FrEHETUKA MMKPOOPTAHM3MOB BaBrnoBcKuU XXypHan reHeTuKmM 1 cenekunn. 2023;27(3):264-275

0630p / Review DOI 10.18699/VJGB-23-32

Original Russian text https://vavilovj-icg.ru/

On the nature of picobirnaviruses

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

I.N. Blokhina Nizhny Novgorod Research Institute of Epidemiology and Microbiology, Nizhny Novgorod, Russia
® akashn@yandex.ru

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 PBV-like 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 RNA-dependent
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 non-standard 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
PBV-like 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 PBV-like 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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AHHoTayua. CuntaeTcs, 4To NKobmpHasupycsl (Picobirnaviridae, Picobirnavirus, NMBB) ABnAOTCA BUPYCaMU XKNBOTHbIX,
TaK Kak X 0OblYHO HAaxoAAT B 0b6pasLax cTyna *MBOTHbIX. OfHaKO A0 CMX MOP He HalnAeHa MOAESb XMBOTHOTO NN
KneTouHas KynbTypa Afia Ux pasmHoxeHus. B 2018 r. 6b110 BbIABUHYTO 1 SKCNEPUMEHTasbHO 060CHOBAHO rMNoTeTH-
Yyeckoe npeanosnoxeHune o NnprHagnexxHoctun NMbB K Bupycam npokapuoT. Ta rmnoTesa 0OCHOBaHa Ha NPUCYTCTBUAM B
reHome Bcex BB nepep Tpems oTKpbITbiMK pamkamu cunTbiBaHus (ORF) B caliTe cBA3bIBaHWA C prbGOCOMON nocneno-
BaTenbHocTel WanHa-JanbrapHo, KOTOPbIMM HACbILLEH FeHOM MPOKapMOT, TOFAA Kak B FeHOME 3yKapuroT Takue yyacT-
KW BCTPEYATCA C HU3KOW YacToTol. HacbllweHHOCTb reHoMa nocnegosaTtenbHoctaMmY LWaiHa—[anbrapHo, a Takxe
COXpaHeHue Tako HaCbILEHHOCTN Yy MOTOMCTBA, MO MHEHMIO yUYeHbIX, Mo3BonAeT oTHecTu BB K BUpycam npokapuorT.
B TO e Bpems CyLlecTBYeT BEPOATHOCTb NprHaanexxHocty MNBB K Bupycam 3yKaproTUYecKux Xo3ses — rpubos nnm
6eCrno3BOHOYHbIX, MOCKONbKY Obiny 06HapyeHbl NBB-nofo6Hble NocnefoBaTENbHOCTY, CXOfHbIE C TEHOMOM BUPY-
COB rpuboB 13 CEMENCTB MUTOBMPYCOB 1 MapTUTUBUPYCOB. B CBA3M C 3TUM BO3HMKIO NPeACTaBieHne, YTo Mo Cro-
coby penpogykuumn MBB HanoMuHaT BUPYCbl FprboB. PacxoxaeHne BO B3rNAAax Ha UCTUHHOIO X03fAMHa (X03AeB)
MBB BbI3BaNO AUCKYCCMIO CPEAN YUYeHbIX U NoTpe6oBano fanbHeNWNX NCCNeA0BaHNIA A1A BbIACHEHUA UX MPUPOADI.
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O npupope
NMKoBMpHaBMPYCOB

B 0630pe ocBelleHbl pe3ynbTaThl MCCef0BaHMI MO NOUCKy xo3anHa MNBB. MNMpoaHanu3npoBaHbl NPUYUHBI NOABIEHNA
cpean MHoOXKecTBa XapakTepHbix ana [bB nocnegoBaTenbHOCTEN reHOMa aTUMWYHBIX NOCIeAOBaTENIbHOCTEN, UCNOSb-
3ytoLWwmx 4na TpaHcaauum BupycHoi PHK-3aBucrmoin PHK-nonvumepasbl (RARp) BMeCTO cTaHOAaPTHOMO FreHETUYECKOTO
KOfa anbTepHATUBHbIN MUTOXOHAPUANbHBIA KOL HU3WKMX SyKapuoT (rpnbos 1 6ecno3BoHOYHbIX). Llenb o63opa co-
cToAna B cbope apryMeHTOB B NOAAEPXKKY rnnoTesbl, nonaratouein darosyto npupogy MNBB 1 nonck Hanbonee peanu-
CTUYHOIO OOBbACHEHUA NPUYVH BbIABAEHUA HECTAaHAAPTHbIX Ana NBB reHoMHbIX nocnefoBaTenbHocTen. ONupasch Ha
runoTesy o reHeanornyeckom poactse NBbB ¢ PHK-Brpycamu n3 gpyrx cemencTs Co CXOAHbIM CETMEHTUPOBAHHbIM re-
HOMOM, Takumu Kak Reoviridae, Cystoviridae, Totiviridae v Partitiviridae, Bupyconorn nogaep»unsatoT npesnosioxxeHmne
0 peLuatoLLet Ponu B NPOUCXOXKAEHNM aTNNYHbIX MNBB-Nofao6HbIX WTaMMoB peaccopTauuy mexay MNbB n Bupycamu
nepeymncrieHHbIx cemencTs. CobpaHHble apryMeHTbl CBUAETENIbCTBYIOT O 60MbLUIOI BEPOATHOCTU haroBol MPUPOAbI Y
MBB. MpepcTaBneHHble B 0630pe AaHHble CBUAETENbCTBYIOT, UTO NprHagneXHocTb NBB-nogo6HOro NoTomcTBa K BU-
pycam NpoKapuoT WM SyKapuoT OnpefenaeTca He TOSIbKO CTENEeHbI0 HacbILEeHNA ero reHoma npoKapruoTUYecknm
MOTMBOM, CTaHAAPTHBIM VN MUTOXOHAPVANbHBIM reHEeTUYECKUM KOooM. PelaioLm GpakTopom MOXKeT ABAATLCA TaK-
e nepBUYHan CTPYKTYpa reHa, KoaupytoLero 6enoK BUPYCHOro Kancraa, OTBEYatoLero 3a Hannume uim oTcyTcTeme
cneunduYecKnx NPOTeONNTUYECKMX CBOWCTB Y BUPYCA, ONPefensatoLmX ero CoCco6HOCTb K CaMOCTOATENbHOMY ropu-
30HTaJIbHOMY PaCnNpPOCTPaHEHUIO B HOBbIE KNIETKMU.

KnioueBble cnoBa: MUKOBUPHABMPYC;, CErMEHT FeHOMa; KNEeTKa-X03AVH; MUTOXOHAPWANbHbLIN FeHEeTUYECKUN KOp;
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d)VIJ'IOFeHeTVNeCKOG AepeBo; peaccopTayuns.

Introduction

Picobirnaviruses (PBVs) are small, nonenveloped bisegmen-
ted double-stranded RNA viruses that have been detected in
awide 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 animal 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
full-size (almost full-size) genomic sequences of PBVs found
in faeces of humans and animals as well as environmental
samples. This analysis revealed prokaryotic 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 PBV-like
nucleotide sequences encoding RNA-dependent RNA poly-
merase, but using an alternative (non-standard) 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 (Concei¢do-Neto 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.
Double-stranded (ds) RNA-genome of PBVs consists of two
segments 2525 and 1745 bp in length (Fig. 1). Information
about the structure of the virion and genome of PBYV, 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 RNA-dependent 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).
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Fig. 1. Genomic organization of the human PBV (strain Hy005102) belonging to the genogroup | (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 RNA-dependent RNA polymerase (RdRp). ORF1 and ORF2 products

are not identified.
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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).
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It has been established that viruses belonging to the same
RdRp-genogroup 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; Liet 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; Guajardo-Leiva 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
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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
full-sized (almost full-sized) sequences of their genome. With
the help of next-generation 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
RNA-containing 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 SD-sequences (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
SD-sequences are ribosome binding sites and promote the
translation of viral proteins.

However, genome enrichment with SD-sequences 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 SD-sequences 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
SD-regions are prokaryotic viral families. Among the viruses
infecting prokaryots, for example, some bacteriophages of the
family Cystoviridae have a high content of SD-sequences,
the genome of which consists of several fragments of dsSRNA
(Mindich, 1988; Boros et al., 2018).

In the PBV genome, SD-sequences 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 PBV's 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.
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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
RNA-viruses 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
etal.,2018; Kleymann et al., 2020). In particular, the study of
Boros et al. (2018) revealed in the genome of chicken PBVs
SD-regions 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 SD-motif, 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, GAGQG) (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 | and 2 of PBV and PBV-like genomes, indicating
the location and with access numbers in GenBank (Ghosh,
Malik, 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 PBYV 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-
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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; Guajardo-Leiva 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
PBV-like RdRp gene sequences with an alternative (non-
standard) mitochondrial genetic code have been identified in
human (Woo etal., 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 (P11-300, P11-378, P14-90 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 PBV-like
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
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Terminal sequences

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 PBV-like 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 PBV-like
strains (Shackelton et al., 2008; Wolfetal., 2018; Yinda et al.,
2018; Shahi et al., 2019; Ghosh, Malik, 2021). In particular,
Yinda et al. (2018) suggested that PBV-like 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 | 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 — capsid-free 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 capsid-free (‘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 capsid-free PBV-like
strains isolated by Yinda et al. (2018) and Kleymann et al.
(2020) from Cameroonian bats (P11-300, P11-378, P14-90
and P15-218) 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 capsid-free 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 PBV-like 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 (Concei¢do-Neto 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 non-standard 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 capsid-less RNA replicons) with the exception of some
satellite viruses (Dolja, Koonin, 2018).

The universality of the RARp 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 RNA-containing viruses,
and a phylogenetic tree was constructed (Fig. 5), the topo-
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Fig. 5. Phylogenetic tree of viruses with the RNA-genome built on the basis of gene sequences of RNA-dependent 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 PBV-like 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 dsSRNA
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 dsSRNA
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-
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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
PBYV 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 (E1 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-
ridae). 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 PBV-like strain P16-366 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 PBV-like strain P16-366 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 PBV-like strains (prokaryotic or eukaryotic). For example,
bi-partition is observed only in fungal viruses with a dsSRNA
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 (Cystoviridae),
the packaging of genome segments into individual particles
is not observed. Partition is related to the virus transmission
mode (independent or non-independent). 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 PBV-like 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
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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
proteins 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
avirus 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 Wolfetal. (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 presence 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 non-standard mitochondrial genetic code of fungi and in-
vertebrates can serve as evidence that PBVs are capable of
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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, PBV-like 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 Partitiviridae, Totiviridae,
Reoviridae are known as helper viruses, which require some
satellite dsSRNAs 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 non-capsid
PBV-like strains with mitochondrial genetic code P11-300,
P11-378,P14-90 and P15-218, 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 Partitiviridae, Reoviridae, Totiviridae or Cystoviridae) the
appearance of the encapsulated PBV-like strain P16-366 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 bacterial-type
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
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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).

PBYV identification in the gut, respiratory organs of animals
(cattle, humans, monkeys, pigs), in blood and respiratory
samples (Lee, Bent, 2014; Blanco-Picazo 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
etal., 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; Gorski 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 PBV-like 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 Partitiviridae, 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 single-celled 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 bacterial-type 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 SD-sequences
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.
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