branch support for the main clades was poor, but strong within 
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clusters. 

4. Discussion 

Picobirnaviruses are frequently detected in metagenomic studies 
throughout the world, with seemingly little pattern in diversity among 
highly similar sequences in terms of host or geography (Ramesh et al., 
2021; Woo et al., 2016). This, as well as other evidence (Krishnamurthy 
and Wang, 2018) has led several authors to question whether pico
birnaviruses are truly pathogens of eukaryotes, a debate which has yet to 
be resolved (Ghosh and Malik, 2021; Wang, 2022). We report a high 
diversity of Picobirnavirus sequences in cattle and gorilla faecal samples 
from Bwindi Impenetrable Forest National Park in Uganda, a system 
where humans, domestic and wild animals intersect, and a potential 
hotspot for cross species transmission events (Muylaert et al., 2021; 
Wilkinson et al., 2018). 

Despite the high diversity, our sampling did not detect any evidence 
for cross species transmission among the animals in our study system. 
Infection prevalence in our Ugandan samples was not significantly 
different between the cattle (n = 16) and gorilla (n = 44), but the 
absence of infection in the three people was significant (albeit from a 
very small sample size (n = 3)) and future studies could aim to better 
estimate the prevalence in humans. Sharing within a host species was 
detected, indicating that the host species plays at least some role in the 
biology of picobirnaviruses, as has been observed previously (Du et al., 
2022; Woo et al., 2016). Virus sharing appeared more common among 
gorilla hosts, though this may be due to the larger sample size, compared 
with cattle (and human). 

The high levels of sequence diversity and often fragmented nature of 
metagenomic data creates major difficulties in analysing sequence data 
from Picobirnavirus (Knox et al., 2018; Perez et al., 2021). In addition, 
since most sequence data from Picobirnavirus is comprised of incomplete 
sequences from different genes (e.g. RdRp, capsid), directly comparing 
all sequences using phylogenetic methods is impractical, resulting in 
large amounts of data that is not analysed. The use of clustering pro
grams e.g., CD-HIT, allows for comparison of all sequences which have 

been classified as a particular taxon. Our chosen clustering threshold of 
90% intended to provide an approximation of similarity at the species 
level, but due to the high number of partial Picobirnavirus sequences 
both in our study and in reference databases, the number of clusters is 
likely far higher than the number of species. In our study we were careful 
to use only amino acid sequences from ORFs >300 bp, thus screening 
out any non-coding or very short regions. This approach may be useful to 
cluster similar sequences and examine patterns of diversity in other 
diverse and under-sequenced taxa. In many ways, limitations of CD-HIT 
are similar to alignment-based phylogenetic methods. Partial sequences 
are not directly comparable, and the method is reliant on longer se
quences to cluster them together. In addition, CD-HIT may not group 
identical sections of sequences if overlapping regions are not long 
enough relative to the total sequence length. However, since PBVs have 
short genomes, this seems to be an issue in a very small proportion of 
clustered sequences. 

Few previous studies have examined picobirnaviruses from multiple 
species in the same location (though see (Du et al., 2022; Woo et al., 
2016)). Therefore, the majority of sequence data in NCBI databases 
come from a small number of isolated studies on single host species from 
a single location. Nonetheless our study and analyses reveal that many 
Picobirnavirus sequences both from our study and elsewhere appear 
closely related to others, often from different studies, and from different 
hosts and continents. These analyses show that Picobirnavirus diversity is 
not well characterised and that more data is needed to understand any 
patterns. The high levels of diversity observed in picobirnaviruses may 
be due to a combination of quickly-evolving site saturation, short RNA 
viral genomes, and other virus-host (e.g., non-vertebrate) relationships. 

Our phylogenetic analyses showed sequences distributed within the 
currently recognised genogroups within picobirnaviruses based on 
comparison with a selection of representative sequences (Chen et al., 
2022). The majority of near full length RdRp sequences recovered from 
our study come from outside genogroup I and II, which typically 
comprise the majority of picobirnaviruses found in metagenomic studies 
(Teng et al., 2021; Woo et al., 2014). Our divergent Picobirnavirus se
quences are most closely related to others found previously in North 
American swine slurry (Rhie et al., 2021) and expand the currently 
recognised diversity of the family. These suggest that there is much 
greater Picobirnaviridae diversity to be discovered. 

Our study revealed a high diversity of novel Picobirnavirus sequences 
present in Ugandan gorilla and cattle. Despite the potential for virus 
sharing due to interactions between these species in this area (Muylaert 
et al., 2021), we did not find evidence for cross-species transmission of 
picobirnaviruses. However, among the global dataset we identified 
sequence clusters with high similarity, including several of our study 
sequences. These findings suggest that many Picobirnavirus species have 
wide distributions and broad host ranges and that with further sampling, 
many more similar linkages are likely, further elucidating patterns of 
diversity in this under-studied RNA virus family. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.meegid.2023.105456. 
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Fig. 2. Maximum likelihood phylogenetic tree of RdRp amino acid sequences from a representative selection of Picobirnavirus sequences and host taxa as well as 
study sequences coloured by host (blue- gorilla, red- cattle). Picobirnavirus genogroup information (GI and GII) is indicated with yellow bars. AMV41706.1 is from a 
Partitivirus RdRp gene and has been used as an outgroup for the analyses. Scale bar corresponds to 1 substitution per amino acid. Branch supports of >80% are shown 
at nodes. (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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