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Summary.- Dicistroviruses (the family Dicistroviridae) are positive-sense single-stranded RNA viruses
of the order Picornavirales, which is a rapidly growing viral group. They have been detected in a wide
range of animals, predominantly in insects and crustaceans. In this study, we identified the genome se-
quences of 14 dicistro-like viruses in the transcriptome data from 12 plant species, including Striga asiatica
dicistro-like virus1and 2 identified in the transcriptome data of Striga asiatica. Sequence comparison and
phylogenetic analysis indicated that these 14 plant-associated dicistro-like viruses were novel members
of the family Dicistroviridae, five of which are placed within the genera Aparavirus and Cripavirus, which
mainly consist of viruses infecting animals, including insects. The other nine plant dicistro-like viruses
formed clades with unclassified dicistroviruses. Our study implies that awide range of plant species may
serve as hosts for dicistroviruses or reservoirs for their transmission.
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Introduction

The family Dicistroviridae belongs to the order Picorna-
virales, arapidly growing group of RNA viruses (Carrillo-
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Abbreviations: AsDLV1 = Alloteropsis semialata dicistro-like vi-
rus1;AhDLV1 = Arabidopsis halleridicistro-like virus1;CaDLV1 =
Camptotheca acuminata dicistro-like virus 1; CbDLV1 = Cos-
mos bipinnatus dicistro-like virus 1; CgDLV1 = Colobanthus
quitensis dicistro-like virus 1; CgDLV2 = Colobanthus quitensis
dicistro-like virus 2; CrPV = cricket paralysis virus; DcDLV1 =
Dalbergia cochinchinensis dicistro-like virus 1; HvDLV1 = Hor-
deum vulgare dicistro-like virus 1; IGR IRES = intergenic region
internal ribosomal entry site; KBV = Kashmir bee virus; NCBI =
National Center for Biotechnology Information; NoDLV1 =
Nasturtium officinale dicistro-like virus 1; ORF = open reading
frame; SaDLV1 = Striga asiatica dicistro-like virus 1; SaDLV2 =
Striga asiatica dicistro-like virus 2; SASV3 = Sanxia atyid shrimp
virus 3; ShDLV1 = Saccharum hybrid dicistro-like virus 1; SIDLV1
= Silene latifolia dicistro-like virus 1; SRA = Sequence Read Ar-
chive; TbDLV1 = Trapa bispinosa dicistro-like virus 1

Trippetal.,2015; Yinda et al.,2017). There are three genera
in the family Dicistroviridae that are approved by the
International Committee on Taxonomy of Viruses, namely
Aparavirus, Cripavirus, and Triatovirus (Valles et al.,
2017). Dicistroviruses (the family Dicistroviridae) mainly
infect arthropods,includinginsects and crustaceans,and
cause viral diseases in infected hosts (Reinganum et al.,
1970; Mari et al., 2002; de Miranda et al., 2010; Warsaba et
al., 2020). Notable dicistroviruses are acute bee paralysis
virus, cricket paralysis virus (CrPV), and triatoma virus,
which are the type species of the genera Aparavirus,
Cripavirus, and Triatovirus, respectively (Czibener et al.,
2000; Govan et al.,2000; Wilson et al., 2000).
Dicistroviruses have a monopartite, single-stranded,
positive-sense RNA genome of 8-10 kilobases (kb) in
length with two open reading frames (ORF1 and ORF2)
(Bonning and Miller, 2010; Warsaba et al., 2020). ORF1
encodes a non-structural polyprotein that is processed
by proteases into individual mature viral proteins, includ-
ingahelicase, protease, RNA-dependent RNA polymerase
(RdRp), and several viral genome-linked proteins that are
involved in viral RNA replication. ORF2 encodes a struc-
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tural protein precursor that is cleaved into four viral
capsid proteins that are required for the encapsidation
of viral RNA molecules.

Two distinct internal ribosomal entry site (IRES) ele-
ments, one in the 5'-untranslated region and the other
in the intergenic region (IGR), direct cap-independent
translation of ORF1 and ORF2, respectively (Bonning and
Miller, 2010; Warsaba et al., 2020). The domain organiza-
tion, structure, and function of IGR IRESs have been
extensively studied in CrPV, Kashmir bee virus (KBV),
and related viruses (Hertz and Thompson, 2011a; Hertz
and Thompson, 2011b; Khong et al., 2016). IGR IRES has
a domain that structurally resembles a tRNA molecule
bound to the peptidyl site of the ribosome, which medi-
atesthetranslation initiation of ORF2 atanon-AUG codon
(Bonning and Miller, 2010). For example, the first codon
of both CrPV and KBV ORF2 is GCU, which encodes an
alanine residue (Hertz and Thompson, 2011a).

Dicistroviruses were first identified in arthropods,
including insects and crustaceans (Reinganum et al.,
1970; Czibener et al., 2000; Govan et al., 2000; Guo et al.,
2013; Valles et al., 2017). However, recent studies have
demonstrated that dicistroviruses or related viruses are
associated with non-arthropod animals,including diverse
invertebrates, birds, mammals, and humans (Greninger
and Jerome, 2016; Shiet al.,2016; Phan et al.,2018; Dastjerdi
et al., 2021). Moreover, dicistrovirus genome sequences
have been identified in samples derived from plants and
single-celled eukaryotes, suggesting that they might be
associated with a wide range of organisms (Chiapello et
al., 2020; Nery et al.,2020).

Plant RNA-Seq data often contain sequences originat-
ing from RNA viruses that are present in plant tissue
samples (Bejerman et al., 2020; Park and Hahn, 2021).
Previously, we identified many novel plant RNA virus
genome sequences via comprehensive analysis of publicly
available plant transcriptome data (Choi et al.,2021; Goh et
al.,2021; Park et al., 2021; Park and Hahn, 2021; Shin et al.,
2021). Inthis study, we identified 14 genome sequences of
novel dicistro-like virusesin transcriptome data obtained
from diverse plants, including Striga asiatica (Yoshida et
al., 2019).

Materials and Methods

Plant RNA-Seq data analyzed in this study were downloaded
from the Sequence Read Archive (SRA) of the National Center
for Biotechnology Information (NCBI) (as of July 2021). The
plants and SRA project Acc. Nos. are as follows: Alloteropsis
semialata, SRP072730; Arabidopsis halleri subsp. halleri,
SRP111320; Camptotheca acuminata, SRP006330; Colobanthus
quitensis, SRP051241; Cosmos bipinnatus, SRP074877; Dalbergia

cochinchinensis, SRP234829; Hordeum vulgare subsp. vulgare,
SRP101929; Nasturtium officinale, SRP058520; S. asiatica,
DRP005455; Saccharum hybrid cultivar SP80-3280, SRP041206;
Silene latifolia, SRP007582; and Trapa bispinosa, SRP082135.
The detailed SRA Acc. Nos. are presented in Supplementary
Data S1. High-quality reads from each plant were obtained
using the sickle program (version 1.33; https://github.com/
najoshi/sickle) with the parameter “-q 30 -1 55” and then as-
sembled into contigs using the rnaviralSPAdes pipeline of the
SPAdes assembler (version 3.15.2; http://cab.spbu.ru/software/
spades) (Bushmanova et al., 2019).

S. asiatica transcriptome contigs were compared with
viral RARp domain sequences using the DIAMOND program
(version 2.0.4; http://www.diamondsearch.org/index.php) to
identify putative viral genome contigs. The known viral RARp
domain sequences (2620) were collected from the Pfam database
(release 34.0; https://pfam.xfam.org). Pfam database Acc. Nos.
are PF00602, PFO0603, PFO0604, PFO0680, PFO0946, PFO0972,
PF00978, PF00998, PF02123, PF03035, PF03431, PF04196,
PF04197, PFO5788, PF05919, PF06317, PF06478, PF07925, PF08467,
PF08716, PF08717, PF12426, and PF17501.

Putative protein-coding sequencesin the viral genomes were
predicted using the getorf program of the EMBOSS package (ver-
sion 6.6.0.0; http://emboss.open-bio.org). Functional domains of
viral protein sequences were predicted using the InterPro web
server (version 86.0; https://www.ebi.ac.uk/interpro). Pairwise
sequence comparisons were performed using the standalone
BLAST software (version 2.9.0+).

Multiple sequence alignments were conducted using the
MAFFT program (version 7.475; https://mafft.cbrc.jp/alignment/
software) with the parameter “--auto” (Nakamura et al., 2018).
Phylogenetically informative segments in multiple sequence
alignments were collected using the trimAl program (version
1.4. rev22; http://trimal.cgenomics.org) with the parameter
“-automatedl” (Capella-Gutierrez et al., 2009). A maximum-
likelihood phylogenetic tree was constructed using the IQ-TREE
program (version 2.1.3; http://www.igtree.org) with the substi-
tution model “LG+F+R8” (Minh et al.,2020). Bootstrap analysis
was performed from 1000 replicates using the UFBoot2 method
implemented inthe IQ-TREE program (the parameter “-B1000”).

Results and Discussion

S. asiatica, commonly known as red witchweed, is
the most widespread species of the genus Striga, which
consists of obligate hemiparasitic root parasites of vari-
ous grass crop plants, including rice (Spallek et al., 2013).
In this study, the S. asiatica RNA-Seq transcriptome data
originally generated for the investigation of gene expres-
sionduring haustrum formation were re-analyzed toiden-
tify potentially latently infected RNA viruses (Yoshida et
al.,2019; Choi et al.,2021). When the assembled S. asiatica
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Fig.1

Genome organizations of plant dicistro-like viruses
Genome organizations of 14 dicistro-like viruses identified in the plant transcriptome data are depicted here. Two open reading frames (ORF1
and ORF2) are marked by boxes with the start and end positions at the top. The start positions of ORF2 were not accurately determined.
The helicase, protease, and RdRp domains in ORF], predicted by InterPro, are indicated as Hel, Pro, and RdRp, respectively. Incomplete

5'regions are represented by dotted lines.

transcript contigs were compared with known viral RARp
domain sequences, several distinct contigs were identi-
fied to be derived from the putative RNA viral genomes.
Two of them, which were 8152 nucleotides (nt) and 7537 nt,
respectively, contained an RdRp domain that showed
a strong sequence similarity to those of dicistroviruses.
Sequence similarity searches of the NCBI protein data-
base revealed that each of the two contigs encoded two
ORFs, similar to ORF1and ORF2 of known dicistroviruses.
Therefore, the two putative RNA viruses, 8152 and 7537 nt,

were tentatively named Striga asiatica dicistro-like virus
1(SaDLV1) and 2 (SaDLV2), respectively. Their genome se-
quences were deposited in the NCBI nucleotide database
under the Acc. Nos. MZ598483 and MZ598484.

SaDLV1 ORF1 encodes a full-length non-structural
polyprotein with 1596 amino acids (aa), which was pre-
dicted to contain a helicase, protease, and RAdRp domain
(Fig. 1a and Table 1). The SaDLV2 genome was found to
be incomplete at its 5' end and contained a partial ORF1
with at least 1387 aa (Fig. 1b). The SaDLV1 and SaDLV2
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Table 1. Novel dicistroviruses identified in the plant transcriptome data

Virus ‘?1;1;3 Al:fl;lo. Ge(x:l t:;ne (()::)1 (();11;3 ORF1 best hit

Striga asiatica dicistro-like virus1 ~ SaDLV1 MZ508483 8152 1596 <779 i@;%?g;g’;f;&‘;%g?ggﬁa

Striga asiatica dicistro-like virus 2 SaDLV2 MZ598484 >7537:  >1387° <838 gilgg;gz";iilﬁggsﬁé%15153‘325)381’

éilrlﬁtselropsis semialata dicistro-like AsDLVI BKO59245  >7038¢ 12820 <024 \é\/;;;/;;lég)llé(;zxﬁrzgz s(gé%lTlBSlglﬁ,

éirr:ﬂasi?opsis halleri dicistro-like ARDLVI  BKO59246 0134 1651 <838 gl[(;;r;(;zvzﬁ)al;ss :/[i3 (91\3?15063“’/5)381

lCilizn‘II)itrczltshfca acuminata dicistro- CaDIVI  BK059247 9305 1918 <024 \(/2\/;11;/;;1;2)1111;% \é}rlggls& ‘?E(I)})/I)TISBMG,

‘C,Iﬁ‘ll:);)i\nthus quitensis dicistro-like CqDLV1  BKO059248 9439 1855 <838 gaclgsztég\é;r;gi\;a;& 8/[61;’1)905971’

Sﬁl&):;nthus quitensis dicistro-like CqDIV2  BKO059249 3871 1720 <845 gi];;r;;zv;{ilgg :/1;.4(11\2/[%\[1&(2);5;381,

‘C,Iic;ir;li)s bipinnatus dicistro-like CbDLVI  BK059250 10371 1707 <1320 g;;?;g;{i?g;ﬁ;%Ek%%/?)%l’

DB NN b s e wo0 o BSRAvmsCIC

‘I;Iigfielum vulgare dicistro-like HvDLVI  BKO59252 0393 1918 <0 Xé\l;zllgéggz)llll;eo ‘2/}1;3;15(% 3(91\5T138416,

Nastuxtivm officinaledicistro-like vy Brosozs3 8961 1729 <794 g\}lgfégégg?g%eoggo?s),
275/1279 (22%)

‘S,?rcli:ilfrum hybrid dicistro-like ShDLVI  BKO59254 7272 21463 <834 83?;?5;3%?27851% ((6M3£2)90597O,

Silene latifolia dicistro-like virus1 ~ SIDLVI ~ BK059255 9241 1918 <924 ‘é‘fli;’;;‘ggi111;%‘3’%‘91;15%3(%“38‘*16'
Sanxia atyid shrimp virus 3

Trapa bispinosa dicistro-like virus1 =~ TbDLV1 BK059256 >8051° >1678* <840 (NC_033228.1:YP_009337727.1),

1663/1678 (99%)

35' partial. PThe first in-frame sense codon of ORF2 was used as the starting position. “The best BLAST hit of the ORF1 aa sequence is pre-

sented in the format of “virus name (genome and protein Acc. Nos.), identical aa/aligned aa (% identity)

ORF1 polyprotein sequences shared 26% identity with
595 aa overlaps, indicating that these two viruses were
evolutionarily distant from each other.

Prediction of ORF2 in the SaDLV1 or SaDLV2 genome
sequencesis highly challenging because translational ini-
tiation of the dicistrovirus ORF2 occurs at a non-AUG co-
don guided by the IGRIRES (Hertz and Thompson, 2011 b).
The IGR IRES sequence must be accurately determined
to correctly identify the first codon of ORF2. However,
prediction of IGR IRES of a novel dicistrovirus is difficult
because IGR IRES sequences generally do not exhibit
notable sequence similarities among distantly related
dicistroviruses. Since there was no sequence similarity
between the putative intergenic region of the SaDLV1 or
SaDLV2 genome and known IGR IRES sequences of CrPV
and KBV, it was not possible to predict the true start codon
of ORF2. Therefore, we decided to use the first sense co-

»

don as the provisional first codon of ORF2. The predicted
SaDLV1 and SaDLV2 ORF2 polyproteins were 779 aa and
838 aa, respectively.

Dicistroviruses were first isolated in insects and crus-
taceans,althoughrecent studies have suggested that more
diverse organisms might be their natural hosts (Bonning
and Miller, 2010; Chiapello et al., 2020; Dastjerdi et al.,
2021). The presence of dicistro-like viruses in the S. asia-
tica sample and other plants raised the possibility that
these viruses might be more widely associated with vari-
ous plants (Nery et al., 2020). To identify their potential
viral genome sequencesin other plant transcriptome data,
the plant transcript contig sequences deposited in the
NCBI Transcriptome Sequence Assembly database were
searched using the SaDLV1and SaDLV2 ORF1 polyprotein
sequences as queries. Initially, low stringent conditions,
such as an E-value cut-off of le-5 and minimum length
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SaDLV1 SaDLV2 AhDLV1 CqDLV2 CbDLV1 TbDLV1 CqDLV1 DcDLV1 NoDLV1 ShDLV1 AsDLV1 CaDLV1 HvDLV1 SIDLV1

SaDLV1 2%  26%  25%  26%  26% 2% 4%  24%  21%  25%  25%  25%  25%
SaDLV2  26% Ol 8% | 3% 3% 2% 25% 4% 23% 2% 2% 2% 2%
vt 25% (RS 39% | 40% | 37% 2%  25% 2% 2%  23% 2% 2%  23%
CoDLV2  26% | 41% | 42% M% | 3% 2% 0% 6% 2% 2% 2% 2% 2%
CDLV1  28% | 4% | 48% | 47% M%  24%  24% 2% 2% 5% 2% 5%  25%
TODLVI  26%  32%  33% 4% 3% 2% 5% 6%  21%  23%  23%  23% 2%
CoDLVI  27%  31%  30%  30%  31%  28% 2% 2% 4% 5% 2%  25%  25%
DcDLVI  28%  26%  26%  26%  20%  25%  28% 2% 2% 2% 8% 2% 2%
NoDLVI 2%  23%  24%  27%  25%  25%  25%  25% 4%  23%  23%  23% 2%
ShDLVI  26%  27%  28%  28%  26% 2% 2% 2%  23% 2% 2% 2% 2%
ASDLVA  26%  26%  26%  29%  26%  28%  28% 2%  22% 2%
CaDLVi 26%  25%  25%  29%  25%  28%  28% 2%  23% 2%
HOLVI  26%  25%  26%  29%  26%  28%  28%  26%  23%  27%
SDLV1  26%  26%  26%  29%  26%  28%  28% 2% 2% 2%

Fig.2

Sequence comparison of plant dicistro-like viruses
Pairwise identities of ORF1 (lower left triangle) and ORF2 (upper right triangle) polyprotein sequences of 14 plant dicistro-like viruses

are presented.

of 3 kb, were applied to collect 202 putative viral contigs.
Then, these contigs were compared with all viral proteins
in the NCBI protein database to identify 15 contigs from
14 plant species showing a strong similarity (E-value cut-
off of 1e-10) to known dicistrovirus ORF1 polyproteins. To
generateimproved contigs, we downloaded raw RNA-Seq
data of the 14 plant species from the NCBI SRA database
and re-assembled them into contigs using the RNA viral
genome assembly mode of the SPAdes Genome Assembler
(Bushmanovaet al.,2019). Finally, contigs longer than 5 kb
were selected and further analyzed to obtain 12 dicistro-
like virus contigs from 11 plant species.

The newly identified dicistro-like virus genomes were
named after the associated plant species: Alloteropsis
semialata dicistro-like virus 1 (AsDLV1) from A. semialata
(cockatoo grass); Arabidopsis halleri dicistro-like virus
1 (AhDLV1) from A. halleri subsp. halleri; Camptotheca
acuminata dicistro-like virus 1 (CaDLV1) from C. acu-
minata (happy tree); Colobanthus quitensis dicistro-
like virus 1 (CgDLV1) and 2 (CgDLV2) from C. quitensis
(Antarctic pearlwort); Cosmos bipinnatus dicistro-like
virus 1 (CbDLV1) from C. bipinnatus (garden cosmos);
Dalbergia cochinchinensis dicistro-like virus 1 (DcDLV1)
from D. cochinchinensis (Thailand rosewood); Hordeum
vulgare dicistro-like virus 1 (HvDLV1) from H. vulgare
subsp. vulgare (common barley); Nasturtium officinale
dicistro-like virus 1 (NoDLV1) from N. officinale (water-
cress); Saccharum hybrid dicistro-like virus 1 (ShDLV1)
from Saccharum hybrid cultivar SP80-3280 (sugarcane);

Silene latifolia dicistro-like virus 1 (SIDLV1) from S. lati-
folia (white campion); and Trapa bispinosa dicistro-like
virus 1 (TbDLV1) from T. bispinosa (water chestnut). The
lists of plant species and SRA Acc. Nos. are presented in
Supplementary Data S1. The genome sequences were de-
posited in the NCBI nucleotide database under the Acc.
Nos. BK059245-BK059256.

The ORF1 and ORF2 polyproteins were predicted in
each of the 12 dicistro-like virus genome sequences (Fig.
lc-n and Table 1), and nine (AhDLV], CaDLV1, CqDLV1,
CgDLV2, CbDLV1, DcDLV1, HvDLV1, NoDLV1, and SIDLV1)
contained complete ORFI1, while three (AsDLV1, ShDLV1,
and TbDLV1) were incomplete at their 5' ends and lacked
the ORF1start codon. The sizes of the nine complete ORF1
polyproteins ranged from 1509-1918 aa. ORF2 polyproteins
were predicted in all 12 viruses and their sizes ranged
from 757-1320 aa, when the first in-frame sense codon was
regarded as the first codon.

We performed pairwise sequence comparisons of ORF1
and ORF2 polyproteins of all 14 dicistro-like viruses identi-
fied in this study (Fig. 2 and Supplementary Data S2). Both
ORFland ORF2 polyproteins of AsDLV1,CaDLV1, HvDLV1,
and SIDLVI shared 99% identity, indicating that these
four viruses belong to the same species. These four vi-
ruses have beenidentified in different plant samples from
unrelated studies (Chibalina and Filatov, 2011; Gongora-
Castillo et al., 2012; Dunning et al., 2017; Bettgenhaeuser
et al., 2021). In the case of SaDLV2 and AhDLV], the ORF1
and ORF2 polyproteins had 91% and 77% aa identities,
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NC_033437 Wuhan arthropod virus 2 (Riboviria) 4
MT708239 Anoplolepis gracilipes virus 1 (Trlamzrus) *

Triatovirus

NC_032879 Changllang picorna-like virus 13 (Riboviria)
ike virus 34 (Riboviria) B
NC_( 032582 Belha| picorna-| ||ke virus 80 (Rrbovma) | |
MG995711 Renmark bee virus 5 (Picornavirales) 4
MN832470 Kummerowia striata picorna-like virus (Picornavirales)
100 MZ598483 Striga asiatica dicistro-like virus 1 &
9 MG995733 Perth bee virus 4 (Picornavirales) 4

% MN735445 Forsythia ici irus (Di

100

o
MNB832463 Trichosanthes kirilowii plooma -like virus (Picornavirales) o
MN905971 Dicistroviridae sp. (Dicistroviridae) M

MT745991 Dicistroviridae sp. squmeI/UK12011 (Dicistroviridae) ®
L)

BK059248 Colobanthus quitensis dicistro-like virus 1

MT134328 Ki

4 arthropods (including insects and crustaceans)
M other invertebrates

® mammals

& plants

M bird (anal swab or feces)

O single-celled eukaryotes

O environment

IN906001 Dicistroviridae sp. (Dicistroviridae) Ml

ia striata dicit (Di
BK059251 Dalbergia cochinchinensis dicistro-like virus 1 &
BK059253 Nasturtium officinale dicistro-like virus 1 o
NC_0321 13 analve RNA virus G2 (Picornavirales) I
MN kiriloy
100 M2598484 Striga asiatica dicistro-like virus 2 &
BK059246 Arabidopsis halleri dicistro-like virus 1 &
MNO035381 Picornavirales sp. (Picornavirales) O
BK059250 Cosmos bipinnatus dicistro-like virus 1 &
NC_033000 Hubei picorna-like virus 20 (Riboviria) *
100 MT138206 Weivirus-like virus sp. (Riboviria) M
100 MT138207 Weivirus-like virus sp. (Ribovir
NC_032823 Cl jii like virus 10 (;
BK059249 Colobanthus quwtensns dicistro-like virus 2 &
NC_033069 Hubei picorna-like virus 21 (R!bovma) | ]
MF372755 Antarctic picorna-like virus (Plcomavmales) | |
NC_033266 Sanxia picorna-like virus 13 (Riboviria) 4
100, BK059256 Trapa bispinosa dicistro-like virus 1 &
100 NC_( 033228 Sarma atyid shrimp virus 3 (Rlbovma) *
2 Lactuca sativa dicistroviridae (Dicistroviridae) &
100 MN841 301 Glnkgu biloba dicistrovirus (Dicistroviridae) &
MT317172 Rice Picorna-like virus 2 (Picornavirales) &
MN722412 Lactuca sativa dicistroviridae (Dicistroviridae) &
NC_030232 Antarctic like virus 1 O
MN729613 Glnkgo biloba dicistrovirus (Dicistroviridae) &
Lid MN729612 Ginkgo biloba dicistrovirus (Dicistroviridae) &
MN722415 Lactuca sativa dicistroviridae (Dicistroviridae) &
MN720005 Glnkgo biloba dicistrovirus (Dicistroviridae) &
850 Changjiang crawfish virus 2 (Riboviria) 4
100 MN722413 Lactuca sativa dicistroviridae (Dicistroviridae)
100 NC_{ 033221 Sanxia picorna-like virus 11 (Riboviria) 4
100 Gi like virus 1 (Pic i L]
100 MG995726 Perth bee virus 2 (Plcomawrales) *

L

Fig.3

Phylogenetic relationships among various plant dicistro-like viruses of the family Dicistroviridae
Amaximum-likelihood phylogenetic tree was constructed from the ORF1 polyprotein sequences of 14 plant dicistro-like viruses identified
in this study (red letters) and related dicistroviruses. Bootstrap supporting values of 90% or higher are shown at the nodes. The lowest
taxonomicranks, as denoted inthe NCBIrecords, are shown in parentheses. The categories of sources from which the viruses were isolated
are depicted as symbols. The known and probable genera to which the viruses belong are marked by solid and dotted lines, respectively,

on theright.

Aparavirus

unclassified
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respectively, suggesting that these two viruses belong
to different species but are closely related to each other.
These two viruses have also been identified in different
plant samples from independent studies (Schvartzman et
al.,2018; Yoshidaet al.,2019). Detection of almost identical
or very similar viruses in different plant species implied
that they could spread very rapidly over long distances
through highly mobile vectors, such as insects. Other vi-
ral pairs exhibited lower identities (21%-49%). Therefore,
14 dicistro-like viruses can be grouped into 11 different
species.

We compared the ORF1 polyproteins of the 14 plant
dicistro-like viruses identified in this study with those
of known dicistroviruses as of July 2021 (Table 1). The
TbDLV1 ORF1 polyprotein showed 99% aa identity with
that of Sanxia atyid shrimp virus 3 (SASV3), indicating
that these two belong to the same species. In contrast,
ORF1 polyproteins from other 13 plant dicistro-like vi-
ruses exhibited 28%-66% identities with those of known
dicistroviruses, suggesting that they are novel viruses.
Interestingly, TbDLV1 and SASV3, which seemed to be
the same species, were identified in different sources.
TbDLV1 was identified in the T. bispinosa (a freshwater
plant commonly known as water chestnut) transcriptome
data obtained from a sample collected in the Wuhan Bo-
tanical Garden, Hubei, China (Li et al., 2017), while SASV3
was isolated from a freshwater atyid shrimp collected in
Hubei, China (Shiet al.,2016). Detection of the same virus
in different organisms in a shared habitat suggested that
TbDLV1/SASV3-related viruses might be widespread in
freshwater environments in Hubei, China.

For phylogenetic analysis, ORF1 polyprotein sequences
inthe NCBI protein database showing significant identity
to 14 plant dicistro-like virus ORF1 proteins were collected.
After filtering and clustering, 91 known viruses were se-
lected, totaling 105 sequences in the final dataset. Detailed
information on viruses, including the genome Acc. Nos.,
virus names, lowest taxonomic ranks, isolation sources,
and source categories are presented in Supplementary
Data S3.

A maximum-likelihood phylogenetic tree was in-
ferred from multiple alignments of the ORF1 protein
sequences of 105 viruses (Fig. 3). The plant dicistro-like
virusesidentified in this study were broadly distributed
within the family Dicistroviridae. Four viruses (AsDLV1,
CaDLV], HvDLV], and SIDLV1), which seemed to belong
tothe same species, formed a single subclade within the
genus Aparavirus. ShDLV1 might be a novel member of
the genus Cripavirus or a closely related taxon. Interest-
ingly, these five plant-associated viruses were placed
within the genera Aparavirus and Cripavirus, which
mainly consisted of viruses isolated from arthropods
and other animals.

The other nine plant dicistro-like viruses were placed
within unclassified clades. SaDLV2 and AhDLV1 formed
astrong subclade because they were closely related to each
other. TbDLV1 and the previously reported SASV3 also
formed a single subclade because they seemed to belong
to the same species. The remaining six viruses (SaDLV],
CqDLV1,DcDLV1, NoDLV1, CbDLV],and CbDLV2) were sca-
ttered with unclassified dicistroviruses. The unclassified
clades included many previously known plant dicistro-
viruses, implying that there might be a large taxonomic
group consisting of plant-associated dicistroviruses.

In conclusion, 14 plant-associated dicistro-like viruses
were identified in the transcriptome data of 12 plant spe-
cies. Sequence comparison and phylogenetic analysis
showed that they belonged to 11 virus species in the fam-
ily Dicistroviridae, 10 of which might be novel species.
The presence of dicistro-like viruses in diverse plant
samples suggests that these viruses may infect a wide
range of plant species or may use plants as reservoirs for
transmission.
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Data S1. List of plant transcriptome data

Plant

Virus

Project

Sequencing run

Striga asiatica

Striga asiatica dicistro-like virus 1 (SaDLV1),
Striga asiatica dicistro-like virus 2 (SaDLV2)

DRP005455

DRR175773, DRR175774,
DRR175775, DRR175776,
DRR175777, DRR175778,
DRR175779, DRR175780

Alloteropsis semialata

Alloteropsis semialata dicistro-like virus 1 (AsDLV1)

SRP072730

SRR3323127, SRR3323128,
SRR3323129

Arabidopsis halleri subsp. halleri

Arabidopsis halleri dicistro-like virus 1 (AhDLV1)

SRP111320

SRR5810196

Camptotheca acuminata

Camptotheca acuminata dicistro-like virus 1 (CaDLV1)

SRP006330

SRR173032, SRR173033,
SRR173034, SRR173035,
SRR173036, SRR173044,
SRR173045, SRR173046,
SRR173047, SRR173048,
SRR173049, SRR173050,
SRR173052, SRR173053,
SRR173054

Colobanthus quitensis

Colobanthus quitensis dicistro-like virus 1 (CqDLV1),
Colobanthus quitensis dicistro-like virus 2 (CqDLV2)

SRP051241

SRR1720758, SRR1720760,
SRR1720762, SRR1720763,
SRR1720765, SRR1720767

Cosmos bipinnatus

Cosmos bipinnatus dicistro-like virus 1 (CbDLV1)

SRP074877

SRR3546768, SRR3546769

Dalbergia cochinchinensis

Dalbergia cochinchinensis dicistro-like virus 1 (DcDLV1)

SRP234829

SRR10592617, SRR10592618

Hordeum vulgare subsp. vulgare

Hordeum vulgare dicistro-like virus 1 (HvDLV1)

SRP101929

SRR5345034

Nasturtium officinale

Nasturtium officinale dicistro-like virus 1 (NoDLV1)

SRP058520

SRR2035328, SRR2035361

Saccharum hybrid cultivar SP80-3280

Saccharum hybrid dicistro-like virus 1 (ShDLV1)

SRP041206

SRR1974519, SRR1979656,
SRR1979657, SRR1979658,
SRR1979659, SRR1979660,
SRR1979661, SRR1979662,
SRR1979663, SRR1979664,
SRR1979665, SRR1979666,
SRR1979667, SRR1979668,
SRR1979669

Silene latifolia

Silene latifolia dicistro-like virus 1 (SIDLV1)

SRP007582

SRR316281, SRR316283,
SRR316286, SRR316287,
SRR316288, SRR316289

Trapa bispinosa

Trapa bispinosa dicistro-like virus 1 (TbDLV1)

SRP082135

SRR4031066
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Data S2. Pairwise sequence comparison of proteins of plant dicistro-like viruses

Protein sequence identities are presented in the format of “identical residues/aligned length (percent identity).” Lower left triangle, ORFL;

upper right triangle, ORF2.

SaDLV1 | SaDLV2 | AhRDLV1 | CqDLV2 | CbDLV1 | TbDLV1 | CqDLV1 | DcDLV1 | NoDLV1 | ShDLV1 | AsDLV1 | CaDLV1 | HvDLV1 | SIDLV1

SaDLV1 149/587 | 126/484 | 140/555 | 142/553 | 143/543 | 170/622 | 122/513 | 138/585 | 110/512 | 185/731 | 185/731 | 185/731 | 185/735

(25%) (26%) (25%) (26%) (26%) (27%) (24%) (24%) (21%) (25%) (25%) (25%) (25%)

sapLv2 | 133/595 647/838 | 321/849 | 227/579 | 308/842 | 206/890 | 151/612 | 172/709 | 177/769 | 129/578 | 129/578 | 130/578 | 131/578

(26%) (77%) (38%) (39%) (37%) (23%) (25%) (24%) (23%) (22%) (22%) (22%) (23%)

ARDLv1 | 151/594 | 1268/1386 332/850 | 233/578 | 312/846 | 214/896 | 180/728 | 155/627 | 168/762 | 168/741 | 165/734 | 168/741 | 169/740

(25%) (91%) (39%) (40%) (37%) (24%) (25%) (25%) (22%) (23%) (22%) (23%) (23%)

CaDLvz | 162/622 | 583/1416 | 613/1463 233/572 | 325/838 | 168/673 | 151/568 | 160/626 | 149/680 | 109/492 | 108/493 | 108/492 | 108/492

4 (26%) (41%) (42%) (41%) (39%) (25%) (27%) (26%) (22%) (22%) (22%) (22%) (22%)

CbpLy1 | 170/617 | 709/1447 | 718/1495 | 369/779 237/579 | 129/539 | 133/552 | 159/589 | 131/562 | 120/487 | 120/487 | 120/487 | 121/487

(28%) (49%) (48%) (47%) (41%) (24%) (24%) (27%) (23%) (25%) (25%) (25%) (25%)

TbDLv1 | 169/655 | 280/876 | 286/874 | 273/798 | 290/903 172/758 | 168/663 | 146/566 | 134/652 | 183/796 | 176/767 | 182/796 | 182/796

(26%) (32%) (33%) (34%) (32%) (23%) (25%) (26%) (21%) (23%) (23%) (23%) (23%)

CaDLy1 | 162/607 | 232/754 | 234/785 | 240/808 | 228/745 | 217/778 169/767 | 113/510 | 208/875 | 157/638 | 157/638 | 157/638 | 159/636

4 (27%) (31%) (30%) (30%) (31%) (28%) (22%) (22%) (24%) (25%) (25%) (25%) (25%)

DepLy1 | 161/584 | 323/1254 | 331/1255 | 315/1233 | 199/741 | 181713 | 217/767 170/735 61/241 112/499 | 113/499 | 113/499 | 113/499

(28%) (26%) (26%) (26%) (27%) (25%) (28%) (23%) (25%) (22%) (23%) (23%) (23%)

NoDLy1 | 142/669 | 317/1355 | 205/842 | 164/614 | 210/835 | 149/603 | 195/782 | 149/586 144/611 | 100/442 | 100/442 | 100/442 | 100/442

(21%) (23%) (24%) (27%) (25%) (25%) (25%) (25%) (24%) (23%) (23%) (23%) (23%)

shDLv1 | 171658 | 163/594 | 167/593 | 164/588 | 198/750 | 169/719 | 200/743 | 200/751 | 171/731 171/749 | 190/848 | 170/752 | 169/752

(26%) (27%) (28%) (28%) (26%) (24%) (27%) (27%) (23%) (23%) (22%) (23%) (22%)

AsDLV1 | 203/787 | 197/771 | 202/784 | 171/589 | 206/800 | 169/613 | 211/742 | 198/743 | 142/635 | 216/802 915/924 | 915/924 | 917/924

(26%) (26%) (26%) (29%) (26%) (28%) (28%) (27%) (22%) (27%) (99%) (99%) (99%)

CapLy1 | 203/787 | 196/771 | 204/804 | 170/589 | 205/805 | 169/609 | 210/741 | 198/743 | 145/635 | 217/802 | 1276/1282 919/924 | 916/924

(26%) (25%) (25%) (29%) (25%) (28%) (28%) (27%) (23%) (27%) (99%) (99%) (99%)

HvDLvL | 204787 | 196/771 | 202/784 | 169/589 | 205/800 | 169/609 | 210/741 | 194/742 | 146/635 | 218/802 | 1274/1282 | 1909/1918 916/924

v (26%) (25%) (26%) (29%) (26%) (28%) (28%) (26%) (23%) (27%) (99%) (99%) (99%)
SpLvi | 203/787 | 197/771 | 202/784 | 171/589 | 206/800 | 169/613 | 209/741 | 198/743 | 142/635 | 217/802 | 1277/1282 | 1904/1918 | 1902/1918

(26%) (26%) (26%) (29%) (26%) (28%) (28%) (27%) (22%) (27%) (99%) (99%) (99%)
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Data S3. List of viruses used for the phylogenetic analysis
Acc. No. Virus Taxonomy Source Category
NC_003005 | Taura syndrome virus Aparavirus Penaeus vannamei Crustacean
NC_032464 | Beihai mantis shrimp virus 4 Riboviria Mantis shrimp Crustacean
NC_032791 Wenling picorna-like virus 3 Riboviria Crustacean Crustacean
NC_032638 Beihai picorna-like virus 91 Riboviria Hermit crab Crustacean
NC_032579 | Beihai shrimp virus 1 Riboviria Penaeid shrimp Crustacean
NC_032989 | Wenzhou shrimp virus 4 Riboviria Charybdis crab Crustacean
NC_032830 | Wenling crustacean virus 2 Riboviria Crustacean Crustacean
MF189971 Caledonia beadlet anemone dicistro-like virus 1 Dicistroviridae Actinia equina Invertebrate
NC_032858 Wenling crustacean virus 3 Riboviria Crustacean Crustacean
NC_032112 | Bivalve RNA virus G1 Dicistroviridae Bivalve gills Invertebrate
NC_032441 | Beihai mantis shrimp virus 3 Riboviria Mantis shrimp Crustacean
MG995700 | Bundaberg bee virus 2 Picornavirales Apis mellifera Insect
MT138416 Weivirus-like virus sp. Riboviria Abrornis proregulus, anal swab Bird
KY973643 Human blood-associated dicistrovirus Dicistroviridae Homo sapiens, blood Mammal
MT138417 Weivirus-like virus sp. Riboviria Phylloscopus, anal swab Bird
BK059252 Hordeum vulgare dicistro-like virus 1 Dicistroviridae Hordeum vulgare subsp. vulgare Plant
BK059247 Camptotheca acuminata dicistro-like virus 1 Dicistroviridae Camptotheca acuminata Plant
BK059245 Alloteropsis semialata dicistro-like virus 1 Dicistroviridae Alloteropsis semialata Plant
BK059255 Silene latifolia dicistro-like virus 1 Dicistroviridae Silene latifolia Plant
NC_033173 | Sanxia water strider virus 9 Riboviria Water striders Insect
NC_032209 | Hubei picorna-like virus 46 Riboviria Spiders Arthropod
MN722411 Sedum sarmentosum dicistroviridae Dicistroviridae Sedum sarmentosum Plant
NC_032877 | Wenzhou channeled applesnail virus 2 Riboviria Channeled applesnail Invertebrate
NC_032975 | Wenzhou picorna-like virus 28 Riboviria Charybdis crab Crustacean
MN551111 Plasmopara viticola lesion associated dicistro-like Dicistroviridae Plasmopara viticola Single-celled
virus 1 eukaryote
MWO023863 | Soybean thrips picorna-like virus 10 Picornavirales Neohydatothrips variabilis Insect
MH?727530 | Solenopsis invicta virus 13 Aparavirus Solenopsis invicta (fire ant) Insect
MH727529 Solenopsis invicta virus 12 Aparavirus Solenopsis invicta (fire ant) Insect
NC_006559 | Solenopsis invicta virus 1 Aparavirus Solenopsis invicta Insect
NC_033460 | Wuhan insect virus 11 Riboviria Crayfish Crustacean
NC_009025 | Israeli acute paralysis virus Aparavirus Honey bee Insect
NC_002548 | Acute bee paralysis virus Aparavirus Apis mellifera Insect
BK059254 Saccharum hybrid dicistro-like virus 1 Dicistroviridae Saccharum hybrid cultivar SP80-3280 | Plant
MN905970 | Dicistroviridae sp. Dicistroviridae Anal swab Bird
MT757492 Shenzhen dicistro-like virus Dicistroviridae Dermatophagoides pteronyssinus Arthropod
MT757506 Scotland dicistro-like virus Dicistroviridae Psoroptes ovis Arthropod
MG995714 | Robinvale bee virus 1 Picornavirales Apis mellifera Insect
MT747996 Ohio dicistro-like virus Dicistroviridae Dermatophagoides pteronyssinus Arthropod
MF190024 Barns Ness breadcrumb sponge dicistro-like virus 1 | Dicistroviridae Halichondria panicea Invertebrate
NC_031687 Centovirus AC Dicistroviridae Mosquito Insect
KY607723 Macrobrachium rosenbergii dicistrovirus 2 Dicistroviridae Macrobrachium rosenbergii Crustacean
MW208809 | Bactrocera tryoni dicistrovirus 2 Dicistroviridae Bactrocera tryoni strain bent wings Insect
NC_029052 | Goose dicistrovirus Dicistroviridae Goose, feces Bird
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Data S3. Continued 1
Acc. No. Virus Taxonomy Source Category
MF189973 Caledonia beadlet anemone dicistro-like virus 2 Dicistroviridae Actinia equina Invertebrate
NC_035115 | Apis dicistrovirus Dicistroviridae Apis mellifera Insect
NC_030115 | Anopheles C virus Cripavirus Anopheles coluzzii Insect
NC_001834 | Drosophila C virus Cripavirus Drosophila Insect
NC_003924 | Cricket paralysis virus Cripavirus Cricket Insect
NC_008029 | Homalodisca coagulata virus 1 Triatovirus Homalodisca coagulata Insect
NC_003779 | Plautia stali intestine virus Triatovirus Plautia stali Insect
NC_003783 Triatoma virus Triatovirus Triatoma infestans Insect
NC_003782 | Himetobi P virus Triatovirus Laodelphax striatellus Insect
MG995710 Renmark bee virus 1 Picornavirales Apis mellifera Insect
NC_003784 | Black queen cell virus Triatovirus Apis mellifera Insect
MH213235 | Linepithema humile picorna-like virus 1 Picornavirales Linepithema humile Insect
MT108240 Anoplolepis gracilipes virus 2 Triatovirus Anoplolepis gracilipes Insect
NC_033437 | Wuhan arthropod virus 2 Riboviria pillworm Arthropod
MT108239 Anoplolepis gracilipes virus 1 Triatovirus Anoplolepis gracilipes Insect
MH727526 Solenopsis invicta virus 9 Triatovirus Solenopsis invicta (fire ant) Insect
NC_032879 | Changjiang picorna-like virus 13 Riboviria Crayfish Crustacean
KX884335 Wenzhou picorna-like virus 34 Riboviria Channeled applesnail Invertebrate
NC_032582 | Beihai picorna-like virus 80 Riboviria Razor shell Invertebrate
MG995711 Renmark bee virus 5 Picornavirales Apis mellifera Insect
MN832470 | Kummerowia striata picorna-like virus Picornavirales Kummerowia striata Plant
MZ598483 Striga asiatica dicistro-like virus 1 Dicistroviridae Striga asiatica Plant
MG995733 | Perth bee virus 4 Picornavirales Apis mellifera Insect
MN735445 Forsythia suspensa dicistrovirus Dicistroviridae Forsythia suspensa Plant
MN832463 Trichosanthes kirilowii picorna-like virus Picornavirales Trichosanthes kirilowii Plant
MN905971 Dicistroviridae sp. Dicistroviridae Anal swab Bird
MT745991 Dicistroviridae sp. squirrel/UK/2011 Dicistroviridae Sciurus vulgaris (Red squirrel); adult Mammal
male, intestinal content
BK059248 Colobanthus quitensis dicistro-like virus 1 Dicistroviridae Colobanthus quitensis Plant
MN906001 Dicistroviridae sp. Dicistroviridae Anal swab Bird
MT134328 Kummerowia striata dicistrovirus Dicistroviridae Ciliophora sp., Kummerowia striata Single-celled
sample eukaryote
BK059251 Dalbergia cochinchinensis dicistro-like virus 1 Dicistroviridae Dalbergia cochinchinensis Plant
BK059253 Nasturtium officinale dicistro-like virus 1 Dicistroviridae Nasturtium officinale Plant
NC_032113 | Bivalve RNA virus G2 Picornavirales Bivalve gills Invertebrate
MN734251 Trichosanthes kirilowii dicistrovirus Dicistroviridae Trichosanthes kirilowii Plant
MZ598484 Striga asiatica dicistro-like virus 2 Dicistroviridae Striga asiatica Plant
BK059246 Arabidopsis halleri dicistro-like virus 1 Dicistroviridae Arabidopsis halleri subsp. halleri Plant
MNO035381 Picornavirales sp. Picornavirales Grassland soil Environment
BK059250 Cosmos bipinnatus dicistro-like virus 1 Dicistroviridae Cosmos bipinnatus Plant
NC_033000 | Hubei picorna-like virus 20 Riboviria Myriapoda Arthropod
MT138206 Weivirus-like virus sp. Riboviria Grus japonensis, anal swab Bird
MT138207 Weivirus-like virus sp. Riboviria Grus japonensis, anal swab Bird
NC_032823 | Changjiang picorna-like virus 10 Riboviria Crayfish Crustacean
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Data S3. Continued 2
Acc. No. Virus Taxonomy Source Category
BK059249 Colobanthus quitensis dicistro-like virus 2 Dicistroviridae Colobanthus quitensis Plant
NC_033069 | Hubei picorna-like virus 21 Riboviria Freshwater shellfish Invertebrate
MF372755 Antarctic picorna-like virus Picornavirales Anser anser, cloacal swabs Bird
NC_033266 | Sanxia picorna-like virus 13 Riboviria Freshwater atyid shrimp Crustacean
BK059256 Trapa bispinosa dicistro-like virus 1 Dicistroviridae Trapa bispinosa Plant
NC_033228 | Sanxia atyid shrimp virus 3 Riboviria Freshwater atyid shrimp Crustacean
MN841302 Lactuca sativa dicistroviridae Dicistroviridae Lactuca sativa L. var. ramosa Hort. Plant
MN841301 Ginkgo biloba dicistrovirus Dicistroviridae Ginkgo biloba Plant
MT317172 Rice Picorna-like virus 2 Picornavirales Oryza sativa, green house plants Rbyl | Plant
or Rby2
MN722412 Lactuca sativa dicistroviridae Dicistroviridae Lactuca sativa L. var. ramosa Hort. Plant
NC_030232 | Antarctic picorna-like virus 1 Picornavirales Unknown, freshwater Environment
MN729613 Ginkgo biloba dicistrovirus Dicistroviridae Ginkgo biloba Plant
MN729612 Ginkgo biloba dicistrovirus Dicistroviridae Ginkgo biloba Plant
MN722415 Lactuca sativa dicistroviridae Dicistroviridae Lactuca sativa L. var. ramosa Hort. Plant
MN720005 Ginkgo biloba dicistrovirus Dicistroviridae Ginkgo biloba Plant
NC_032850 | Changjiang crawfish virus 2 Riboviria Crayfish Crustacean
MN722413 Lactuca sativa dicistroviridae Dicistroviridae Lactuca sativa L. var. ramosa Hort. Plant
NC_033221 | Sanxia picorna-like virus 11 Riboviria Freshwater atyid shrimp Crustacean
MN606295 Ginkgoaceae-associated picorna-like virus 1 Picornavirales Ginkgo biloba Plant
MG995726 Perth bee virus 2 Picornavirales Apis mellifera Insect




