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Abstract. The picobirnaviruses (Picobirnaviridae, Picobirnavirus, PBVs) are currently thought to be animal viruses, as 
they are usually found in animal stool samples. However, no animal model or cell culture for their propagation has yet 
been found. In 2018, a hypothetical assumption about PBVs belonging to prokaryotic viruses was put forward and 
experimentally substantiated. This hypothesis is based on the presence of Shine–Dalgarno sequences in the genome 
of all PBVs before three reading frames (ORF) at the ribosomal binding site, with which the prokaryotic genome is 
saturated, while in the eukaryotic genome such regions occur with low frequency. The genome saturation with the 
Shine–Dalgarno sequences, as well as the preservation of this saturation in the progeny, according to scientists, allows 
us to attribute PBVs to prokaryotic viruses. On the other hand, there is a possibility that PBVs belong to viruses of euka
ryotic hosts – fungi or invertebrates, since PBVlike sequences similar to the genome of fungal viruses from the families 
of mitoviruses and partitiviruses have been identified. In this regard, the idea arose that, in terms of reproduction 
mode, PBVs resemble fungal viruses. The divergence of views on the true PBV host(s) has sparked discussions among 
scientists and required further research to elucidate their nature. The review highlights the results of the search for a 
PBV host. The reasons for the occurrence of atypical sequences among the PBV genome sequences that use an alter
native mitochondrial code of lower eukaryotes (fungi and invertebrates) for the translation of viral RNAdependent 
RNA polymerase (RdRp) instead of the standard genetic code are analyzed. The purpose of the review was to collect 
arguments in support of the hypothesis about the phage nature of PBVs and to find the most realistic explanation 
of the reasons for identifying nonstandard genomic sequences for PBVs. Based on the hypothesis about the genea
logical relationship of PBVs with RNA viruses from other families with similar segmented genomes, such as Reoviridae, 
Cystoviridae, Totiviridae and Partitiviridae, virologists support the assumption of a decisive role in the origin of atypical 
PBVlike reassortment strains between PBVs and viruses of the listed families. The collected arguments given in this 
review indicate a high probability of a phage nature of PBVs. The data presented in the review show that the belonging 
of PBVlike progeny to prokaryotic or eukaryotic viruses is determined not only by its genome saturation level with a 
prokaryotic motif, standard or mitochondrial genetic code. The primary structure of the gene encoding the viral capsid 
protein responsible for the presence or absence of specific proteolytic properties of the virus that determine its ability 
for independent horizontal transmission into new cells may also be a decisive factor.
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Аннотация. Считается, что пикобирнавирусы (Picobirnaviridae, Picobirnavirus, ПБВ) являются вирусами животных, 
так как их обычно находят в образцах стула животных. Однако до сих пор не найдена модель животного или 
клеточная культура для их размножения. В 2018 г. было выдвинуто и экспериментально обосновано гипотети
ческое предположение о принадлежности ПБВ к вирусам прокариот. Эта гипотеза основана на присутствии в 
геноме всех ПБВ перед тремя открытыми рамками считывания (ORF) в сайте связывания с рибосомой последо
вательностей Шайна–Дальгарно, которыми насыщен геном прокариот, тогда как в геноме эукариот такие участ
ки встречаются с низкой частотой. Насыщенность генома последовательностями Шайна–Дальгарно, а также 
сохранение такой насыщенности у потомства, по мнению ученых, позволяет отнести ПБВ к вирусам прокариот. 
В то же время существует вероятность принадлежности ПБВ к вирусам эукариотических хозяев – грибов или 
беспозвоночных, поскольку были обнаружены ПБВподобные последовательности, сходные с геномом виру
сов грибов из семейств митовирусов и партитивирусов. В связи с этим возникло представление, что по спо
собу репродукции ПБВ напоминают вирусы грибов. Расхождение во взглядах на истинного хозяина (хозяев) 
ПБВ вызвало дискуссию среди ученых и потребовало дальнейших исследований для выяснения их природы. 
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В обзоре освещены результаты исследований по поиску хозяина ПБВ. Проанализированы причины появления 
среди множества характерных для ПБВ последовательностей генома атипичных последовательностей, исполь
зующих для трансляции вирусной РНКзависимой РНКполимеразы (RdRp) вместо стандартного генетического 
кода альтернативный митохондриальный код низших эукариот (грибов и беспозвоночных). Цель обзора со
стояла в сборе аргументов в поддержку гипотезы, полагающей фаговую природу ПБВ и поиск наиболее реали
стичного объяснения причин выявления нестандартных для ПБВ геномных последовательностей. Опираясь на 
гипотезу о генеалогическом родстве ПБВ с РНКвирусами из других семейств со сходным сегментированным ге
номом, такими как Reoviridae, Cystoviridae, Totiviridae и Partitiviridae, вирусологи поддерживают предположение 
о решаю щей роли в происхождении атипичных ПБВподобных штаммов реассортации между ПБВ и вирусами 
перечисленных семейств. Собранные аргументы свидетельствуют о большой вероятности фаговой природы у 
ПБВ. Представленные в обзоре данные свидетельствуют, что принадлежность ПБВподобного потомства к ви
русам прокариот или эукариот определяется не только степенью насыщения его генома прокариотическим 
мотивом, стандартным или митохондриальным генетическим кодом. Решающим фактором может являться так
же первичная структура гена, кодирующего белок вирусного капсида, отвечающего за наличие или отсутствие 
специфических протеолитических свойств у вируса, определяющих его способность к самостоятельному гори
зонтальному распространению в новые клетки.
Ключевые слова: пикобирнавирус; сегмент генома; клеткахозяин; митохондриальный генетический код; 
 филогенетическое дерево; реассортация.

Introduction
Picobirnaviruses (PBVs) are small, nonenveloped biseg men
ted doublestranded RNA viruses that have been detected in 
a wide variety of animal species including invertebrates and in 
environmental samples. Since PBVs are ubiquitous in faeces/
gut contents of  humans and other animals with or without diar
rhea, they were considered opportunistic  enteric pathogens of 
mammals and avian species. However, an ani mal cell culture 
or a gnotobiotic animal for propagation of this virus has not 
yet been identified. This fact led some researchers to doubt that 
picobirnaviruses belong to eukaryotic viruses. Indian scientists 
Krishnamurthy, Wang (2018) have analyzed a large number of 
fullsize (almost fullsize) genomic sequences of PBVs found 
in faeces of humans and animals as well as environmental 
samples. This analysis revealed pro karyotic motifs (regions) 
in the PBV genome located before the open reading frames 
at the ribosomal binding site. Based on the data obtained, 
a hypothesis was put forward and experimentally substanti
ated that PBVs belong to prokaryotic viruses – bacteriophages 
(Krishnamurthy, Wang, 2018), which was later supported by 
a number of other studies (Adriaenssens et al., 2018; Boros 
et al., 2018; Kleymann et al., 2020).

On the other hand, after the discovery of new PBVlike 
nucleotide sequences encoding RNAdependent RNA poly
merase, but using an alternative (nonstandard) mitochondrial 
genetic code (of molds or invertebrates) for translation, it was 
suggested that PBVs could be fungal viruses with a reproduc
tion mode resembling that of mitoviruses (Yinda et al., 2019; 
Kleymann et al., 2020).

These contradictions, which have caused a discussion in 
the scientific community on the nature of the true host(s) of 
PBVs, can be resolved by a hypothesis put forward in 2018 
by Wolf et al. (2018) and supported by other researchers 
(Chauhan et al., 2021). This hypothesis explains the origin 
of abnormal strains of PBVs by the tendency of these viruses 
to abrupt genetic modification following the reassortment of 
genome segments described earlier (ConceiçãoNeto et al., 
2016) and the acquisition of the ability of the bacteriophage 
to reproduce in the cells of the organism of another taxonomic 
group – the lower eukaryote.

This review analyzes the available publications on modern 
ideas about the origin and evolution of PBVs, as well as a 
discussion on the prokaryotic or eukaryotic nature of their true 
hosts. The purpose of the review was to collect arguments to 
support the hypothesis about the phage nature of PBVs and 
to search for the most realistic explanation of the reasons for 
the identification of genomic sequences that are nonstandard 
for viruses.

Characteristics of PBVs
Picobirnaviruses (PBVs) are small, noneveloped particles 
33–37 nm in diameter with icosahedral type of symmetry 
(T = 2) belonging to the only genus Picobirnavirus within 
the family Picobirnaviridae of the order Diplohnavirales. 
Doublestranded (ds) RNAgenome of PBVs consists of two 
segments 2525 and 1745 bp in length (Fig. 1). Information 
about the structure of the virion and genome of  PBV, the area 
of prevalence, connection with diarrhea, the level of excretion, 
the opportunistic (conditionally pathogenic) and zoonotic na
ture of the virus, the wide tissue tropism and genetic variability 
is given in previously published reviews (Ganesh et al., 2014; 
Kashnikov et al., 2020; Ghosh, Malik, 2021). The methods 
of amplification, PCR diagnostics and genome sequencing of 
these viruses are also described there.

Using phylogenetic analysis based on the nucleotide se
quence of the RNAdependent RNA polymerase (RdRp) gene 
located in the segment 2 of the genome, researchers divide 
PBVs into five genogroups: GI, GII (Rosen et al., 2000), GIII 
(Smits et al., 2014), GIV and GV (Li et al., 2015), among 
which there are genetically variable clusters. Genogroups 
GI and GII are more common in the PBV cluster detected 
in vertebrates and humans. Genogroup GIII has been identi
fied in invertebrates (Shi et al., 2016) while genogroups GIV 
and GV have been identified in fungal and prokaryotic host 
cells (Knox et al., 2018). All five PBV genogroups identified 
in one host (marmot) are shown in the phylogram (Fig. 2) in 
the study (Luo et al., 2018). The main PBV genogroups are 
genogroups GI and GII, of which PBVs of genogroup GI 
are the most common (Shi et al., 2016; Kumar et al., 2020; 
Ghosh, Malik, 2021).

https://www.ncbi.nlm.nih.gov/pubmed/?term=Adriaenssens EM%5BAuthor%5D&cauthor=true&cauthor_uid=29795788
https://www.sciencedirect.com/topics/medicine-and-dentistry/picobirnavirus
https://www.sciencedirect.com/topics/medicine-and-dentistry/picobirnaviridae
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Fig. 1. Genomic organization of the human PBV (strain Hy005102) belonging to the genogroup I (Ghosh, Malik, 2021).
Segment 1 of Hy005102 genome consists of three open reading frames (ORF) ORF1, ORF2, ORF3. Reading frame ORF3 encodes the precur
sor of the virus capsid protein. Segment 2 has one ORF encoding viral RNAdependent RNA polymerase (RdRp). ORF1 and ORF2 products 
are not identified. 

Fig.  2.  Phylogenetic tree showing the presence of five proposed PBV 
genogroups identified in marmot is built on the basis of the nucleotide 
sequences of the complete RdRp gene.
Sequences of picobirnaviruses obtained from marmot are shown in red. Se
quences of picobirnaviruses obtained from other hosts are shown in black 
(Luo et al., 2018, with modifications). 

It has been established that viruses belonging to the same 
RdRpgenogroup can be detected in suspected hosts belong
ing to different species. It has also been shown that PBVs 
of different genogroups are detected in the host of the same 
species (Ganesh et al., 2014; Malik et al., 2014; Woo et al., 
2014, 2019; Li et al., 2015; Gallagher et al., 2017; Navarro et 
al., 2017;  Boros et al., 2018; Duraisamy et al., 2018; Ghosh 
et al., 2018; Yinda et al., 2019; Joycelyn et al., 2020; Kley
mann et al., 2020; Ghosh, Malik, 2021). At the same time, 
the true host of viruses has not yet been identified. Among the 
higher eukaryotes, they did not succeed in identifying either 
a cell culture or gnotobiotic animals for the virus propagation 
(Ganesh et al., 2014; Malik et al., 2014; Delmas et al., 2019; 
Kleymann et al., 2020).

In the future, as the PBV studies continued, researchers 
began to doubt the fact that the cells of higher eukaryotes 
could be the hosts of these viruses (Adriaenssens et al., 2018; 
Boros et al., 2018; Krishnamurthy, Wang, 2018). Recently it 
has been discovered that PBVs differ from dsRNA viruses of 
higher eukaryotes (Reoviridae) not only in the architecture of 
the capsid, but also in presumably being able to infect proka
ryotic cells (Knox et al., 2018; Krishnamurthy, Wang, 2018). 

Hypothesis about the phage nature of PBV  
and associated doubts
Prior to the hypothesis of Krishnamurthy and Wang (2018), 
PBVs were thought to be eukaryotic viruses because they 
were identified in a wide variety of animal species, including 
invertebrates. Since PBVs are ubiquitous in the gut contents 
of humans and other animals with or without diarrhea, they 
were considered opportunistic enteric pathogens. But intes
tinal virom in animals contains not only eukaryotic, but also 
prokaryotic viruses, which usually make up the largest share 
of it (Yinda et al., 2018). It was logical to assume that PBVs 
are not present in the gut cells, but in the gut contents and can 
be prokaryotic viruses of the gut microbiome (Adriaenssens 
et al., 2018; Kunz et al., 2018; Delmas et al., 2019; Bell et 
al., 2020; GuajardoLeiva et al., 2020; Ghosh, Malik, 2021).

In this case, the level of virus identification should cor
respond to the number of bacteria in which they multiply. In 
particular, the study of Kleymann et al. (2020) reported high 
rates of identification of GI PBVs (35.36 %, 29/82) in Indian 
mongoose stool samples on the island of St. Kitts (one of the 

https://www.frontiersin.org/articles/10.3389/fvets.2020.615293/full#B18
https://www.frontiersin.org/articles/10.3389/fvets.2020.615293/full#B18
https://www.frontiersin.org/people/u/133365
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kleymann A%5BAuthor%5D&cauthor=true&cauthor_uid=31952167
https://www.ncbi.nlm.nih.gov/pubmed/?term=Knox MA%5BAuthor%5D&cauthor=true&cauthor_uid=30513931
https://www.sciencedirect.com/science/article/pii/S0042682218300060#!
https://www.frontiersin.org/people/u/133365
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Lesser Antilles). The percentage of PBV identification on 
the island of St. Kitts could mean the concentration of host 
bacteria in this area. Moreover, there was a difference in the 
frequency of PBV identification in mongooses from the ur
ban and wild habitats, 33.33 % (19/57) and 40.00 % (10/25) 
respectively, which could indicate a difference in bacterial 
load in these places.

The suggestion that the PBVs may be prokaryotic viruses 
appeared when researchers began to analyze the diversity of 
fullsized (almost fullsized) sequences of their genome. With 
the help of nextgeneration sequencing technologies (NGS) 
and polymerase chain reaction (PCR) using specific primers, 
they succeeded in identifying some features of the PBV ge
nome that indicate that these viruses may actually be proka
ryotic or fungal viruses (Shi et al., 2016; Adriaenssens et al., 
2018; Boros et al., 2018; Krishnamurthy, Wang, 2018; Wolf et 
al., 2018; Yinda et al., 2018; Delmas et al., 2019; Kleymann 
et al., 2020; Ghosh, Malik, 2021).

In 2018, while analyzing different reference genomes of 
RNAcontaining viruses individually and at the family level, 
Indian scientists Krishnamurthy and Wang have discovered 
conservative regions in the PBV genome called Shine–Dalgar
no sequences or SDsequences (Krishnamurthy, Wang, 2018). 
Such regions are present in the genomes of all prokaryotic and 
eukaryotic viruses and usually consist of six nucleotides – 
 AGGAGG. They are located in the 5′-untranslated region 
before the open reading frames (ORFs) at a distance of 1 to 
18 nucleotides (spacer region) to the start codon (AUG) ini
tiating the translation of the viral genome products (Krish
namurthy, Wang, 2018; Ghosh, Malik, 2021). Functional 
SDsequences are ribosome binding sites and promote the 
translation of viral proteins.

However, genome enrichment with SDsequences was ob
served only in families of viruses that infect prokaryotes, but 
not in families infecting eukaryotes. This observation made it 
possible for Krishnamurthy and Wang to suggest that the high 
frequency of appearance of SDsequences in the viral genomes 
may be a defining feature of the prokaryotic type of virus, and 
any viral families the genomes of which are enriched with such 
SDregions are prokaryotic viral families. Among the viruses 
infecting prokaryots, for example, some bacteriophages of the 
family Cystoviridae have a high content of SDsequences, 
the genome of which consists of several fragments of dsRNA 
(Mindich, 1988; Boros et al., 2018).

In the PBV genome, SDsequences were present before all 
ORFs in segments 1 and 2. The level of enrichment with SD-
regions in PBVs is higher than in any known prokaryotic virus 
family and this level was constant (in 100 % of the studied 
genes), while not in all prokaryotic viruses it is maintained in 
the virus replication process. Such a high level of preservation 
of prokaryotic regions in the PBV genome should correlate 
with the level of their preservation in the genome of  bacteria of 
a certain type from the spectrum of  hosts that PBVs can infect. 
This level varies in different viral families (Krishnamurthy, 
Wang, 2018). Preservation of the level of enrichment with 
prokaryotic regions in the genomes of prokaryotic viruses 
depends on whether the host bacterium itself retains them in 
its genes. It is known that not all bacterial species preserve 
the prokaryotic Shine–Dalgarno sequence to the same extent. 

For example, in the genome of bacteria belonging to the type 
Firmicutes, the prokaryotic motif is preserved in more than 
80 % of genes, while in Bacteroides, less than 10 % (Omotajo 
et al., 2015). It is known that different families of bacterial 
RNAviruses can consist of evolutionarily related viruses 
capable of infecting one type of bacteria. From this fact it 
follows that PBVs can infect bacteria within the type Fir
micutes that most corresponds to the level of preservation of 
the prokaryotic motif in genes (more than 80 %) to PBVs and 
is most common in the fecal microbiota (Sekelja et al., 2011).

The hypothesis about the phage nature of PBVs put forward 
by Krishnamurthy and Wang (2018) is confirmed by the results 
obtained by other researchers (Adriaenssens et al., 2018; Boros 
et al., 2018; Kleymann et al., 2020). In particular, the study of 
Boros et al. (2018) revealed in the genome of chicken PBVs 
SDregions that were located in segment 1 before the three 
ORFs and in segment 2 before ORFs above the initiation co
dons. Using 6xHis tagging and western blotting of genomic 
segment 1 of PBVs containing the SDmotif, these resear
chers have succeeded in showing in vivo the possibility of its 
expression and functionalization in Escherichia coli (Boros 
et al., 2018). The results obtained, according to the authors, 
serve as proof of the existence of a bacterial culture for the 
reproduction of PBVs.

The assumption that PBVs represent a new family of  RNA 
bacteriophages with a high level of genomic diversity was 
also confirmed in the work of Adriaenssens et al. (2018). The 
authors of this work found a hexameric prokaryotic AGGAGG 
motif in 100 % of the genomic sequences of PBVs, while 
 eukaryotic viruses from different families had SD-regions 
with low frequency and mainly consisted of tetramers (AGGA, 
GGAG, GAGG) (Adriaenssens et al., 2018). The review of 
Ghosh, Malik (2021) presents a number of conservative pro
karyotic sequences (motives) found before all ORFs in seg
ments 1 and 2 of PBV and PBVlike genomes, indicating 
the location and with access numbers in GenBank (Ghosh, 
Ma lik, 2021).

However, despite the practical results obtained, indicating 
the possible PBV affiliation to prokaryotic viruses, many 
 authors believe that it is premature to talk about the final 
proof of the phage nature of PBVs (Ramesh et al., 2021). The 
host in which PBVs would successfully reproduce has not 
yet been identified. Given the fact that the gut microbiome 
consists of several hundreds of mostly uncultivable bacteria, 
the identification of true bacterial or archeal host(s) of PBVs 
(if any) will be challenging (Boros et al., 2018).

In addition, ORFs encoding the RdRp gene were found in 
the genome of some PBV strains, in which, during translation, 
instead of the expected standard genetic code, an alternative 
code of fungi and invertebrates was used (Shi et al., 2016; 
Yinda et al., 2018, 2019; Kleymann et al., 2020). So an as
sumption was made that the PBV hosts may be cells of lower 
eukaryotes.

PBV-like strains with nonstandard genetic code
As is known, the gene sequences in the viral genomes have 
their characteristic conserved regions – motifs by which vi
ruses are identified. Motives characteristic of  PBV and PBV-
like genomes include the prokaryotic region Shine– Dalgar

https://www.ncbi.nlm.nih.gov/pubmed/?term=Adriaenssens EM%5BAuthor%5D&cauthor=true&cauthor_uid=29795788
https://www.frontiersin.org/people/u/133365
https://www.frontiersin.org/people/u/133365
https://www.sciencedirect.com/science/article/pii/S0042682218302794?via%3Dihub#bib29
https://www.sciencedirect.com/science/article/pii/S0042682218300060?via%3Dihub#bib21
https://www.sciencedirect.com/science/article/pii/S0042682218300060?via%3Dihub#bib21
https://www.ncbi.nlm.nih.gov/pubmed/?term=Adriaenssens EM%5BAuthor%5D&cauthor=true&cauthor_uid=29795788
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kleymann A%5BAuthor%5D&cauthor=true&cauthor_uid=31952167
https://www.ncbi.nlm.nih.gov/pubmed/?term=Adriaenssens EM%5BAuthor%5D&cauthor=true&cauthor_uid=29795788
https://www.ncbi.nlm.nih.gov/pubmed/?term=Adriaenssens EM%5BAuthor%5D&cauthor=true&cauthor_uid=29795788
https://www.frontiersin.org/people/u/133365
https://www.frontiersin.org/people/u/133365
https://www.sciencedirect.com/topics/medicine-and-dentistry/gut-microbiome
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Fig. 3. Mitoviruse (a) and picobirnaviruse (b ) genomes.

no AGGAGG (Adriaenssens et al., 2018; Boros et al., 2018; 
Ghosh et al., 2018; Krishnamurthy, Wang, 2018; Yinda et 
al., 2018, 2019; GuajardoLeiva et al., 2020; Joycelyn et al., 
2020; Kleymann et al., 2020), terminal sequences 5′-GUAAA 
and 3′-ACUGC (Ghosh et al., 2018; Delmas et al., 2019; 
Woo et al., 2019; Kleymann et al., 2020), and three regions 
represented in amino acid sequences DFXKFD, SGSGGT and 
GDD (Kleymann et al., 2020). 

When translating the RdRp gene of most picobirnaviruses, 
the standard genetic code is used. However, recently, new 
PBVlike RdRp gene sequences with an alternative (non
standard) mitochondrial genetic code have been identified in 
human (Woo et al., 2019), mongoose (Kleymann et al., 2020), 
bat (Yinda et al., 2018) and invertebrate (Shi et al., 2016) fecal 
samples. The mitochondrial code is characteristic of viruses 
of mold fungi and invertebrates. In particular, five PBV-like 
genomic sequences consisting of dsRNA with mitochondrial 
code were isolated from the gut contents of bats (Yinda et al., 
2018). In four of them (P11300, P11378, P1490 and P15
218) they failed to identify the presence of the capsid gene. 
These PBV-like genomes contained only RdRp gene sequence 
with the mitochondrial genetic code of the mold. The absence 
of the capsid protein gene in them resembled the genome of 
mitoviruses from the family Mitoviridae, which are known 
to infect the mitochondria of unicellular mold fungi (Fig. 3) 
(Hillman, Cai, 2013; Shi et al., 2016). 

The mitovirus genome as well as four abnormal PBV-
like genomes consists of dsRNA and encodes only RdRp. 
Mitoviruses lack a capsid, replicate in mitochondria and use 
the genetic mitochondrial code of mold fungi for the RdRp 
translation. So an assumption was made that mold fungi can 
also be PBV hosts (Yinda et al., 2018; Kleymann et al., 2020). 

However, unlike mitoviruses, the noncapsid PBVlike 
strains identified by Yinda et al. (2018) in a single segment of 
the RdRp genome contained conserved regions characteristic 
of  PBVs. In the genome of the fifth PBV-like strain (P16-366), 
in addition to the conservative features of the RdRp gene 
characteristic of PBVs, a sequence encoding the capsid protein 
was found. This strain was clustered on the phylogenetic tree 
along with GII PBVs. However, it used an alternative genetic 
code and was very similar in terms of genome organization 
to fungal viruses of the family Partitiviridae (Duquerroy 

et al., 2009). These families have a minimalistic genome 
consisting of two dsRNA segments encoding RdRp and the 
capsid protein, respectively, which in these families is clearly 
homologous (Wolf et al., 2018).

Similarly, researchers Kleymann et al. (2020) isolated the 
M17A strain among typical PBVlike strains from mongoose, 
the RdRp gene of which retained all conservative for PBVs 
motives, but had an alternative mitochondrial mold code, and 
the capsid sequence in the genome of this strain was absent. 
Assumption that PBVs can be fungal or invertebrate viruses, 
as Ghosh, Malik (2021) rightly noted, has further complicated 
the discussion about the true PBV hosts.

Discussion on the origin  
of abnormal PBV-like strains
During the discussion about the true PBV hosts, researchers at
tempted to interpret the causes of the appearance of  PBVlike 
strains (Shackelton et al., 2008; Wolf et al., 2018; Yinda et al., 
2018; Shahi et al., 2019; Ghosh, Malik, 2021). In particular, 
Yinda et al. (2018) suggested that PBVlike strains found in 
the gut contents of different eukaryotic hosts, with a genome 
resembling the mitovirus genome, may have a reproduction 
mode similar to mitoviruses. Following the assumption of 
Yinda et al. (2018), the capsid protein gene is not needed 
with this reproduction mode, since mitoviruses do not use the 
pathway of the independent horizontal transmission from cell 
to cell, but are transmitted vertically from mother to daughter 
cells (during division) or horizontally (by merging hyphae). 
Similarly, when assembling new PBV-like particles, simplified 
structures can be formed with the adaptation to the existence 
in a fungal cell characteristic of mitoviruses and lost capsid 
protein gene. Such an interpretation of the appearance of 
noncapsid RNA viruses is consistent with one of the trends 
in the evolution of RNA viruses associated with the loss of 
their structural module by their genome, noticed by Wolf et 
al. (2018).

The trend in the evolution of RNA viruses associated 
with the loss of the genome segment with the capsid gene is 
demonstrated by the pedigree diagram of eukaryotic viruses 
with the RNA genome, shown in Figure 4. This scheme also 
explains the origin of capsidated RNA viruses of unicellular 
eukaryotes.
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Fig. 4. A rough scheme of the key steps of RNA virus evolution (Wolf et al., 2018).

The evolution of capsid-free viruses of lower eukaryotes 
(fungi and invertebrates) follows the path of genome reduction 
due to the loss of the capsid protein gene of the probable ances
tor – levivirus infecting prokaryotes (the vector of evolution 
under the number 1 in Figure 4, leading to the appearance at 
the end of the family Narvaviridae). In accordance with the 
scheme, the ancestor of mitoviruses from the family Mito
viridae descended from the family Leviviridae, previously 
containing the capsid protein gene. An illustrative example of 
genome reduction is hypoviruses – capsidfree viruses with 
dsRNA, the structure and phylogenetic analysis of the genome 
of which showed that they originated from potiviruses that lost 
the capsid protein (Dawe, Nuss, 2013; Chauhan et al., 2021) 
and the capsid protein gene, entering the cells of unicellular 
eukaryotes. Replication of mitoviruses occurs only in mito
chondria, where their capsidfree (‘naked’) RNA genomes 
(replicons) are replicated. With the loss of the structural gene, 
mitoviruses have lost the ability for independent horizontal 
transmission (Shackelton, Holmes, 2008).

Similarly, the origin of the group of capsidfree PBVlike 
strains isolated by Yinda et al. (2018) and Kleymann et al. 
(2020) from Cameroonian bats (P11300, P11378, P1490 
and P15218) and from a mongoose (strain M17A) can be 
explained by the loss of a genome segment encoding the capsid 
protein by the parent strain. 

On the other hand, a capsidfree RNA virus (mitovirus) in 
the process of evolution could gain a capsid (the final direction 
of vector 1, leading to the occurrence of the family Ourmia
viridae due to the fusion of its ‘naked’ RNA replicon with 
the replicon of the capsid protein of +eukaryotic RNA virus, 
possibly having the eukaryotic virus as an ancestor (evolution 
vector 2 in Figure 4). Encapsulated strains of RNA viruses, 

and probably PBVlike analogues, could have occurred in this 
evolutionary way. 

Researchers explain shuffling or loss of genome segments 
in RNA viruses by another trend in their evolution – the 
ability to reassort – to redistribute gene modules (RdRp and 
capsid protein) between closely related virus families with 
similar genes. Reassortment modification of the genome has 
also been observed in PBVs (ConceiçãoNeto et al., 2016). 
The creative role of reassortment between families of RNA 
viruses with similar genes explains the origin of the PBV
like strain P16-366 found by Yinda et al. (2018) in bats. This 
strain contained, together with the gene sequence RdRp (with 
a nonstandard mitochondrial code), the sequence encoding 
the capsid protein. The proposed genetic similarity between 
families of viruses with a bisegmented dsRNA genome is 
based on the hypothesis of a reassortment mechanism for the 
evolution of these viruses.

On the relationship of PBVs  
with families of viruses with the dsRNA genome
The phylogenetic relationship between the families of RNA 
viruses with a segmented genome is based on the informa
tion about the primary structure of the RdRp gene. This gene 
is universal and, despite a much greater distribution among 
eukaryotic viruses, is present in almost all RNA viruses (in
cluding capsidless RNA replicons) with the exception of some 
satellite viruses (Dolja, Koonin, 2018).

The universality of the RdRp gene indicates the possibility 
of its common origin in RNA viruses. In 2018, Wolf et al. put 
forward a hypothesis suggesting the presence of phylogenetic 
relationships between families of RNAcontaining viruses, 
and a phylogenetic tree was constructed (Fig. 5), the topo

https://www.sciencedirect.com/science/article/pii/B9780128216293000208#!
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5888411/#vey008-B94
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Fig. 5. Phylogenetic tree of viruses with the RNAgenome built on the basis of gene sequences of RNAdependent RNA polymerase and reverse tran
scriptase (Wolf et al., 2018).
Five main branches are shown, among which three branches 1, 2 and 4 directly relate to the origin of PBVlike strains. 

logy of which demonstrates a possible relationship between 
the families.

The phylogenetic tree constructed on the basis of a set 
of phylogenetic data gives an idea of the possible origin of  
PBVs. This tree confirms the evolution scenario in which 
the last common ancestors of virus lineages with a dsRNA 
genome were simple viruses the segmented genome of which 
contained two genes (RdRp and capsid protein). According 
to the  authors of the hypothesis, all viruses with a dsRNA 
genome in branches 2 and 4 of the phylogenetic tree have 
similar capsid proteins that can be combined with the genome 
RdRp from different viruses with +RNA genome.

Viruses with the dsRNA genome – Partitiviridae, Pico
birnaviridae, Cystoviridae, Reoviridae and Totiviridae form 
separate lineages in two branches of the phylogenetic tree. 
Viruses of the family Picobirnaviridae are located on the 
same line with the families Hypoviridae, Amalgaviridae 
and Partitiviridae. The most phylogenetically close families 
forming one cluster are Picobirnaviridae and Partitiviridae. 
The close location of these families demonstrates a high de

gree of relationship between them. These families are united 
by a similar organization of virions and homologous capsid 
proteins (Duquerroy et al., 2009; Wolf et al., 2018). The dif
ference between these viruses lies in the fact that the surface 
PBV capsid proteins, unlike those of partiviruses, have per
foration activity, which determines the ability of the virus to 
penetrate into the cell. In addition, due to the ability of PBVs 
for horizontal transmission, two segments of its genome are 
combined into one capsid during assembly, and in partiviruses, 
the RdRp gene and the capsid protein gene use separate capsids 
(Vainio et al., 2018). 

The PBV capsid protein gene is distantly related to the 
capsid protein genes of other viruses with the dsRNA genome 
(Totiviridae, Reoviridae and Cystoviridae), which make up 
three parallel evolutionary lineages in branch 4 of the phylo
genetic tree (Wolf et al., 2018). Significant homology of the 
genes encoding the capsid protein of viruses of the families 
Reoviridae, Totiviridae, Cystoviridae, Picobirnaviridae and 
Partitiviridae was noted earlier (El Omari et al., 2013; Lvov 
et al., 2013; Luque et al., 2014).
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Three evolutionary lineages of branch 4 of the phylogene-
tic tree are formed by families of viruses infecting both pro
karyotes (Cystoviridae) and eukaryotes (Reoviridae, Totivi
ri dae). The location of these viral families on one branch, 
according to the authors of the phylogenetic tree, does not 
exclude the possibility of the origin of eukaryotic +RNA 
viruses from their prokaryotic analogues. They admit that 
mitoviruses (replicating in the mitochondria of mold cells) 
originated from an ancestor common with leviviruses – a pro
karyotic RNA virus parasitizing in enterobacteria. The proof 
of this is the evolutionary relationship between cystoviruses 
(bacterial viruses) and reoviruses (Poranen, Bamford, 2012; 
El Omari et al., 2013). 

According to supporters of the creative role of reassort
ment, the origin of the PBVlike strain P16366 could result 
from a reassortment between an as yet undiscovered PBV 
relative from branch 2, which has passed to reproduction in 
the mitochondria of fungal cells, and one of the viruses with 
the dsRNA genome of branch 4 (see Fig. 5). Moreover, it was 
noted that genetic restrictions on the ability to create reas
sortants during coinfection with viruses of families forming 
branch 4 of the phylogenetic tree may be less strict for the 
prokaryotic virus family Cystoviridae. The appearance of the 
encapsulated PBVlike strain P16366 occurred due to the 
unification of the segment with the gene RdRp of the +RNA 
virus of branch 2 (possibly a naked RNA replicon) using the 
mitochondrial code, with a fragment of the capsid gene of the 
dsRNA virus of branch 4.

Another direction in the evolution of viruses with a biseg
mented dsRNA genome is the acquisition of partition – the 
packaging of genome segments into one (monopartite) or 
separate (bi-multipartite) particles. This trend is interesting 
because it gives us some insight into the nature of the hosts 
of  PBVlike strains (prokaryotic or eukaryotic). For example, 
bipartition is observed only in fungal viruses with a dsRNA 
genome and in plant viruses with a ssDNA genome (Begomo
viruses) (Nibert et al., 2013). In bacterial viruses in general and 
with a segmented dsRNA genome, in particular (Cystoviri dae), 
the packaging of genome segments into individual particles 
is not observed. Partition is related to the virus transmission 
mode (independent or nonindependent). For example, par
titiviruses parasitizing in fungal cells do not have the ability 
for independent (horizontal) transmission and they are bipar
tite, while PBVs transmitting independently are monopartite.  
The horizontal (independent) transmission pathway allows 
them to transfer both segments of the genome into a new cell 
with a high probability. The ability for independent (hori-
zontal) transmission into new cells can be considered as one 
of the main criteria for determining the true host of the de
tected virus.

Presence of a molecular apparatus  
for penetration into the cell is an important  
criterion determining the nature of the PBV host
During familiarization with the studies solving the question 
of the nature of PBV and PBVlike strains, we came to un
derstand that the belonging of these viruses to the bacterial 
viruses, higher or lower eukaryotes can be determined not 
only by the characteristic saturation level of their genome with 

a prokaryotic motif, standard or mitochondrial genetic code. 
This affiliation should no less be determined by the presence 
or absence of specific (in relation to the host cell) proteolytic 
activity of the capsid protein, which determines the possibility 
of independent penetration of the virus into the cell. The abi-
lity for independent horizontal transmission is characteristic 
of animal viruses and phages, while it is absent in viruses of 
lower eukaryotes (partitiviruses, mitoviruses). PBV capsid 
pro teins have perforating activity (Duquerroy et al., 2009). 
This makes PBVs capable of independent penetration into 
cells and, therefore, can characterize them as bacterial viruses.

Thus, we can conclude that in solving the question of the 
true PBV host in which they can reproduce, in addition to 
conservative motifs characteristic of the PBV genome, the 
determining factor is the presence of a mechanism of specific 
horizontal penetration into the cell – capsid proteins with spe
cific perforating activity. If these proteins are specific to the 
receptors of a prokaryotic cell, for example, Firmicutes cells 
(Adriaenssens et al., 2018), then we are dealing with a phage, 
if they are specific to the receptors of a eukaryotic cell – with 
a virus of higher eukaryotes, and if there are no capsid proteins 
at all, then such a virus can be attributed to viruses of lower 
eukaryotes (not capable of independent transmission).

Assumption about the origin  
of atypical PBV-like strains does not contradict 
the hypothesis of the phage nature of PBVs
The existence of atypical PBV-like strains cannot constitute 
a refutation of supposed phage nature of PBVs for a number 
of reasons. According to the hypothesis of  Wolf et al. (2018), 
there is a related relationship between the families of viruses 
with the dsRNA genome in the structure of the phylogenetic 
tree, as evidenced by the presence of homologous genes and 
a common ancestor related to prokaryotic RNA viruses. More
over, the families of eukaryotic and prokaryotic RNA viruses 
may be related, as evidenced by the evolutionary relationship 
between cystoviruses and reoviruses (Poranen, Bamford, 
2012; El Omari et al., 2013). This supports the assumption 
of the possibility of the exchange of homologous segments of 
the genome between prokaryotic viruses and related viruses 
of lower eukaryotes, when both are in the mold fungus cell.

It has recently become known that bacterial viruses can not 
only infect bacterial cells, but also pass through the epithelial 
cells of eukaryotes using the mechanism of phage transcytosis. 
From epithelial cells through the blood or lymph, phages can 
enter various organs and tissues of animals. However, phages 
can penetrate inside eukaryotic cell only with a bacterial cell 
infected by them (Nguyen et al., 2017). The ubiquitous isola
tion of PBVs from environments where bacteria occur means 
that these viruses may not be intracellular eukaryotic viruses, 
but prokaryotic viruses of the gut microbiome (Kashnikov et 
al., 2020; Ghosh, Malik, 2021). The assumption that PBVs 
can infect prokaryotic cells is confirmed by the pre sence of 
a conservative prokaryotic Shine–Dalgarno sequence in their 
genome (Adriaenssens et al., 2018; Boros et al., 2018; Krish
namurthy,Wang, 2018). 

The identification of atypical PBV-like sequences with 
a nonstandard mitochondrial genetic code of fungi and in
vertebrates can serve as evidence that PBVs are capable of 

https://en.wikipedia.org/wiki/Begomovirus
https://en.wikipedia.org/wiki/Begomovirus
https://www.sciencedirect.com/topics/medicine-and-dentistry/firmicutes
https://www.ncbi.nlm.nih.gov/pubmed/?term=Adriaenssens EM%5BAuthor%5D&cauthor=true&cauthor_uid=29795788
https://www.frontiersin.org/people/u/133365
https://www.ncbi.nlm.nih.gov/pubmed/?term=Adriaenssens EM%5BAuthor%5D&cauthor=true&cauthor_uid=29795788
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reproducing their own kind in the cells of lower eukaryotes, 
undergoing genetic changes when changing hosts (Yinda et 
al., 2018; Kleymann et al., 2020; Ghosh, Malik, 2021). 

Therefore, it can be assumed that PBVs can get into euka-
ryotic cell (whether it is a cell of a fungus, an invertebrate or 
another host), where they will meet eukaryotic or prokaryotic 
virus with similar genome. Viruses like mitoviruses, partiti
viruses, or cystoviruses may be among the PBV reassortment 
partners. After rearranging the genome segments of the PBVs 
with partner viruses, PBVlike reassortants described by Yinda 
et al. (2018) and Kleymann et al. (2020) can apppear. Then, 
according to the assumptions of the authors of the reassortation 
interaction hypothesis, depending on the presence or absence 
of prokaryotic motives and motives characteristic of PBVs, 
as well as depending on the genetic code used by the genes 
of a new virus (standard or mitochondrial) will determine 
not only the degree of its relationship with PBV, but also its 
prokaryotic or eukaryotic nature.

The hypothesis explaining the formation of atypical PBV 
strains through the exchange of  homologous genome segments 
between related viral families does not exclude the possibility 
of their appearance using satellite relationships between PBVs 
and helper viruses from 2nd or 4th branches of the phyloge
netic tree. Viruses from the families Partitiviridaе, Totiviridae, 
Reoviridae are known as helper viruses, which require some 
satellite dsRNAs for their reproduction (Lvov et al., 2013). 
Assuming that PBV is a satellite that uses an RdRp enzyme 
for reproduction in the fungal cells similar to mitovirus (from 
branch 2), it is possible to explain the appearance of noncapsid 
PBVlike strains with mitochondrial genetic code P11300, 
P11378, P1490 and P15218, isolated by Yinda et al. (2018) 
or M17A isolated by Kleymann et al. (2020).

By using as a helper a virus from branches 2 or 4 (similar 
to Partitiviridaе, Reoviridae, Totiviridae or Cystoviridae) the 
appearance of the encapsulated PBVlike strain P16366 can 
be explained. In other words, in this case, the ability of the 
progeny resulting from the interaction of the satellite virus 
with the helper virus to reproduce in a bacterial cell or in the 
mitochondria of mold will depend on the nature of the helper 
virus. And this does not contradict the supposed prokaryotic 
nature of PBVs, but only means the possibility of its change 
in the reassortment process.

Arguments in support of the hypothesis  
that PBV belongs to prokaryotic viruses
PBVs are found wherever bacteria are found – in environmen
tal samples, in lower eukaryotes (fungi and invertebrates), in 
the gut contents of higher eukaryotes (including reptiles). This 
means that PBVs may not be intracellular eukaryotic viruses 
but prokaryotic viruses of the gut microbiome (Ghosh, Malik, 
2021). 

Like prokaryotic cystoviruses, PBV genomes contain and 
preserve in a saturated state (in both genome segments in 
each reading frame) functional binding sites for bacterialtype 
ribosomes (Shine–Dalgarno sequences), while in eukaryotic 
viruses the genome is not saturated with them (Boros et al., 
2018; Krishnamurthy, Wang, 2018).

The identification of related PBV strains in different animal 
species may mean that the PBV hosts are a specific type of 
bacteria, possibly Firmicutes, found in the gut of different 

vertebrates and invertebrates. The level of preservation of 
prokaryotic sites in the genome of these bacteria (more than 
80 % of the genes) corresponds to that of PBVs (Krishna-
murthy, Wang, 2018).

PBV identification in the gut, respiratory organs of animals 
(cattle, humans, monkeys, pigs), in blood and respiratory 
samples (Lee, Bent, 2014; BlancoPicazo et al., 2020) does 
not refute the assumption that bacterial cells can be their hosts. 
Phages cannot directly infect cells of different organs of  higher 
eukaryotes, but they can get into these organs by non-specific 
translocation through gut epithelium with blood flow (Nguyen 
et al., 2017) or with the help of bacteria in which they multiply 
(Dabrowska et al., 2005). This is how phages penetrate into 
the blood, lymph, organs and even the brain.

The presence of a capsid protein with perforating activity 
(the ability to penetrate through the cell membrane), as in 
viruses capable of infecting animal cells (Duquerroy et al., 
2009), does not contradict the fact that PBVs can be proka
ryotic RNA viruses. It is known that representatives of the 
family of bacterial RNA viruses also have a molecular ap
paratus for penetrating into bacterial cells using transcytosis 
(Reed et al., 2013; Nguyen et al., 2017).

The acquisition of immunity to PBVs by infected animals 
also does not mean that PBVs can be considered eukaryotic 
viruses, since it has been established that host immune re
sponses can also occur against bacterial viruses (Dabrowska 
et al., 2005; Górski et al., 2006). Possibly, PBVs cause an 
immune response to infection not of the host cells, but of the 
bacterial cells that make up its microbiome, which does not 
exclude the possibility that PBVs are prokaryotic viruses.

Like the phages, which are virulent and moderate, in an 
infected organism, PBVs can be active (excreted) and inac
tive (temporarily not excreted), while infected animals will 
be asymptomatic carriers (Ganesh et al., 2014; Malik et al., 
2014; Kumar et al., 2020; Ghosh, Malik, 2021).

The identification of PBV-like strains with the RdRp gene 
using an alternative mitochondrial genetic code of eukaryotes 
(mold, invertebrates) for translation is also not a refutation of 
the assumption that PBVs belong to prokaryotic viruses. Ac
cording to the hypothesis of Wolf et al. (2018), they are the 
result of reassortment between the PBVs and the families of 
RNA viruses with a similar genome. The appearance of atypi
cal PBVlike strains only indicates the possibility of an evolu
tionary transition from the prokaryotic nature of the virus to 
the eukaryotic nature and back as a result of rearrangement of 
genomic segments, and is explained by a change in the degree 
of saturation of the genome of the new virus with prokaryotic 
regions, which may change its nature. The possibility of satel
lite relationships between PBVs and RNA viruses of lower 
eukaryotes such as Partitiviridaе, Totiviridae and Reoviridae, 
which are known as helper viruses, is not excluded. There are 
known cases of satellite relationships between prokaryotic 
and lower eukaryotic viruses infecting one singlecelled host, 
allowing phages to reproduce new progeny in a eukaryotic 
cell (Gogarten, Townsend, 2005; Claverie, Abergel, 2009; 
Thannesberger et al., 2017).

The expression and functioning of PBV segment 1 in vivo 
in Escherichia coli (Boros et al., 2018) was carried out, which 
confirms the existence of a bacterial culture for the propaga
tion of PBVs.
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Conclusion
The arguments given convincingly show that PBVs can indeed 
be prokaryotic viruses, since they are found wherever bacteria 
are found – in environmental samples, in the gut contents of 
vertebrates, in the cells of fungi and invertebrates.

Similar to prokaryotic cystoviruses, PBV genomes contain 
and retain functional binding sites for bacterialtype ribo
somes in a saturated state, while in eukaryotic viruses the 
genome is not saturated with these motifs. The high level of 
preservation of prokaryotic sites in the PBV genome suggests 
that they belong to a new family of RNA viruses that infect 
a certain type of bacteria with a high content of SDsequences 
in the genome. Such host bacteria of PBVs can be Firmicutes 
found in the gut of vertebrates and invertebrates, which have 
a similar level of prokaryotic motifs characteristic of  bacteria. 
The high frequency of the presence of SD-sequences in the 
PBV genome can be considered one of the main criteria for 
identifying new virus families for affiliation to a prokaryotic 
or eukaryotic host.

But in order for a virus to be finally classified as a phage, 
its genome must contain a structural gene encoding a protein 
with specific proteolytic properties that determine the ability 
of the virus to independently penetrate into a bacterial cell. 
A protein with proteolytic properties is present in the PBV 
capsid, which indicates the ability of this virus for horizontal 
transmission (independently) from cell to cell and from one 
host to another. At the same time, the identification of PBVs 
in the gut of various hosts may suggest that their horizontal 
transmission can be carried out by bacteria and, therefore, 
these viruses themselves are phages. The identification of 
PBVs in various tissues of the body can also be explained by 
the fact that, being phages, they are capable of nonspecific 
translocation through the walls of gut epithelial cells.

The selection of a culture for the virus propagation is ne-
cessary for the final determination of its nature. To date, the 
belonging of PBVs to viruses of higher eukaryotes has not 
been proven, since it was not possible to isolate them from 
eukaryotic cell cultures. To establish definitively whether 
PBVs are prokaryotic viruses, it is necessary to direct efforts 
to select a host for their reproduction among prokaryotic cells 
obtained from the gut microbiome of mutants and conditions 
for the cultivation of these cells.

And, finally, the presence of probable relatives among the 
families of RNA viruses with similar genes with which PBVs 
can exchange genome segments, replicating atypical genetic 
variants, does not contradict the correctness of the hypothesis 
about the phage nature of PBVs, but indicates their potential 
ability to adapt to new conditions of existence, allowing them 
to infect eukaryotic or prokaryotic host cells.

References
Adriaenssens E.M., Farkas K., Harrison C., Jones D.L., Allison H.E., 

McCarthy A.J. Viromic analysis of wastewater input to a river catch
ment reveals a diverse assemblage of RNA viruses. mSystems. 2018; 
3(3):1-18. DOI 10.1128/mSystems.0002518. 

Bell N., Khamrin P., Kumthip K., Rojjanadumrongkul K., Nantachit N., 
Maneekarn N. Molecular detection and characterization of pico
birnavirus in environmental water in Thailand. Clin. Lab. 2020;66: 
8588. DOI 10.7754/CLIN.LAB.2019.191013.

BlancoPicazo P., FernándezOrth D., BrownJaque M., Miró E., Es
pinal P., RodríguezRubio L., Muniesa M., Navarro F. Unravelling 
the consequences of the bacteriophages in human samples. Sci. Rep. 
2020;10:6737. DOI 10.1038/s41598-020-63432-7.

Boros Á., Polgár B., Pankovics P., Fenyvesi H., Engelmann P., 
Phan T.G., Delwart E., Reuter G. Multiple divergent picobirnavi
ruses with functional prokaryotic Shine–Dalgarno ribosome bind
ing sites present in cloacal sample of a diarrheic chicken. Virology. 
2018;525:62-72. DOI 10.1016/j.virol.2018.09.008. 

Chauhan R., Awasthi S.,  Narayan R.P. Chapter 11 – Evolution and di
versity of plant RNA viruses. In: Rajarshi Kumar Gaur, S.M. Paul 
Khurana, Pradeep Sharma, Thomas Hohn (Eds.) Plant Virus-Host 
Interaction: Molecular Approaches and Viral Evolution. Second 
Edn. Acad. Press, 2021;303318. DOI 10.1016/B978012821629
3.000208.

Claverie J.M., Abergel C. Mimivirus and its virophage. Ann. Rev.  Genet. 
2009;43:49-66. DOI 10.1146/annurev-genet-102108-134255.

ConceiçãoNeto N., Mesquita J.R., Zeller M., Yinda C.K., Álva
res F., Roque S., PetrucciFonseca F., Godinho R., Heylen E., Van 
Ranst M., Matthijnssens J. Reassortment among picobirnaviruses 
found in wolves. Arch. Virol. 2016;161:2859-2862. DOI 10.1007/
s0070501629874.

Dabrowska K., Switała-Jelen K., Opolski A., Weber-Dabrowska B., 
Gorski A. Bacteriophage penetration in vertebrates. J. Appl. Micro
biol. 2005;98:7-13. DOI 10.1111/j.13652672.2004.02422.x.

Dawe A.L., Nuss D.L. Hypovirus molecular biology: from Koch’s pos
tulates to host selfrecognition genes that restrict virus transmission. 
Adv. Virus Res. 2013;86:109-147.

Delmas B., Attoui H., Ghosh S., Malik Y.S., Mundt E., Vakharia V.N. 
ICTV virus taxonomy profile: Picobirnaviridae. J. Gen. Virol. 2019; 
100:133-134. DOI 10.1099/jgv.0.001186.

Dolja V.V., Koonin E.V. Metagenomics reshapes the concepts of RNA 
virus evolution by revealing extensive horizontal virus transfer. 
 Virus Res. 2018;244:36-52. DOI 10.1016/j.virusres.2017.10.020. 

Duquerroy S., Da Costa B., Henry C., Vigouroux A., Libersou S., Le
pault J., Navaza J., Delmas B., Rey F.A. The picobirnavirus crystal 
structure provides functional insights into virion assembly and cell 
entry. EMBO J. 2009;28:1655-1665. DOI 10.1038/emboj.2009.109.

Duraisamy R., Akiana J., Davoust B., Mediannikov O., Michelle C., 
Robert C., Parra H.J., Raoult D., Biagini P., Desnues C. Detection 
of novel RNA viruses from freeliving gorillas, Republic of the 
Congo: genetic diversity of picobirnaviruses. Virus Genes. 2018;54: 
256271. DOI 10.1007/s1126201815436.

El Omari K., Sutton G., Ravantti J.J., Zhang H., Walter T.S., Gri-
mes J.M., Bamford D.H., Stuart D.I., Mancini E.J. Plate tectonics of 
virus shell assembly and reorganization in phage φ8, a distant rela
tive of mammalian reoviruses. Structure. 2013;21:1384-1395. DOI 
10.1016/j.str. 2013.06.017. 

Gallagher C.A., Navarro R., Cruz K., Aung M.S., Ng A., Bajak E., 
Beier schmitt A., Lawrence M., Dore K.M., Ketzis J., Malik Y.S., 
Kobayashi N., Ghosh S. Detection of picobirnaviruses in vervet 
monkeys (Chlorocebus sabaeus): molecular characterization of com
plete genomic segment2. Virus Res. 2017;230:13-18. DOI 10.1016/ 
j.virusres.2016.12.021.

Ganesh B., Masachessi G., Mladenova Z. Animal picobirnavirus. 
 VirusDisease. 2014;25:223-238. DOI 10.1007/s13337-014-0207-y.

Ghosh S., Malik Y.S. The true host/s of picobirnaviruses. Front. Vet. 
Sci. 2021;7:1-9. DOI 10.3389/fvets.2020.615293.

Ghosh S., Shiokawa K., Aung M.S., Malik Y.S., Kobayashi N. High 
detection rates of picobirnaviruses in free roaming rats (Rat
tus spp.): molecular characterization of complete gene segment-2. 
Infect. Ge net. Evol. 2018;65:131-135. DOI 10.1016/j.meegid.2018. 
07.024. 

Gogarten J.P., Townsend J.P. Horizontal gene transfer, genome inno
vation and evolution. Nat. Rev. Microbiol. 2005;3(9):679-687. DOI 
10.1038/nrmicro1204.

https://www.sciencedirect.com/topics/medicine-and-dentistry/firmicutes
https://www.ncbi.nlm.nih.gov/pubmed/?term=Adriaenssens EM%5BAuthor%5D&cauthor=true&cauthor_uid=29795788
https://www.ncbi.nlm.nih.gov/pubmed/?term=Farkas K%5BAuthor%5D&cauthor=true&cauthor_uid=29795788
https://www.ncbi.nlm.nih.gov/pubmed/?term=Harrison C%5BAuthor%5D&cauthor=true&cauthor_uid=29795788
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jones DL%5BAuthor%5D&cauthor=true&cauthor_uid=29795788
https://www.ncbi.nlm.nih.gov/pubmed/?term=Allison HE%5BAuthor%5D&cauthor=true&cauthor_uid=29795788
https://www.ncbi.nlm.nih.gov/pubmed/?term=McCarthy AJ%5BAuthor%5D&cauthor=true&cauthor_uid=29795788
https://www.ncbi.nlm.nih.gov/pubmed/?term=McCarthy AJ%5BAuthor%5D&cauthor=true&cauthor_uid=29795788
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5964442/
https://dx.doi.org/10.1128%2FmSystems.00025-18
https://www.nature.com/articles/s41598-020-63432-7#auth-Maite-Muniesa
https://www.nature.com/articles/s41598-020-63432-7#auth-Ferran-Navarro
https://www.sciencedirect.com/science/article/pii/B9780128216293000208#!
https://www.sciencedirect.com/science/article/pii/B9780128216293000208#!
https://www.sciencedirect.com/science/article/pii/B9780128216293000208#!
https://doi.org/10.1016/B978-0-12-821629-3.00020-8
https://doi.org/10.1016/B978-0-12-821629-3.00020-8
https://pubmed.ncbi.nlm.nih.gov/?term=Petrucci-Fonseca+F&cauthor_id=27438074
https://pubmed.ncbi.nlm.nih.gov/?term=Godinho+R&cauthor_id=27438074
https://pubmed.ncbi.nlm.nih.gov/?term=Heylen+E&cauthor_id=27438074
https://pubmed.ncbi.nlm.nih.gov/?term=Van+Ranst+M&cauthor_id=27438074
https://pubmed.ncbi.nlm.nih.gov/?term=Van+Ranst+M&cauthor_id=27438074
https://pubmed.ncbi.nlm.nih.gov/?term=Matthijnssens+J&cauthor_id=27438074
https://doi.org/10.1111/j.1365-2672.2004.02422.x
https://link.springer.com/article/10.1007/s11262-018-1543-6#auth-Henri_Joseph-Parra
https://link.springer.com/article/10.1007/s11262-018-1543-6#auth-Didier-Raoult
https://link.springer.com/article/10.1007/s11262-018-1543-6#auth-Philippe-Biagini
https://link.springer.com/article/10.1007/s11262-018-1543-6#auth-Christelle-Desnues
https://pubmed.ncbi.nlm.nih.gov/?term=Beierschmitt+A&cauthor_id=28057480
https://pubmed.ncbi.nlm.nih.gov/?term=Lawrence+M&cauthor_id=28057480
https://pubmed.ncbi.nlm.nih.gov/?term=Dore+KM&cauthor_id=28057480
https://pubmed.ncbi.nlm.nih.gov/?term=Ketzis+J&cauthor_id=28057480
https://pubmed.ncbi.nlm.nih.gov/?term=Malik+YS&cauthor_id=28057480
https://pubmed.ncbi.nlm.nih.gov/?term=Kobayashi+N&cauthor_id=28057480
https://pubmed.ncbi.nlm.nih.gov/?term=Ghosh+S&cauthor_id=28057480
https://www.frontiersin.org/people/u/132215
https://doi.org/10.3389/fvets.2020.615293
https://pubmed.ncbi.nlm.nih.gov/?term=Gogarten+JP&cauthor_id=16138096
https://pubmed.ncbi.nlm.nih.gov/?term=Townsend+JP&cauthor_id=16138096


A.Yu. Kashnikov, N.V. Epifanova 
N.A. Novikova

274 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2023 • 27 • 3

On the nature  
of picobirnaviruses

Górski A., Kniotek M., Perkowska-Ptasińska A., Mróz A., Przerwa A., 
Gorczyca W., Dabrowska K., WeberDabrowska B., Nowaczyk M. 
Bacteriophages and transplantation tolerance. Transplant. Proc. 
2006;38:331-333. DOI 10.1016/j.transproceed.2005.12.073.

GuajardoLeiva S., Chnaiderman J., Gaggero A., Díez B. Metagenomic 
insights into the sewage RNA virosphere of a large city. Viruses. 
2020;12:1050. DOI 10.3390/v12091050.

Hillman B.I., Cai G. Chapter Six – The family Narnaviridae: simplest 
of RNA viruses. Adv. Virus Res. 2013;86:149-176. DOI 10.1016/
B9780123943156.000064.

Joycelyn S.J., Ng A., Kleymann A., Malik Y.S., Kobayashi N., 
Ghosh S. High detection rates and genetic diversity of picobirnavi
ruses (PBVs) in pigs on St. Kitts Island: identification of a porcine 
PBV strain closely related to simian and human PBVs. Infect. Genet. 
Evol. 2020;84:104383. DOI 10.1016/j.meegid.2020.104383.

Kashnikov A.Yu., Epifanova N.V., Novikova N.A. Picobirnaviruses: 
pre valence, genetic diversity, detection methods. Vavilovskii Zhur
nal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 
2020;24(6):661-672. DOI 10.18699/VJ20.660.

Kleymann A., Becker A.A.M.J., Malik Y.S., Kobayashi N., Ghosh S. 
Detection and molecular characterization of picobirnaviruses 
(PBVs) in the mongoose: identification of a novel PBV using an 
alternative genetic code. Viruses. 2020;12(1):99. DOI 10.3390/v120 
10099.

Knox M.A., Gedye K.R., Hayman D.T.S. The challenges of analysing 
highly diverse picobirnavirus sequence data. Viruses. 2018;10:685. 
DOI 10.3390/v10120685.

Krishnamurthy S.R., Wang D. Extensive conservation of prokaryotic 
ribosomal binding sites in known and novel picobirnaviruses. Viro
logy. 2018;516:108-114. DOI 10.1016/j.virol.2018.01.006. 

Kumar N., Mascarenhas J.D.A.P., Ghosh S., Masachessi G., da Silva 
Bandeira R., Nates S.V., Dhama K., Singh R.K., Malik Y.S. Pico
birnavirus. In: Malik Y.S., Singh R.K., Dhama K. (Eds.) Animal-
Origin Viral Zoonoses. Singapore: Springer, 2020;291-312. 

Kunz A.F., Possatti F., de Freitas J.A., Alfieri A.A., Takiuchi E. High 
detection rate and genetic diversity of picobirnavirus in a sheep 
flock in Brazil. Virus Res. 2018;255:10-13. DOI 10.1016/j.virusres. 
2018.06.016.

Lee C.K., Bent S.J. Uncovering the hidden villain within the human 
respiratory microbiome. Diagnosis. 2014;1:203-212. DOI 10.1515/
dx20140039.

Li L., Giannitti F., Low J., Keyes C., Ullmann L.S., Deng X., Ale
man M., Pesavento P.A., Pusterla N., Delwart E. Exploring the vi
rome of diseased horses. J. Gen. Virol. 2015;96:2721-2733. DOI 
10.1099/vir.0.000199.

Luo X.L., Lu S., Jin D., Yang J., Wu S.S., Xu J. Marmota himalayana 
in the Qinghai–Tibetan plateau as a special host for bi-segmented 
and unsegmented picobirnaviruses. Emerg. Microbes Infect. 2018; 
7(1):20. DOI 10.1038/s4142601800206.

Luque D., GómezBlanco J., Garriga D., Brilot A.F., González J.M., 
Havens W.M., Carrascosa J.L., Trus B.L., Verdaguer N., Ghab
rial S.A., Castón J.R. CryoEM nearatomic structure of a dsRNA 
fungal virus shows ancient structural motifs preserved in the dsRNA 
viral lineage. Proc. Natl. Acad. Sci. USA. 2014;111:7641-7646. DOI 
10.1073/pnas.1404330111.

Lvov D.K., Alkhovsky S.V., Shchelkanov M.Yu. Satellites. In: Guide to 
Virology. Viruses and viral infections of humans and animals. Mos
cow, 2013;350352. (in Russian)

Malik Y.S., Kumar N., Sharma K., Dhama K., Shabbir M.Z., Ganesh B., 
Kobayashi N., Banyai K. Epidemiology, phylogeny, and evolution 
of emerging enteric picobirnaviruses of animal origin and their rela
tionship to human strains. Biomed. Res. Int. 2014;2014:780752. DOI 
10.1155/2014/780752.

Mindich L. Bacteriophage Ø6: a unique virus having a lipid-con
taining membrane and a genome composed of three dsRNA seg  
ments. Adv. Virus Res. 1988;35:137-173. DOI10.1016/S0065-3527 
(08)607101.

Navarro R., Yibin C., Nair R., Peda A., Aung M.S., Ketzis J., Ma
lik Y.S., Kobayashi N., Ghosh S. Molecular characterization of 
complete genomic segment2 of picobirnavirus strains detected in a 
cat and a dog. Infect. Genet. Evol. 2017;54:200-204. DOI 10.1016/ 
j.meegid.2017.07.006.

Nguyen S., Baker K., Padman B.S., Patwa R., Dunstan R.A., 
Weston T.A., Schlosser K., Bailey B., Lithgow T., Lazarou M., 
Luque A., Rohwer F., Blumberg R.S., Barr J.J. Bacteriophage trans
cytosis provides a mechanism to cross epithelial cell layers. mBio. 
2017;8:e01874-17. DOI 10.1128/mBio.0187417.

Nibert M.L., Tang J., Xie J., Collier A.M., Ghabrial S.A., Baker T.S., 
Tao Y.J. Chapter Three – 3D structures of fungal partitiviruses. 
Adv. Virus Res. 2013;86:59-85. DOI 10.1016/B9780123943156. 
000039.

Omotajo D., Tate T., Cho H., Choudhary M. Distribution and diversity 
of ribosome binding sites in prokaryotic genomes. BMC Genomics. 
2015;16(1):604. DOI 10.1186/s1286401518086.

Poranen M.M., Bamford D.H. Assembly of large icosahedral double
stranded RNA viruses. Adv. Exp. Med. Biol. 2012;726:379-402. DOI 
10.1007/9781461409809_17.

Ramesh A., Bailey E.S., Ahyon V., Langelier C., Phelps M., Neff N., 
Sit R., Tato C., DeRisi J.L., Greer A.G., Gray G.C. Metagenomic cha-
racterization of swine slurry in a North American swine farm ope
ration. Sci. Rep. 2021;11:16994. DOI 10.1038/s4159802195804y.

Reed C.А., Langlais C., Wang I.-N., Young R. A2 expression and as
sembly regulates lysis in Qβ infections. Microbiology. 2013;159: 
507514. DOI 10.1099/mic.0.0647900.

Rosen B.I., Fang ZY., Glass R.I., Monroe S.S. Cloning of human pi
cobirnavirus genomic segments and development of an RT-PCR 
detection assay. Virology. 2000;277(2):316-329. DOI 10.1006/viro. 
2000.0594.

Sekelja M., Berget I., Naes T., Rudi K. Unveiling an abundant core 
microbiota in the human adult colon by a phylogroupindependent 
searching approach. ISME J. 2011;5(3):519-531. DOI 10.1038/ 
ismej.2010.129.

Shackelton L.A., Holmes E.C. The role of alternative genetic codes in 
viral evolution and emergence. J. Theor. Biol. 2008;254:128-134. 
DOI 10.1016/j.jtbi.2008.05.024. 

Shahi S., EusebioCope A., Kondo H., Hillman B.I., Suzuki N. Inves
tigation of host range of and host defense against a mitochondrially 
replicating mitovirus. J. Virol. 2019;93:e01503-18. DOI. 10.1128/
JVI.01503.

Shi M., Lin X.D., Tian J.H., Chen L.J., Chen X., Li C.X., Qin X.C., Li J., 
Cao J.P., Eden J.S., Buchmann J., Wang W., Xu J.,  Holmes E.C., 
Zhang Y.-Z. Redefining the invertebrate RNA virosphere. Nature. 
2016;540:539-543. DOI 10.1038/nature20167.

Smits S.L., Schapendonk C.M., van Beek J., Vennema H., Schürch A.C., 
Schipper D., Bodewes R., Haagmans B.L., Osterhaus A.D., Koop
mans M.P. New viruses in idiopathic human diarrhea cases, the Ne
therlands. Emerg. Infect. Dis. 2014;20(7):1218-1222. DOI 10.3201/ 
eid2007.140190.

Thannesberger J., Hellinger H.J., Klymiuk I., Kastner M.T., Rie
der F.J.J., Schneider M., Fister S., Lion T., Kosulin K., Laengle J., 
Bergmann M., Rattei T., Steininger C. Viruses comprise an extensive 
pool of mobile genetic elements in eukaryote cell cultures and hu
man clinical samples. FASEB J. 2017;31:1987-2000. DOI 10.1096/
fj.201601168R.

Vainio E.J., Chiba S., Ghabrial S.A., Maiss E., Roossinck M., Sa
banadzovic S., Suzuki N., Xie J., Nibert M. ICTV Virus Taxono
my Profile: Partitiviridae. J. Gen. Virol. 2018;99(1):17-18. DOI 
10.1099/jgv.0.000985.

Wolf Y.I., Kazlauskas D., Iranzo J., LucíaSanz A., Kuhn J.H., Kru
povic M., Dolja V.V., Koonin E.V. Origins and evolution of the 
global RNA virome. mBio. 2018;9:e02329-18. DOI 10.1128/mBio. 
0232918.

Woo P.C.Y., Lau S.K.P., Teng J.L.L., Tsang A.K.L., Joseph M., 
Wong E.Y.M., Tang Y., Sivakumar S., Bai R., Wernery R., Wer

https://pubmed.ncbi.nlm.nih.gov/?term=Dabrowska+K&cauthor_id=16504739
https://pubmed.ncbi.nlm.nih.gov/?term=Weber-Dabrowska+B&cauthor_id=16504739
https://pubmed.ncbi.nlm.nih.gov/?term=Nowaczyk+M&cauthor_id=16504739
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7716564/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7716564/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7019992/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7019992/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7019992/
https://pubmed.ncbi.nlm.nih.gov/?term=Aleman+M&cauthor_id=26044792
https://pubmed.ncbi.nlm.nih.gov/?term=Aleman+M&cauthor_id=26044792
https://pubmed.ncbi.nlm.nih.gov/?term=Pesavento+PA&cauthor_id=26044792
https://pubmed.ncbi.nlm.nih.gov/?term=Pusterla+N&cauthor_id=26044792
https://pubmed.ncbi.nlm.nih.gov/?term=Delwart+E&cauthor_id=26044792
https://dx.doi.org/10.1038%2Fs41426-018-0020-6
https://pubmed.ncbi.nlm.nih.gov/?term=Kobayashi N%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Banyai K%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Malik+YS&cauthor_id=28688978
https://pubmed.ncbi.nlm.nih.gov/?term=Malik+YS&cauthor_id=28688978
https://pubmed.ncbi.nlm.nih.gov/?term=Kobayashi+N&cauthor_id=28688978
https://pubmed.ncbi.nlm.nih.gov/?term=Ghosh+S&cauthor_id=28688978
https://pubmed.ncbi.nlm.nih.gov/?term=Nguyen+S&cauthor_id=29162715
https://pubmed.ncbi.nlm.nih.gov/?term=Baker+K&cauthor_id=29162715
https://pubmed.ncbi.nlm.nih.gov/?term=Padman+BS&cauthor_id=29162715
https://pubmed.ncbi.nlm.nih.gov/?term=Patwa+R&cauthor_id=29162715
https://pubmed.ncbi.nlm.nih.gov/?term=Dunstan+RA&cauthor_id=29162715
https://pubmed.ncbi.nlm.nih.gov/?term=Weston+TA&cauthor_id=29162715
https://pubmed.ncbi.nlm.nih.gov/?term=Schlosser+K&cauthor_id=29162715
https://pubmed.ncbi.nlm.nih.gov/?term=Bailey+B&cauthor_id=29162715
https://pubmed.ncbi.nlm.nih.gov/?term=Lithgow+T&cauthor_id=29162715
https://pubmed.ncbi.nlm.nih.gov/?term=Lazarou+M&cauthor_id=29162715
https://pubmed.ncbi.nlm.nih.gov/?term=Luque+A&cauthor_id=29162715
https://pubmed.ncbi.nlm.nih.gov/?term=Luque+A&cauthor_id=29162715
https://pubmed.ncbi.nlm.nih.gov/?term=Rohwer+F&cauthor_id=29162715
https://pubmed.ncbi.nlm.nih.gov/?term=Blumberg+RS&cauthor_id=29162715
https://pubmed.ncbi.nlm.nih.gov/?term=Barr+JJ&cauthor_id=29162715
http://mbio.asm.org/content/8/6/e01874-17.full
https://www.sciencedirect.com/science/article/abs/pii/B9780123943156000039#!
https://www.sciencedirect.com/science/article/abs/pii/B9780123943156000039#!
https://www.sciencedirect.com/science/article/abs/pii/B9780123943156000039#!
https://www.sciencedirect.com/science/article/abs/pii/B9780123943156000039#!
https://www.sciencedirect.com/science/article/abs/pii/B9780123943156000039#!
https://www.sciencedirect.com/science/article/abs/pii/B9780123943156000039#!
https://www.sciencedirect.com/science/article/abs/pii/B9780123943156000039#!
file:///D:/d/%d0%92%d0%9e%d0%93%d0%98%d0%a1/../../��.  ����� ���������� � ������� ���/ 86
https://doi.org/10.1016/B978-0-12-394315-6.00003-9
https://doi.org/10.1016/B978-0-12-394315-6.00003-9
https://doi.org/10.1186/s12864-015-1808-6
https://doi.org/10.1038/s41598-021-95804-y
https://doi.org/10.1099/mic.0.064790-0
https://doi.org/10.1006/viro.2000.0594
https://doi.org/10.1006/viro.2000.0594
https://pubmed.ncbi.nlm.nih.gov/?term=Buchmann+J&cauthor_id=27880757
https://pubmed.ncbi.nlm.nih.gov/?term=Wang+W&cauthor_id=27880757
https://pubmed.ncbi.nlm.nih.gov/?term=Xu+J&cauthor_id=27880757
https://pubmed.ncbi.nlm.nih.gov/?term=Holmes+EC&cauthor_id=27880757
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+YZ&cauthor_id=27880757
https://dx.doi.org/10.3201%2Feid2007.140190
https://dx.doi.org/10.3201%2Feid2007.140190
http://jgv.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.000985
http://jgv.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.000985
https://pubmed.ncbi.nlm.nih.gov/?term=Tang+Y&cauthor_id=25461537
https://pubmed.ncbi.nlm.nih.gov/?term=Sivakumar+S&cauthor_id=25461537
https://pubmed.ncbi.nlm.nih.gov/?term=Bai+R&cauthor_id=25461537
https://pubmed.ncbi.nlm.nih.gov/?term=Wernery+R&cauthor_id=25461537
https://pubmed.ncbi.nlm.nih.gov/?term=Wernery+U&cauthor_id=25461537


О природе  
пикобирнавирусов

А.Ю. Кашников, Н.В. Епифанова 
Н.А. Новикова 

2023
27 • 3

275ГЕНЕТИКА МИКРООРГАНИЗМОВ / MICROBIAL GENETICS

ORCID ID
A.Yu. Kashnikov orcid.org/0000000310337347
N.V. Epifanova orcid.org/0000000176798029
N.A. Novikova orcid.org/0000000237106648

Conflict of interest. The authors declare no conflict of interest.
Received May 26, 2022. Revised July 21, 2022. Accepted July 22, 2022. 

nery U., Yuen K.Y. Metagenomic analysis of viromes of dromedary 
camel fecal samples reveals large number and high diversity of 
circoviruses and picobirnaviruses. Virology. 2014;471-473:117-125. 
DOI 10.1016/j.virol.2014.09.020.

Woo P.C.Y., Teng J.L.L., Bai R., Tang Y., Wong A.Y.P., Li K.S.M., 
Lam C.S.F., Fan R.Y.Y., Lau S.K.P., Yuen K.Y. Novel picobirna
viruses in respiratory and alimentary tracts of cattle and monkeys 
with large intra and interhost diversity. Viruses. 2019;11:574. DOI 
10.3390/v11060574.

Yinda C.K., Ghogomu S.M., ConceiçãoNeto N., Beller L., De
boutte W., Vanhulle E., Maes P., Van Ranst M., Matthijnssens J. 
Cameroonian fruit bats harbor divergent viruses, including rotavi
rus H, bastroviruses, and picobirnaviruses using an alternative ge
netic code. Virus Evol. 2018;4:vey008. DOI 10.1093/ve/vey008. 

Yinda C.K., Vanhulle E., ConceiçãoNeto N., Beller L., Deboutte W., 
Shi C., Ghogomu S.M., Maes P., Ranst M.V., Matthijnssens J. Gut 
virome analysis of Cameroonians reveals high diversity of enteric vi
ruses, including potential interspecies transmitted viruses. mSphere. 
2019;4(1):e00585-18. DOI 10.1128/mSphere.00585-18. 

https://pubmed.ncbi.nlm.nih.gov/?term=Wernery+U&cauthor_id=25461537
https://pubmed.ncbi.nlm.nih.gov/?term=Yuen+KY&cauthor_id=25461537
https://pubmed.ncbi.nlm.nih.gov/?term=Lam CS%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Fan RY%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Lau SK%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Yuen KY%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6344602/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6344602/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6344602/

