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Abstract: Soybean thrips (Neohydatothrips variabilis) are one of the most efficient vectors of soybean
vein necrosis virus, which can cause severe necrotic symptoms in sensitive soybean plants. To
determine which other viruses are associated with soybean thrips, the metatranscriptome of
soybean thrips, collected by the Midwest Suction Trap Network during 2018, was analyzed. Contigs
assembled from the data revealed a remarkable diversity of virus-like sequences. Of the 181 virus-
like sequences identified, 155 were novel and associated primarily with taxa of arthropod-infecting
viruses, but sequences similar to plant and fungus-infecting viruses were also identified. The novel
viruses were predicted to have positive-sense RNA, negative-stranded RNA, double-stranded
RNA, and single-stranded DNA genomes. The assembled sequences included 100 contigs that
represented at least 95% coverage of a virus genome or genome segment. Sequences represented 12
previously described arthropod viruses including eight viruses reported from Hubei Province in
China, and 12 plant virus sequences of which six have been previously described. The presence of
diverse populations of plant viruses within soybean thrips suggests they feed on and acquire viruses
from multiple host plant species that could be transmitted to soybean. Assessment of the virome of
soybean thrips provides, for the first time, information on the diversity of viruses present in thrips.

Keywords: viral metatranscriptomics; vector-enabled transcriptomics; soybean thrips;
Neohydatothrips variabilis

1. Introduction

Thrips (order, Thysanoptera) are economically important agricultural pests. In addition to the
damage caused by feeding, thrips transmit some of the most damaging plant viruses including
members of the genera Carmovirus, llarvirus, Machlomovirus, Orthotospovirus, and Sobemovirus [1].
Viruses in the genus Orthotospovirus (family, Tospoviridae; e.g., iris yellow spot virus and tomato
spotted wilt virus [TSWV]) cause significant economic losses in multiple agricultural crops
worldwide [2,3]. Soybean vein necrosis orthotospovirus (SVNV) is an emerging virus in soybean that
has widespread occurrence in the United States (US) and Canada [4]. SVNV causes vein clearing, leaf
chlorosis, and leaf necrosis in soybean [5] and was reported to reduce seed quality and oil content
[6]. SVNV is exclusively transmitted by thrips in a persistent and propagative manner, primarily by
soybean thrips (Neohydatothrips variabilis, Beach) [7] and to a lesser extent by Eastern flower thrips
(Frankliniella tritici, Fitch) and tobacco thrips (F. fusca, Hinds) [8].
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Soybean thrips were originally reported on smartweed and cucumber [9] and have been found
on cotton [10], lima bean [11], soybean [12], and tomato [13] in the U.S. SVNV is the only virus
reported to be transmitted by soybean thrips and there is a lack of information regarding the vector
potential of soybean thrips for other plant viruses. Additionally, no information is available about
viruses that infect thrips and those that are circulated by thrips without regard to their transmission
potential.

Virus metagenomics or metatranscriptomics has been used to discover and characterize diverse
viruses present in selected organisms by high-throughput sequencing (HTS). With the increasing use
of HTS, the information gathered on the diversity of viral communities in various
organisms/environments are rapidly expanding. Vector-enabled metagenomics or
metatranscriptomics (VEM), where viruses are sequenced directly from insect vectors, can
characterize virus diversity in arthropods and indirectly, the hosts on which they feed. The VEM
approach has been successfully used to detect previously described viruses and discover novel
viruses from insect vectors of plant viruses such as aphids [14,15], leaf hoppers [16,17], psyllids [18],
and whiteflies [19-21].

In this communication, we present information gathered on a broad range of insect, plant, and
fungal viruses detected in soybean thrips through metatranscriptome analysis. Our study provides
unique insights into the virus diversity in thrips for the first time, particularly soybean thrips, and
suggests that VEM when paired with systematic vector sampling could be used as a molecular
surveillance system capable of recognizing novel insect viruses and emerging plant viruses of
potential agricultural importance.

2. Materials and Methods

2.1. Collection and Processing of Soybean Thrips Samples

Soybean thrips were captured in 2018 by the Suction Trap Network [22], which is located in
llinois (Freeport, Monmouth, Morris and Urbana-Champaign) , lowa (Ames, Kanawha, Nashua and
Sutherland), Kansas (Manhattan), Louisiana (Chase), Michigan (Kellogg and Monroe), Minnesota
(Lamberton, Morris and Rosemount), Missouri (Columbia), and Wisconsin (Arlington, Eau Claire
and Hancock). Thrips were manually selected from the suction traps, transferred to 95% ethanol, and
stored at —20 °C. Soybean thrips were identified based on the morphological characteristics included
in Hoddle et al. [23]. A total of 15,275 soybean thrips were collected and processed from Illinois (5691),
Indiana (1583), lowa (4401), Kansas (523), Louisiana (418), Michigan (357), Minnesota (1729), Missouri
(49), and Wisconsin (254). The thrips were pooled, and total RNA was extracted from the pooled
samples using the RNeasy Mini Kit (Qiagen, Valentia, CA, USA), treated with Turbo DNase
(ThermoFisher, Waltham, MA, USA), and depleted of ribosomal RNA (rRNA) with the Illumina
Ribo-Zero Plus rRNA Depletion Kit (Illumina, San Diego, CA, USA). Initially, a single-end 100-
nucleotide (nt) sequencing library was prepared from the rRNA-depleted sample using the Illumina
ScriptSeq RNA-Seq Library Preparation Kit and sequenced on an Illumina NovaSeq 6000 at the Roy
J. Carver Biotechnology Center at the University of Illinois. Due to the complexity and large number
of partial virus sequences in the first sequencing run, a second paired-end, 250-nt library was
prepared and sequenced.

2.2. Bioinformatic Analyses

Reads from each library were assembled de novo with Trinity [24] and SPAdes [25]. Assembled
contigs were compared to a customized database that included predicted reference invertebrate and
virus amino acid (aa) sequences (NCBI GenBank Release 236) using USEARCH [26]. Contigs with
significant similarity to virus sequences were compared to the NCBI nonredundant protein database
using BLASTX [27]. The number of reads aligning to and depths of coverage for selected sequences
were calculated using Bowtie2 [28] and SAMtools [29]. For phylogenetic analyses, RNA-dependent
RNA polymerase (RdRp) sequences were aligned using MUSCLE [30], and maximum likelihood
trees were constructed using MEGA 7 [31]. As RdRp domain containing sequences were not available
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for all sequences, the capsid protein (CP [VP2]) sequences were used for additional analysis of
Permutotetraviridae members and glycoprotein (GP) sequences were used for Chuviridae members.

2.3. Nucleotide Sequence Accession Numbers

Sequence data are available at the National Center for Biotechnology Information Short Read
Archive (SRA) under accession number PRJNA614937. GenBank accession numbers for individual
virus-like sequences are given in Supplementary Table S1.

3. Results

3.1. Virus-Like Sequences Associated with Soybean Thrips

The first sequencing library produced 2.3 x 108 100-nt reads and the second library produced 1.1
x 10° 250-nt paired-end reads. As a reference genome or transcriptome was not available for soybean
thrips, it was not possible to align the sequence reads or contigs to a cognate sequence. However,
70.2% of the contigs assembled from the second library with lengths of at least 1000 nt aligned to the
reference proteome of F. occidentalis, the most closely related species for which a genome sequence is
available. The next three species with significant numbers of contigs aligning were Lucilia cuprina
Wiedemann (Australian sheep blowfly; 15.3% contigs aligning), Contarinia nasturtii Kieffer (swede
midge; 6.7% contigs aligning), and Nasonia vitripennis Walker (parasitoid wasp; 5.0% contigs
aligning). Only about 0.1% of the contigs aligned to bacterial endosymbionts of invertebrates.

From the two sequencing libraries, approximately 0.85% were predicted to be of viral origin. The
SPAdes assembler sometimes produced longer contigs than the Trinity assembler, but many times,
the longer contigs had assembly errors. Among the assembled sequences, 100 contigs represented at
least 95% coverage of the genomes or genome segments of the most closely related virus species
(Supplementary Table S1). The mean depth of coverage of the assembled virus-like sequences ranged
from 0.6 to 38,908-fold for the selected contigs. A total of 181 virus-like sequences were recovered
from the transcriptome data. Among these sequences, 103 were related to positive-sense RNA viruses
in the orders Amarillovirales (20), Martellivirales (13), Ourlivirales (3), Permutotetraviridae (4),
Picornavirales (31), Sobelivirales (12), Tolivirales (13), Tymouvirales (3), and Wolframvirales (4). Fifty-four
sequences were related to negative-stranded RNA viruses in the orders Articulavirales (15),
Bunyavirales (20), Jingchuvirales (9), Mononegavirales (5), and Serpentovirales (5). Twenty-two sequences
were related to double-stranded RNA (dsRNA) viruses in the orders Durnavirales (14), Ghabrivirales
(5), and Reovirales (3). Finally, two sequences were related to single-stranded (ss) DNA viruses in the
order Piccovirales. The three most abundant viruses in the combined sample were soybean thrips
iflavirus (STIV) 2 (2,350,342 reads), followed by Hubei arthropod virus (HAV) 1 (834,888 reads), and
STIVS (743,592 reads) (Supplementary Table S1).

3.2. Sequences Related to Single-Stranded Positive-Sense RNA Viruses

3.2.1. Sequences Related to Members of the Picornavirales

The picorna-like virus sequences obtained from the soybean thrips transcriptome data
resembled the genomes of members of the Caliciviridae, Dicistroviridae, and Iflaviridae families and
unclassified picorna-like viruses. The assembled contigs included 13 sequences (MT195546-
MT195548, MT224138-MT224142, MT240781, MT293153, MW023868, MW039357, and MW039359)
with similarity to members of the Iflaviridae, which included a sequence that was 96.4% identical to
HAV1 (YP_009336629.1) and sequences of 12 putative new iflaviruses (Supplementary Table S1).
Members of the Iflaviridae infect arthropods and have monopartite positive-sense ssSRNA genomes
containing a single open reading frame (ORF) encoding a polyprotein [32] (Figure 1). For nine of the
12 new virus sequences, HTS provided greater than 90% genome coverage (Supplementary Table S1)
of which STIV1-6 and STIVS8 contained presumably full-length polyprotein sequences (329-369 kDa).
The remaining sequences contained partial polyproteins. In phylogenetic analysis, these sequences
were grouped with recognized members of the Iflaviridae (Figure 2).
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Figure 1. Examples of genome organizations of virus-like sequences recovered from soybean thrips
transcriptome assembly. Open reading frames are represented by boxes that are staggered to indicate
the different reading frames occupied. Colored boxes indicate conserved domains: RdRp = RNA-
dependent RNA polymerase; Pro = protease; DSRM = double-stranded RN A binding motif (PF00035);
Hel = helicase; MTR = methyltransferase; CP = capsid protein; Flavi_NS3 = Flavivirus RdRp subunit
NS3 (PF00972); Flavi_NS5 = Flavivius NS5 motif; Flavi_MT Fts]-like methyltransferase (PF01728);
Flavi_DEAD = Flavivirus DEAD domain helicase (PF07652); Peptidase_S29 = Hepatitis C virus NS3
protease (PF02907); Mito_RdRp = Mitovirus RdRp (PF05919); Mononeg_RdRp = Mononegavirales
RdRp (PF00946); Mononeg_mRNA= Mononegavirales mRNA-capping region V; Methyltrans_Mon =
Virus-capping methyltransferase (PF14314); Parvo_NS1 = Parvovirus nonstructural protein NSI
(PF01057); Flu_PB1_RdRp = Influenza RdRp subunit PB1 (PF00602); Flu_PB2_RdRp =Influenza RdRp
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subunit PB2 (PF00604); Flu_PA_RdRp = Influenza RdRp subunit PA (PF00603); Baculo_gp64 =
Baculovirus gp64 envelope glycoprotein (PF03273); Arena_RdRp = Arenavirus RdRp (PF06317);
Totivirus_CP = Totivirus CP (PF05518); Rhabdo_ncap = Rhabdovirus nucleocapsid protein (PF00945);
Birna_RdRp = Birnavirus RdRp (PF04197); Bunya_RdRp = Bunyavirus RNA dependent RNA
polymerase (PF04196); Bunya_GP = Bunyavirus glycoprotein G1 (PF03557); DUF3770 Protein of
unknown function (DUF3770); Tenui_NCP = Tenuivirus major non-capsid protein (PF04876);
Tenui_NS4 = Tenuivirus movement protein, NS4 (PF03300); 3A_MP = 3A/RNA2 movement protein
family (PF00803).

Nine dicistrovirus-like sequences were assembled from the HTS data. The Dicistroviridae is a
family of arthropod-infecting viruses whose genomes contain two non-overlapping ORFs [33]. The
5'-proximal ORF encodes the nonstructural proteins, and the 3'-proximal ORF encodes the structural
proteins. Three contigs represented described viruses: aphid lethal paralysis virus (ALPV;
MT240796), and Rhopalosiphum padi virus (RhPV; MW039360 and MW039361) (Supplementary
Table S1). The remaining six sequences represented novel virus genomes. Two of the sequences had
genome organizations typical of the Dicistroviridae and were tentatively named soybean thrips
dicistrovirus (STDV) 1 (MT195550) and STDV2 (MT224137). The nearly complete genomes of STDV1
and STDV2 were predicted to encode 231 kDa and 218 kDa nonstructural polyproteins, respectively,
and 96 kDa and 117 kDa structural polyproteins, respectively (Figure 1). Soybean thrips picorna-like
virus (STPiLV) 3 (MT240798), STPiLV4 (MT240799), and STPiLV10 (MW023863) were partial genome
sequences that contained only RdRp coding regions, and therefore their genome organizations could
not be determined although they grouped with recognized members of the Dicistroviridae in
phylogenetic analysis (Figure 3). Therefore, they were provisionally named with the more generic
names “picorna-like virus”. STPiLV1 (MT240797) had a genome arrangement similar to members of
the family Marnaviridae where the genome encodes a single polyprotein (303 kDa) with the
nonstructural proteins at the N-terminus and the structural proteins at the C-terminus of the
polyprotein (Figure 1). However, RdRp of STPiLV1 grouped phylogenetically with members of the
Dicistroviridae, indicating the diverse nature of soybean thrips dicistroviruses (Figure 2).

The predicted aa sequence of contig (MT293133) showed 95% identity to the polyprotein (77%
sequence coverage) of Pernambuco virus (MK189088), an unclassified RNA virus identified in Brazil
from ruddy turnstones (Arenaria interpres) [34]. The sequence contained a RARp domain (pfam00680),
a dsRNA binding motif (DSRM_SF; cd00048), and a calicivirus CP domain (pfam00915) (Figure 1). In
phylogenetic analysis, this sequence grouped with unclassified RNA viruses discovered from fruit
flies (Figure 2). The genomes of these viruses also encoded a single polyprotein with similar
conserved domains and motifs as those of soybean thrips Pernambuco virus. The monophyletic
grouping of these viruses suggests that Pernambuco virus is an arthropod virus. Although these
viruses possess a calicivirus CP domain, they did not group with recognized members of the
Caliciviridae (Figure 2).

One contig represented a nearly complete genome of a picorna-like bicistronic virus, tentatively
named soybean thrips bicistronic virus 1 (STBV1; MT195549) that had two large ORFs (Figure 1). The
ORFs were predicted to encode proteins with similarity to structural and nonstructural proteins of
members of the Picornavirales. The genome organization resembled that of members of the Dicipivirus
genus in the Picornaviridae where the 5'-proximal ORF encodes the structural polyprotein (91 kDa)
and the 3’-proximal ORF encodes the nonstructural polyprotein (193 kDa). This arrangement of ORFs
is the opposite of the Dicistroviridae. Recently, viruses with similar genome organizations have been
reported from plants [35], bats [36], and arthropods [37-39]. In phylogenetic analysis, STBV1 grouped
with unclassified bicistronic viruses that are presumed to infect arthropods (Figure 2).

One contig (MT293126) was 95% identical to the genome sequence of Hubei picorna-like virus
55 (HPiLV55; NC_033093.1). Although HPIiLV55 possesses a genome organization typical for
members of the Dicistroviridae, its RARp was phylogenetically distant from recognized Dicistroviridae
members. HPiLV55 branched separately, but shared a monophyletic origin with a group of
unclassified RNA viruses that included soybean thrips Pernambuco virus (Figure 2). Like these
viruses, the HPiLV55 nonstructural polyprotein was also predicted to contain a dsRNA binding
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motif, but it differed from them in having a bicistronic genome and lacked the calicivirus CP domain
in the structural polyprotein. Other partial genomes of picorna-like viruses in the assembled data
(Supplementary Table S1) were not included in the phylogenetic analysis because they lacked RdRp
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Figure 2. Phylogenetic analysis of the predicted RNA-dependent RNA polymerase amino acid
sequences encoded by contigs assembled from soybean thrips RNA-seq data (indicated in bold) and
related viruses in the order Picornavirales. Predicted amino acid sequences containing RNA-



Viruses 2020, 12, 1376 7 of 31

dependent RNA polymerase domains were aligned using MUSCLE. Phylogenetic analyses were
performed using the maximum likelihood method in MEGA?7. Numbers at nodes indicate percent
bootstrap support (500 replicates). Nodes with less than 50% bootstrap support were collapsed to the
next higher level. GenBank accession numbers are indicated after each sequence name.

3.2.2. Sequences Related to Members of the Sobelivirales

Of the 12 assembled sequences that were related to members of the Solemoviridae, 11 were novel
virus-like sequences of which 10 resembled the genomes of unclassified sobemo-like viruses reported
from arthropods (Supplementary Table S1). Except for soybean thrips sobemo-like virus (STSLV) 7
(MW039353) and STSLV9 (MW039355), these sequences contained two overlapping ORFs (Figure 1)
in which the second ORF was predicted to be translated by a —1 frameshift. ORF1 encoded a protein
(p1, 56-83 kDa) of unknown function, while ORF2 was predicted to encode proteins of 35-61 kDa
with homology to RdRps with pfam02123 or pfam00680 domains. In STSLV2 (MT293132), STSLV3
(MW023865), and STSLV6 (MWO039352), the pl protein was predicted to contain a trypsin-like
peptidase domain. The partial genome of STSLV11 (MWO023864) encoded a nonstructural
polyprotein, P2ab, and a CP, which showed the highest aa sequence identity to orthologues in
sesbania mosaic virus (62%; NP_066393.4) and velvet tobacco mottle virus (36%; YP_003896040.1),
respectively, of the Sobemovirus genus. A nearly complete genome sequence of Lucerne transient
streak virus (MT1224146), a plant-infecting member of the Sobemovirus genus, was also assembled.
LTSV has been reported from forage legumes in Canada, but not in the U.S. [40,41]. In phylogenetic
analysis of RdRp aa sequences, STSLV1 to STSLV10 branched with unclassified sobemo-like viruses
reported from arthropods, while STSLV11 and LTSV branched with plant-infecting Sobemovirus
members (Figure 3).
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Figure 3. Phylogenetic analysis of the predicted RNA-dependent RNA polymerase amino acid
sequences encoded by contigs assembled from soybean thrips RNA-seq data (indicated in bold) and
related viruses in the order Sobelivirales. See Figure 2 legend for details.

3.2.3. Sequences Related to Members of the Martellivirales

Nine novel virus-like sequences with significant similarity to members of the order
Martellivirales were obtained from soybean thrips metatranscriptome data. Two were tentatively
named soybean thrips virga-like virus (STVLV) 1 (MT240784) and STVLV2 (MT240785). The 10,947-
nt genome of STVLV1 was greater than 90% complete and contained five ORFs (Figure 1). The
predicted aa sequence of ORF1 was most similar to the predicted polyprotein of Beult virus, an
unclassified RNA virus (AWAS82275.1) from Drosophila suzukii [42]. ORF1 encoded a 295 kDa
nonstructural polyprotein that contained methyltransferase (MTR, pfam01660), Superfamily (SF) 1
RNA helicase (HEL, pfam01443), membrane-attack complex/perforin (MACPF; PTZ00482), and
RdRp (pfam00978) domains. ORFs 2, 3, 4, and 5 were predicted to encode proteins of 16 kDa, 20 kDa,
59 kDa, and 17 kDa, respectively, of which the product of ORF3 showed 23% aa sequence identity
with a hypothetical protein from Wuhan heteroptera virus 1 (YP_009342333.1).

Two sequences, soybean thrips nege-like virus (STNLV) 1 (MT240782) and STNLV2 (MW039375
and MW039377), were similar to members of the proposed Negevirus taxon of insect-specific viruses
from mosquitoes and phlebotomine sandflies that have 9-10 kb positive-sense ssSRNA genomes
[43,44]. The genome of STNLV1 (9369 nt) contained three ORFs (Figure 1). ORF1 was predicted to
encode a 273 kDa nonstructural polyprotein containing two putative MTR domains: pfam01660,
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which is found in a wide range of ssRNA viruses, and pfam01728, a ribosomal RNA Fts]-like MT,
similar to the MTR domains found in flavivirus NS5 proteins. The polyprotein also contained HEL
(pfam01443) and RdRp domains (pfam00978). The other two proteins encoded in the STNLV1
sequence did not show similarity with any viral proteins. In negeviruses, ORF2 and ORF3 are
predicted to encode GPs and membrane proteins, respectively [44]. Two of the incomplete sequences
belonged to STNLV2, which were most similar to the nege-like virus Wuhan house centipede virus
1 (YP_009342435.1) (Supplementary Table S1).

The four sequences belonging to soybean thrips jivi-like virus (STJLV) 1 and STNLV2 were most
similar to members of the [ivivirus genus proposed to describe novel viruses from grapevine [45].
Members of the Jivivirus genus have tripartite genomes related to members of the Virgaviridae. The
predicted aa sequence of STJLV1, RNA1 (MT240787) and STJLV1, RNA2 (MW039368) were most
similar to the P1 and P2 proteins encoded by grapevine-associated jivivirus (GaJV) 2 with 44% and
43% aa sequence identity, respectively. The predicted aa sequences of STJLV2, RNA1 (MT240786)
and STJLV2, RNA 2 (MW039369) were most similar to the P1 and P2 proteins encoded by GaJV1 with
55% and 65% aa sequence identity, respectively. Jivivirus P1 proteins contain MTR and HEL domains
while P2 proteins contain an RdRp domain. The third segment, RNA3, encodes an N-terminal ATP-
binding domain of a helicase similar to flavivirus NS3 [45]. We were unable to identify the third,
flavi-like, RNA segments for these two viruses from our data. The assembled contigs also included
four sequences from previously described plant viruses: RNAs 1, 2, and 3 of aphid-transmitted
peanut stunt virus (PSV; MT293135, MT293136, and MT293137) and the genome of turnip vein-
clearing virus (TVCV; MT293141) (Supplementary Table S1).

Phylogenetic analysis based on RdRp sequences placed STVLV, STNLV, and STJLV sequences
in different clades (Figure 4). These sequences clustered in two major groups with origins
phylogenetically related to two plant virus families (Kitaviridae and Virgaviridae). STNLV1, STVLV],
and STVLV2 branched in a major group of arthropod-infecting/arthropod-borne viruses, which
contained two subgroups. Subgroup1 included STNLV1 and other negeviruses and members of the
Kitaviridae (genera; Blunervirus, Cilevirus, and Higrevirus), which supported the previous observations
that negeviruses are closely related to plant infecting Kitaviridae members [43,44]. Furthermore,
STNLV1 was associated with members of the proposed Nelorpivirus genus in the Negevirus taxon.
STVLV1 and STVLV2 branched in Subgroup 2 with unclassified virga-like viruses reported from
insects. STJLV1 and STV]JV2 grouped with proposed jiviviruses in the second major clade that
included members of the Virgaviridae, a family of plant-infecting viruses. The STNLV2 sequences
were not included in the analysis because they lacked RdRp domains.
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Figure 4. Phylogenetic analysis of the predicted RNA-dependent RNA polymerase amino acid
sequences encoded by contigs assembled from soybean thrips RNA-seq data (indicated in bold) and
related viruses in the order Martellivirales. See Figure 2 legend for details.

3.2.4. Sequences Related to Members of the Tolivirales

Eleven novel sequences (named soybean thrips tombus-like virus (STTLV) 1 to STTLV11
resembling the genomes of unclassified tombus-like viruses from arthropods were assembled from
the HTS data. These sequences were predicted to encode SF3 RdRps (pfam00998). The STTLV1
(MT240788) sequence contained two ORFs encoding an 83-kDa protein of unknown function from
ORF1 and a 64-kDa RdRp from ORF2 (Figure 1). STTLV2 (MT240789), STTLV3 (MT240790), STTLV4
(MT240791), and STTLV5 (MT240793) contained four ORFs in which ORF1 and ORF4 encoded
proteins (34—44 kDa and 17-23 kDa, respectively) of unknown functions. ORF2 was predicted to
encode RdRp (60-71 kDa) and ORF3 was predicted to encode a CP of 24-28 kDa. The genome
sequences of STTLV6 to STTLV11 (MT240794-MW 023846, respectively) were 5" and/or 3’-incomplete.
The STTLV7 sequence encoded a structural protein that contained a conserved nodavirus capsid
domain (pfam11729). The STTLV11 sequence contained a 64-kDa RdRp, which showed the highest
aa sequence identities with plant viruses in the Tombusviridae family. We also discovered sequences
(MT240792 and MW039367) from soybean thrips that were 95% identical to the genome sequences of
Wuhan insect virus (WIV) 21 RNA1l (LC516847.1) and Hubei tombus-like virus (HTLV) 2
(NC_032965.1), respectively, which were originally reported from China [46].

In phylogenetic analysis with recognized members of the Tombusviridae, STTLV1 to STTLV11
formed two major groups (Figure 5). Except for sequences STTLV6, STTLV10, and STTLV11, all
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formed a major group with unclassified tombus-like viruses discovered from arthropods. STTLV6
and STTLV11 shared a monophyletic origin with plant viruses and branched into two separate clades
with unclassified viruses. Bi-segmented unclassified insect tombus-like viruses such as WIV21
formed a separate branch.
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Figure 5. Phylogenetic analysis of the predicted RNA-dependent RNA polymerase amino acid
sequences encoded by contigs assembled from soybean thrips RNA-seq data (indicated in bold) and
related viruses in the order Tolivirales. See Figure 2 legend for details.

3.2.5. Sequences Related to Members of the Amarillovirales

Members of the Flaviviridae infect both vertebrates and invertebrates. The viruses that infect
invertebrate hosts are exclusively members of the Flavivirus genus, which possess unsegmented
genomes that encode single polyproteins that are cleaved into structural and nonstructural proteins
[47]. A segmented flavi-like virus, Jingmen tick virus, was discovered from ticks [48]. Subsequently,
additional segmented flavi-like viruses (Jingmen viruses) were reported from other arthropods and
vertebrates [46], indicating their abilities to infect a broad range of hosts. Genomes of these viruses
include four segments, two of which are predicted to encode proteins related to NS3 and NS5 proteins
of Flavivirus members, suggesting that they are evolutionarily related [38]. The other two segments
are predicted to encode proteins distinct to Jingmen viruses.
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Contigs representing six segmented flavi-like viruses were discovered from soybean thrips, five
of which were novel virus-like sequences and named soybean thrips virus (STV) 1 to STV5. Four
genome segments were discovered for STV2 (MWO023854-MW023857) (Figure 1) and STV3
(MW033628-MW033631), three segments from STV1 (MW023851-MW023853) and STV4
(MW033624-MW033626) and one segment from STV5 (MW033632). Like other segmented flavi-like
viruses, segment 1 of soybean thrips sequences contained an ORF encoding an NS5-like protein (102—
108 kDa) that had two N-terminal MT domains (cd20761, pfam01728) and a flavivirus RARp domain
(pfam00972). Segment 2 encoded a protein (14-15 kDa) of unknown function and a putative GP (40-
45 kDa). Segment 3 coded for a flavi-like NS3 protein (90-93 kDa), which contained both peptidase
and helicase domains. Segment 4 was predicted to encode a CP (27-30 kDa) and a 50-65 kDa protein
of unknown function. We also detected the four segments (MW023847-MW023850) of Wuhan aphid
virus 1 (WAV1). The proteins encoded by the soybean thrips isolate of WAV1 shared 79% to 91% aa
sequence identities with the corresponding proteins of the virus originally reported from China. We
also detected a contig (MWO039350) whose predicted aa sequence was 85% identical to an
unsegmented flavi-like virus originally discovered from house fly, Shayang fly virus 4 (SFV4;
YP_009179225.1) [38]. Although all genome segments could not be identified for the segmented flavi-
like viruses, the discovery of these viruses provides valuable information on the molecular features
of this group of viruses in thrips.

In phylogenetic analysis based on the predicted aa sequences of NS5-like proteins, soybean
thrips flavi-like viruses grouped with members of the genus Flavivirus (Figure 6) in a large clade
confirming their evolutionary relationship with this taxon. Although STV1 to STV4 branched in a
separate clade, they shared a common monophyletic origin with Jingmen viruses. This also suggests
that Jingmen viruses and soybean thrips flavi-like virus sequences are phylogenetically distinct,
although they share similar segmented genome organizations and an evolutionary relationship to
members of Flaviviridae.
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Figure 6. Phylogenetic analysis of the predicted RNA-dependent RNA polymerase amino acid

sequences encoded by contigs assembled from soybean thrips RNA-seq data (indicated in bold) and

related viruses in the order Amarillovirales. See Figure 2 legend for details.

3.2.6. Sequences Related to Members of the Tymovirales

Three sequences related to members of the order Tymovirales were discovered in the assembled
data (Supplementary Table S1). One contig represented a novel plant virus sequence, soybean
carlavirus 1 (SCV1;, MT293130), which we detected previously in RNA-Seq data of field-grown
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soybean leaves (submitted for publication). The RdRp and CP encoded by the soybean thrips SCV1
isolate were 96% and 100% identical with the aa sequences of the original isolate of SCV1 from
soybean, but 62% and 84% identical, respectively, to the RdRp and CP aa sequences of red clover
carlavirus A. A contig (MT240795) representing a North American isolate of Hubei macula-like virus
3 (HMLV3), which was originally reported from China [46], was also detected in the transcriptome
data. The encoded proteins of this sequence showed 93%, 88.5%, and 56% aa identity with their
orthologues in the HMLV3 isolate from China (KX883800.1). The predicted aa sequence of a third
contig (MT293134) was 97% identical to red clover vein mosaic virus (RCVMV), which is transmitted
by aphids. In phylogenetic analysis, SCV1 and RCVMV grouped with members of the family
Betaflexiviridae, while the North American isolate of HMLV3 grouped with other invertebrate viruses
related to members of the family Tymoviridae (Figure 7).
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Figure 7. Phylogenetic analysis of the predicted RNA-dependent RNA polymerase amino acid
sequences encoded by contigs assembled from soybean thrips RNA-seq data (indicated in bold) and
related viruses in the order Tymovirales. See Figure 2 legend for details.

3.2.7. Sequences Related to Members of the Permutotetraviridae

The predicted aa sequences of three contigs showed highest identity to virus-like sequences from
other insects that resembled members of Permutotetraviridae (Supplementary Table S1). Viruses in the
family Permutotetraviridae have monopartite genomes with two major ORFs, one encoding a
permuted RdRp, and the other encoding a CP precursor [49]. Canonically, the catalytic motifs (A to
D) are arranged in the order A-B—C-D in the palm subdomain of the active sites of RdRps of RNA
viruses. In contrast, the order of the catalytic motifs is C-A-B-D in members of the
Permutotetraviridae. A few members of the family Birnaviridae that have dsRNA genomes also possess
permuted RdRps [49]. The soybean thrips permutotetra-like virus (STPTLV) 1 sequence (MT240780,
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4290 nt) contained an RdRp (110 kDa) with a permuted motif arrangement (C—A-B-D) in which the
GDD region is upstream of other palm subdomains. Unlike other Permutotetraviridae members, the
STPTLV1 sequence encoded a third small 17-kDa protein of unknown function in addition to the 47-
kDa CP (VP2; Figure 1). The other two permutotetraviridae-like sequences, STPTLV2 (MW039362)
and STPTLV3 (MWO039363), represented partial genome sequences. The VP2 of these viruses
contained the shell (S) domain (pfam00729) of the CPs of Birnaviridae members. The predicted aa
sequence of a fourth contig (MW033624) was 99.8% identical to Aphis glycines virus 2 (AGV2;
YP_009179352.1), which also had a permuted RdRp [50].

A

98

100— Thosea asigna virus YP_009665207 .1
L Euprosterna elasasa virus NP_573541.1
Wuhan house centipede virus 9 YP_009342439.1

51 4{66
68 Sarawak virus YP_009551892.1

Permutotretraviridae

Drosophila A virus YP_003038595.1
41001:Daeseongdong virus 2 YP_009182196.1

Soybean thrips permutotetra-like virus 1 MT240780
ﬂai permutotetra-like virus 2 YP_009329862.1

|Aphis glycines virus 2 MW033624

100! Aphis glycines virus 2 YP_009179352.1

Botrytis porri botybirnavirus 1 YP_006390637.1 | Botybirnavirus

89

0.50

Drosophila X virus NP_690806.1
Rotifer birnavirus strain Palavas CAX33878.1
Tellina virus 1 YP_009508102.1

93 —Infectious pancreatic necrosis virus NP_047197.1 Birnaviridae
Infectious bursal disease virus NP_690839.1

Blotched snakehead virus YP_052864.1
—99|: Lates calcarifer birnavirus QCQ84350.1

100

70 Infectious pancreatic necrosis virus QCW06668
@ctious bursal disease virus AHW82958
61 Blotched snakehead virus YP_052862

[l Drosophila X virus NP_690836 Birnaviridae

Rotifer birnavirus CAX33877
Tellina virus 1 YP_009508101
Soybean thrips permutotetra-like virus 2 MW039362

Soybean thrips permutotetra-like virus 1 MT240780

Drosophila A virus YP_003038596
ﬁ@spa velutina associated permutotetra-like virus 1 QGL51735
62 Vespa velutina associated permutotetra-like virus 2 QGL51737

100— Euprosterna elaeasa virus NP_573542

99

Permutotretraviridae

90

L Thosea asigna virus AAC97195
Soybean thrips permutotetra-like virus 3 MW039363

—

0.50

Hubei permutotetra-like virus 9 YP_009337779
Hubei permutotetra-like virus 7 YP_009337365

‘Aphis glycines virus 2 YP_008179354.1

100l Aphis glycines virus 2 MW033624

Figure 8. Phylogenetic analysis of the predicted amino acid sequences of RNA-dependent RNA

polymerases (A) and capsid proteins (B) encoded by contigs assembled from soybean thrips RNA-

seq data (indicated in bold) and related viruses in the families Birnaviridae and Permutotetraviridae and

genus Botybirnavirus. See Figure 2 legend for details.

In the phylogenetic analysis of predicted RdRp aa sequences, STPTLV1 grouped in a large
diverse clade that included members of the family Permutotetraviridae, but was mostly populated by
unassigned permutotetra-like virus sequences including Drosophila A virus (DAV; Figure 8A). To
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examine the taxonomic relationship of STPTLV1, STPTLV2, and STPTLV3, phylogenetic analysis was
performed based on the VP2 sequences because the STPTLV2 and STPTLV3 sequences lacked RdRp
domains. STPTLV1 and STPTLV2 were grouped with unassigned permutotetra-like virus sequences
that again included DAV and showed stronger affinity with members of the bi-segmented
Birnaviridae than the Permutotetraviridae (Figure 8B). The VP2 sequences of STPTLV3 and AGV2
shared a common phylogenetic origin with Permutotetraviridae members, but formed a separate clade
with other unclassified permutotetra-like viruses from insects. The relationships among the CPs and
the RdRps and the close phylogenetic relationship of viruses belonging to the Birnaviridae and
Permutotetraviridae suggest evolutionary links between positive-sense ssSRNA and dsRNA viruses of
insects.

3.2.8. Sequences Related to Members of the Wolframvirales and Cryppavirales

Predicted aa sequences of four contigs showed 31 to 44% identity to viruses in the phylum
Lenarviricota (Supplementary Table S1). All four sequences encoded a single protein that contained a
mitovirus RARp domain (pfam05919) (Figure 1). With the possible exception of two putative bipartite
narnaviruses, members of the families Narnaviridae (order Wolframvirales) and Mitoviridae (order
Cryppavirales) have monopartite genomes of positive-sense ssSRNA of about 3 kb, which contain a
single ORF that encodes viral RdRp. These viruses have been reported from algae, apicomplexans,
arthropods, fungi, insect, oomycetes, trypanosomatids, and yeast [51]. Narnaviruses and mitoviruses
do not express structural proteins and thus exist as RNA-protein complexes either in the cytosol
(members of Narnavirus genus) or in mitochondria (members of the Mifovirus genus) [52]. Since
mitoviruses replicate in mitochondria, their genome sequences are translated using the
mitochondrial genetic code in which UGA codons are translated as tryptophan rather than translation
terminators. For two contigs (designated soybean thrips mito-like virus [STMLV] 1 [MT293144] and
STMLV2 [MT293145]; Supplementary Table S1), the major ORF was translated only using the
mitochondrial genetic code suggesting that these sequences represented mitovirus genomes. The
remaining two sequences (soybean thrips narna-like virus [STNLV] 1 [MT293142] and STNLV2
[MT293143]; Supplementary Table S1) were translated with the universal genetic code. In
phylogenetic analysis, STMLV1 and STMLV2 sequences grouped with recognized members of the
Mitoviridae, and STNLV1 and STNLV2 sequences grouped with recognized members of the
Narnaviridae (Figure 9).
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Figure 9. Phylogenetic analysis of the predicted RNA-dependent RNA polymerase amino acid
sequences encoded by contigs assembled from soybean thrips RNA-seq data (indicated in bold) and
related viruses in the orders Wolframvirales and Cryppavirales. See Figure 2 legend for details.
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3.2.9. Sequences Related to Members of the Ourlivirales

The predicted aa sequences of three contigs contained pfam05919 domains, which are present in
the RdRps of members of the family Botourmiaviridae. Members of the family have monopartite or
tripartite genomes in which each segment encodes a single protein [53]. The Botourmiaviridae
currently includes four genera of which Ourmiavirus members are non-enveloped tripartite plant-
infecting viruses. The genera Botoulivirus, Magoulivirus, and Scleroulivirus include non-encapsidated,
monopartite, and fungal viruses encoding RdRps that show the closest similarity to those of
ourmiaviruses. Some mycoviruses do not express CPs. Wang et al. [54] showed that a single RNA
encoding an RdRp is sufficient for replication, infection, and transmission of ourmia-like viruses in
fungi. The two ourmiavirus-like sequences identified in this study were isolates of a single virus,
tentatively named soybean thrips ourmia-like virus (STOLV) 1 (MW039364 and MW039365) (Figure
1), which showed 89% identity in both nt and aa sequences of RdRp. Phylogenetic analysis including
representative members of all genera in Botourmiaviridae showed that STOLV1 and STOLV2
(MWO039366) shared a monophyletic origin with several unclassified ourmia-like mycoviruses that
might represent a separate taxonomical group in the family (Figure 10). This group further branched
in to two distinct clades supported with high bootstrap values with STOLV1 and STOLV2 in separate

branches.
50 — Soybean thrips ourmia-like virus 1A MW039364
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Figure 10. Phylogenetic analysis of the predicted RNA-dependent RNA polymerase amino acid

sequences encoded by contigs assembled from soybean thrips RNA-seq data (indicated in bold) and

related viruses in the order Ourlivirales. See Figure 2 legend for details.

3.3. Sequences Related to Negative-Stranded RNA Viruses

Fifty-four sequences discovered from soybean thrips metatranscriptome data represented both
segmented and unsegmented negative-stranded RNA viruses. The most abundant of these sequences
was SVNV, followed in decreasing order by soybean thrips thogotovirus 1 (STTV1), soybean thrips
associated orthotospovirus 1 (STaTV1, soybean thrips associated tenui-like virus 1 (STaTLV1), and
soybean thrips rhabdo-like virus (STRLV) 1 (Supplementary Table S1)

3.3.1. Sequences Related to Members of the Articulavirales

Fifteen contigs resembled the genome segments of negative-stranded RNA viruses in the genera
Thogotovirus and Quaranjavirus in the family Orthomyxoviridae, and putatively represented six novel
viruses (Supplementary Table S1). These sequences were tentatively named STTV1 and STTV2. The
remaining four sequences (soybean thrips quaranja-like virus [STQLV] 1 to STQLV4) were
phylogenetically related to the members of the genus Quaranjavirus (Supplementary Table S1).
Thogotoviruses and quaranjaviruses are enveloped tick-borne viruses that infect humans, domestic
animals, birds, and arthropods [55,56]. Genomes of recognized members of these two genera contain
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six RNA segments that encode, respectively, the polymerase complex (PB2, PB1, and PA), GP,
nucleoprotein (NP), and matrix protein (MP).

The genome of STTV1 showed 33-54% aa identity with the corresponding segments of Hubei
orthoptera virus 6 (KX883884-KX883888), an unclassified negative-stranded RNA virus
(Supplementary Table S1). Five RNA segments were discovered for STTV1 (MT195539-MT195543).
Each segment contained a single ORF (Figure 1). STTV1 segment 1 encoded an 86-kDa PB2
polymerase, segment 2 an 80-kDa PB1 polymerase, segment 3 a 75-kDa PA polymerase, segment 4 a
57-kDa GP, and segment 5 a 52-kDa NP. We obtained only segment 4 (MWO033633) of STTV2 from
the assembled data that encoded a 54 kDa GP. The partial genomes obtained for quaranjaviruses
included segments 1 (MW033634), 2 (MW033635), 3 (MW033636), and 5 (MW033637) for STQLV1,
segments 2 (MWO033638), 3 (MWO033639), and 4 (MWO033640) for STQLV2, and segments 2
(MW033641) and 4 (MW033642) for STQLV3. In cases of sequences where the complete aa sequences
were obtained for the encoded proteins, the size ranged from 91 kDa for PB2 polymerase, 91-93 kDa
for PB1 polymerase, 82-88 kDa for PA polymerase, and 62 kDa for NP. In the phylogenetic analysis
based on PB1 polymerase (RdRp), STTV1 formed a separate clade with Hubei orthoptera virus 6
among other recognized thogotoviruses and might represent a new taxonomical group in the genus.
STQLV1, STQLV2, and STQLV3 were grouped with other recognized members of the Quaranjavirus
genus (Figure 11).
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Figure 11. Phylogenetic analysis of the predicted RNA-dependent RNA polymerase amino acid
sequences encoded by contigs assembled from soybean thrips RNA-seq (indicated in bold) and
related negative-stranded RNA viruses. See Figure 2 legend for details.
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3.3.2. Sequences Related to Members of the Bunyavirales

Twenty contigs in the assembled data were related to members of the families Arenaviridae,
Bunyaviridae, Nairoviridae, Phasmaviridae, Phenuiviridae, or Tospoviridae in the order Bunyavirales, 16 of
which had not been reported previously (Supplementary Table S1). Members of the Bunyavirales have
tripartite genomes consisting of large (L), medium (M), and small (S) RNA segments with conserved
terminal sequences among viruses in each genus [57]. The L segment encodes an RdRp and the M
segment encodes the viral GPs, Gn, and Gc. In most Bunyavirales members, the L and M segments are
negative stranded with some exceptions where the M segments are ambisense (e.g., Orthotospovirus).
In the genus Orthotospovirus members (family, Tospoviridae), the Gn and Gc are encoded from the
negative strand, while a nonstructural protein, NSm, which is the putative movement protein in
plant-infecting viruses, is encoded from the positive strand. The S segment is ambisense in most
Bunyavirales members and encodes the NP from the negative strand and a nonstructural protein (NSs)
from the positive strand.

Among the bunyavirus-like sequences from soybean thrips, five were predicted to be RdRp-
encoding L segments: soybean thrips bunya-like virus (STBLV) 1 (MT224143; 342 kDa RdRp),
STBLV2 (MWO033651; partial RdRp), STBLV3 (MT224145; 240 kDa RdRp), STBLV6 (MW033651;
partial RdRp), and STBLV7 (MW033652; partial RdRp) (Supplementary Table S1). Sequences STBLV4
(MT293149) and STBLV5 (MW023862) represented M segments encoding GP precursors (152 kDa
and 168 kDa, respectively). Among the remaining bunyavirus-like sequences, three were putative
members of the Phenuiviridae that included two segments (RNA1 and RNA4) of a possible new
member of the genus Tenuivirus, which we tentatively designated STaTLV1. The RNA1 segment of
STaTLV1 (MT224144) encoded a 318 kDa RdRp and the RNA4 (MW033650) encoded a 20 kDa major
non-capsid protein and a 33 kDa nonstructural protein (NS4) in opposite polarity (Figure 1). The
predicted aa sequences of these contigs showed 27-30% aa sequence identity to proteins encoded by
plant tenuiviruses (Supplementary Table S1). STBLV8 (MW033653) encoded a partial GP precursor
that contained conserved domain of phlebovirus GP G2 (pfam07245). Two other sequences were
related to members of the Nairoviridae family and encoded proteins that contained a nairovirus
nucleocapsid domain (pfam02477). These two sequences shared 82% and 88% nt and aa sequence
identity, suggesting that they are isolates of a single virus that were provisionally named STBLV9.
Two contigs, designated soybean thrips negative-stranded RNA virus [STNRV] 2), represented L
(MT224152) and S (MW033657) segments (encoding 393-kDa L and 46-kDa NP, respectively) of a
novel bunya-like virus that showed significant homology to a member of the family Arenaviridae.
Consistent with that association, the STNRV2 L segment contained an arenavirus RdRp domain
(pfam06317) (Figure 1). The remaining six of the bunyavirus-like sequences belonged to the members
of Tospoviridae that includes all three segments of SVNV (MT293138-MT293140), partial S segment of
TSWV (MWO033649), and L (MT195544) and M (MT195545) segments of a novel orthotospovirus,
tentatively named STaTV1 (Supplementary Table S1). The L segment of STaTV1 encoded a 334-kDa
L protein and the M segment encoded two proteins in opposite polarity, a 130-kDa GP and a partial
sequence of a nonstructural protein (Figure 1).

In phylogenetic analysis, the soybean thrips bunyavirus-like sequences grouped in the
Bunyavirales. STaTV1, STaTLV1, and STNRV1 grouped with recognized members of the Tospoviridae,
Phenuiviridae, and Arenaviridae, respectively (Figure 11). STBLV1 grouped with unclassified bunya-
like viruses, and STBLV3 branched with Phasmaviridae members. The partial sequences of STBLV2,
STBLV6, and STBLV7 were not included in the analysis because they lacked conserved RdRp
domains.

3.3.3. Sequences Related to Members of the Jingchuvirales

Nine sequences (Supplementary Table S1) were related to members of the family Chuviridae in
the order Jingchuvirales, two of which were segments of a virus that was tentatively named soybean
thrips chu-like virus 1 (STCLV1). Most members of the Chuviridae are arthropod-associated viruses
in the genus Mivirus and have negative-stranded RNA genomes [58]. They occupy a phylogenetically
intermediate position between segmented and unsegmented negative-stranded RNA viruses and
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have diverse genome organizations, from linear to circular forms that can be unsegmented or bi-
segmented [59]. Chuviridae members also exhibit a diverse order of genes in their genomes. The
general arrangement of genes in linear unsegmented chuvirus genomes is GP-NP-L. In most of the
circular chuviruses, genes are arranged in the order L-GP-NP [58]. Additionally, some chuvirus
genomes lack the GP coding region. In bi-segmented chuviruses, the L segment encodes RdRp and
the S segment encodes the putative GP, NP, and possibly a protein of unknown function.

All chuvirus-like genome sequences obtained from soybean thrips were predicted to be linear.
The L segment (MT224150) of the bi-segmented STCLV1 encoded a 255 kDa RdRp and partial
sequence of S segment (MT293148) encoding a 35 kDa hypothetical protein and a partial GP (Figure
1). The S segment (MT293147) for STCLV2 contained a 75-kDa GP, 48-kDa NP, and a 14-kDa
hypothetical protein. The remaining STCLV contigs represented partial genome sequences in which
the complete coding sequences of a protein was obtained only for GP in STCLV3 (MT293151) and
STCLV4 (MWO033643). In phylogenetic analysis based on RdRp sequences, STCLV1 grouped with
members of the [ingchuvirales (Figure 11). An additional analysis based on GP sequences was
conducted since the STCLV2 to STCLVS8 sequences lacked RdRp. All of the STCLV sequences
branched together in the tree with other chuviruses, confirming their taxonomical status (Figure 12).
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Figure 12. Phylogenetic analysis of predicted glycoprotein amino acid sequences encoded by contigs
assembled from soybean thrips RNA-seq (indicated in bold) and related viruses in the order
Jingchuvirales and Articulavirales. See Figure 2 legend for details.

3.3.4. Sequences Related to Members of the Serpentovirales

Sequences STNRV1 (MT224151), STNRV3 (MT224153), STNRV6 (MT293150), STNRV7
(MW039378), and STNRV8 (MW039379) were phylogenetically related to members of the Ophiovirus
genus, family Aspiviridae, in the order Serpentovirales (Supplementary Table S1). Members of
Aspiviridae are filamentous plant viruses and have segmented genomes with three or four segments.
The family Aspiviridae contains seven recognized members, four of which are transmitted by soil-
borne fungi [60]. The largest segment of the genomes of these viruses encodes an RdRp and a small
protein. The sequences from soybean thrips encoded only RdRps (Figure 1) and did not group with
the recognized members of the Ophiovirus genus in the phylogenetic analysis although they shared a
common monophyletic origin. Instead, they branched with unclassified, negative-stranded RNA
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mycoviruses [61,62] among which soybean thrips viruses formed a separate clade (Figure 11). The
phylogenetic grouping suggest that these sequences might represent genome segments of
mycoviruses.

3.3.5. Sequences Related to Members of the Mononegavirales

Five of the novel virus-like sequences resembled the genomes of viruses that have monopartite
genomes in the order Mononegavirales (Supplementary Table S1). Three sequences, STRLV1
(MT224147), STRLV2 (MT224148), and STRLV3 (MW023861), showed highest identities to the
members of Rhabdoviridae, one of the 11 families in Mononegavirales [63]. Rhabdoviruses infect
vertebrates, plants, and arthropods and generally encode five proteins in their monopartite/bipartite
genomes [63]. Plant-infecting members of the Rhabdoviridae are transmitted by arthropod vectors such
as aphids, planthoppers, leathoppers (Cytorhabdovirus and Nucleorhabdovirus), Brevipalpus mites
(Dichorhavirus), and the soil-borne fungus, Olpidium brassicae (Varicosavirus) [64]. No members of the
family have been reported to be transmitted by thrips or to infect thrips.

In monopartite members, rhabdovirus proteins are encoded in the order NP, phosphoprotein
(P), MP, GP, and L, while in bipartite members (genera, Varicosavirus and Dichorhavirus) the L protein
is encoded from a separate genome segment. In some Rhabdoviridae members, additional small ORFs
are present [63]. STRLV1 and STRLV2 sequences encoded NPs of 49 and 48 kDa and L proteins of
244 and 242 kDa, respectively (Figure 1). The three other proteins encoded between NP and L proteins
(25 kDa, 20 kDa, 51 kDa for STRLV1 and 22 kDa, 25 kDa, and 53 kDa for STRLV2) did not show
significant similarity with other rhabdovirus proteins. The genome of STRLV3 (Figure 1) encoded 60-
kDa NP, 245-kDa L, and two hypothetical proteins (95 kDa and 30 kDa) between NP and L. The
partial sequence obtained for the fourth sequence, STNRV4 (MT224149) encoded three proteins, a
partial hypothetical protein, 79-kDa GP, and a partial RdRp. The fifth novel virus sequence, STNRV5
(MW033648), contained only a partial RdRp.

In phylogenetic analysis, STRLV1, STRLV2, and STRLV3 grouped with other arthropod-borne
members of the family Rhabdoviridae (Figure 11), indicating the possibility that they are either thrips-
infecting viruses or viruses from other plant feeding arthropods circulating in soybean thrips.
Although STNRV4 shared a monophyletic origin with members of Nyamiviridae, it formed a separate
clade with Hubei diptera virus 11 (NC_033055.1), an unclassified negative-stranded RNA virus and
may represent a new taxon in the Mononegavirales. STNRVS5 was not included in the analysis as it did
not encode a conserved RdRp domain.

3.4. Sequences Related to dASRNA Viruses

Twenty-two of the sequences from soybean thrips were related to dsRNA viruses in the families
Partitiviridae (order Durnavirales), Reoviridae (order Reovirales), and Totiviridae (order Ghabrivirales).

3.4.1. Sequences Related to Members of the Durnavirales

The recognized members of the Partitiviridae have monocistronic, bi-segmented dsRNA
genomes that encode only RdRp and CP [65]. However, some unclassified partiti-like viruses have
multisegmented genomes (e.g., Aspergillus flavus partitivirus 1 (three segments), Atrato partiti-like
virus 1 (four segments), and Botryosphaeria dothidea virus 1 (five segments)). Fourteen partitivirus-
like sequences were identified in the assembled data. One contig (MW039370) represented RNA2 of
Wuhan fly virus 5 (YP_009342459.1) with 94% aa sequence identity (Supplementary Table S1). Eleven
of the sequences were RNA1 segments that contained partial RdRps (domain ¢d01699), which were
named soybean thrips partiti-like virus (STPaLV) 1 to STPaLV11 (MT648422-MT648430, MW039371,
and MW023858). The remaining two sequences (MW023859 and MW023860) represented segments
2 and 3 of STPaLV11, which encoded a 54-kDa CP and a 54-kDa protein of unknown function,
respectively (Figure 1).

Members of each genus in Partitiviridae have a unique host range. Members of Alphapartitivirus
and Betapartitivirus infect fungi or plants. Members of the Gammapartitivirus, Deltapartitivirus, and
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Cryspovirus genera infect fungi, plants, and protozoans, respectively [65]. In the phylogenetic analysis
of predicted RdRp aa sequences, STPaLV1, 3, and 8 grouped with Betapartitivirus members (Figure
13). The remaining sequences grouped with unclassified members of the family. These suggested that
the partitivirus-like sequences discovered from soybean thrips are phylogenetically divergent and
may represent viruses that infect fungi, parasites, or plants related to the soybean thrips life cycle.
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Figure 13. Phylogenetic analysis of the predicted RNA-dependent RNA polymerase amino acid
sequences encoded by contigs assembled from soybean thrips RNA-seq data (indicated in bold) and
related viruses in the order Durnavirales. The genera Alphapratitivirus, Betapratitivirus, Deltapartitivirus,
and Gammapartitivirus are indicated with Greek letters. See Figure 2 legend for details.

3.4.2. Sequences Related to Members of the Ghabrivirales

Genomes of most members of the family Totiviridae contain two large overlapping ORFs in
which the 5-proximal ORF encodes the major CP and the 3’-proximal ORF encodes an RdRp. In
viruses with overlapping ORFs, the RdRp is expressed only as a CP-RdRp fusion protein by a -1
frameshift [66]. We discovered five totivirus-like sequences from the assembled data. The sequence
designated soybean thrips-associated totivirus (STaToV) 1 (MT293124) contained two ORFs that
overlapped by just seven nucleotides (Figure 1), while the two ORFs of STaToV2 (MT293125)
overlapped by 316 nt. STaToV1 encoded a CP of 84 kDa, which is typical for fungus-infecting
totiviruses while STaToV2 encoded a much larger CP of 151 kDa, which is similar in size to the CP of
arthropod-infecting totiviruses [67,68]. In both sequences, ORF2 contained a pfam02123 RdRp
domain. Two sequences, soybean thrips-associated dsRNA virus (STaDRV) 1 (MT293146) and
STaDRV2 (MW039372), represented partial genomes containing RdRps. The sequence STaDRV4
(MW033658) was predicted to encode a proline-alanine rich protein. These sequences grouped with
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different recognized taxa of the Totiviridae (Figure 14). STaToV1 was evolutionarily most closely
related to members of the Victorivirus genus whose members infect primarily fungi. STaToV2,
STaDRV1, and STaDRV2 grouped in two different clades with unclassified toti-like viruses thought
to have arthropod hosts.
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Figure 14. Phylogenetic analysis of the predicted RNA-dependent RNA polymerase amino acid
sequences encoded by contigs assembled from soybean thrips RNA-seq data (indicated in bold) and
related viruses in the order Ghabrivirales. See Figure 2 legend for details.

3.4.3. Sequences Related to Members of the Reovirales

Three contigs (MT648431, MW039372, and MW039373) representing partial segments of a reo-
like virus were tentatively named STaDRV3 (Supplementary Table S1). In phylogenetic analysis with
the RdRp sequences of recognized and putative members of Reoviridae, STaDRV3 grouped with
members of the subfamily Spinareovirinae, but in a separate clade with Shelly beach virus, another
unclassified reo-like virus discovered from ticks in Australia [69] (Figure 15).
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Figure 15. Phylogenetic analysis of the predicted RNA-dependent RNA polymerase amino acid
sequences encoded by contigs assembled from soybean thrips RNA-seq data (indicated in bold) and
related viruses in the order Reovirales. See Figure 2 legend for details.

3.5. Sequences Related to Single-Stranded DNA Viruses

The transcriptome data contained two densovirus-like sequences, which were provisionally
named soybean thrips denso-like virus (STDLV) 1 (MT240783) and STDLV2 (MWO039377).
Densoviruses broadly encompasses viruses in the family Parvoviridae and order Piccovirales that infect
both vertebrate and invertebrate hosts and have linear, ssDNA genomes of 4 to 6 kb [70]. The family
Parvoviridae is divided into three subfamilies: Densovirinae, Hamaparvovirinae, and Parvovirinae. The
STDLV1 sequence contained three overlapping ORFs in which the first two encoded nonstructural
proteins (NS1 [87 kDa] and NS2 [39 kDa]), and the third ORF encoded a 43-kDa structural protein
(Figure 1). STDLV2 is an ambisense sequence that contained four ORFs (ORFsl, 2, 4, and 5) on the
plus strand and a fifth, ORF3, on the complementary strand. Among these, ORFs 1 and 5 encoded a
protein similar to NSI proteins, and ORF5 contained a conserved domain of parvo NS1 SF
(pfam01057). As densoviruses employ a rolling-circle replication strategy, it is possible that ORFs 4
and 5 are circularly permuted portions of ORFs 1 and 2 generated during library construction. In the
phylogenetic analysis based on the NS1 (replicase) region, STDLV1 and STDLV2 grouped with
members of the subfamily Densovirinae (Figure 16).
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Figure 16. Phylogenetic analysis of predicted NS1 amino acid sequences encoded by contigs
assembled from soybean thrips RNA-seq data (indicated in bold)and related viruses in the order
Piccovirales. See Figure 2 legend for details.

4. Discussion

Soybean thrips are common insect pests of soybean in the U.S. Even though feeding injury from
soybean thrips is usually not economically damaging, it is one of the most significant vectors for
SVNV. Virus diversity in other insect vectors/agricultural pests have been reported
[14,16,18,19,21,71,72]. Our study, for the first time, revealed the remarkable virus diversity that exists
in soybean thrips.

Analysis of metatranscriptome of soybean thrips collected from the central U.S. detected large
numbers of diverse types of described and novel arthropod, fungal, and plant-infecting viruses. Of
the 181 virus-like sequences discovered, 155 (86%) were novel sequences of which 123 are predicted
to belong to putative members of arthropod-infecting virus taxa (Supplementary Table S1). Among
the rest, six sequences are related to plant infecting members, 22 are related to mycoviruses, and four
sequences are predicted to be genome segments of an orthotospovirus and a tenuivirus that infect
both thrips and plants. Since there was no previous information on thrips virome, the novel
sequences discovered in our study represent the first of those taxa in thrips. The 26 previously
described virus-like sequences included 16 arthropod-infecting, and six plant-infecting sequences,
and four orthotospovirus genome segments, which replicate in arthropods and plants.

Additionally, this study obtained greater than 90% coverage of genomes or genome segments of
104 new and 20 previously described virus genomes (Supplementary Table S1). The sequences
discovered were highly diverse in their types of genetic material of which the majority were positive-
sense ssRNA viruses (56.9%), followed in decreasing order by negative-stranded ssRNA viruses
(29.8%), dsRNA viruses (13.3%), and ssDNA viruses (1.1%). These sequences represented viruses
with monopartite or multipartite genomes.

The positive-sense RNA viruses discovered from soybean thrips were phylogenetically related
to arthropod, fungal, and plant-infecting members of the orders Amarillovirales, Cryppavirales,
Martellivirales, Ourlivirales, Picornavirales, Sobelivirales, Tolivirales, Tymovirales, and Wolframuvirales. The
most abundant group of viruses were putative members of the Iflaviridae with just over 50% of the
virus-derived Illumina sequence reads aligning to contigs showing phylogenetic affinity to members
of the family followed by sobemovirus-like sequences (26%) (Supplementary Table S1). The negative-
stranded RNA viruses discovered were related to the members of Articulavirales, Bunyavirales,
Jingchuvirales, Mononegavirales, and Serpentovirales. The dsRNA viruses represented putative
members of the Durnavirales, Ghabrivirales, and Reovirales. Although this was a transcriptome
analysis, we discovered two densovirus-like sequences, putative members of the order Piccovirales.
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The phylogenetic topology (Figures 2-16) and the availability of complete coding regions of multiple
genomes indicate that many of these represent potentially new taxonomical groups in the orders
above-mentioned. Phylogenetic analyses of these novel viruses give insights into the diverse nature
and evolution of these sequences.

Some of the novel arthropod-infecting viruses discovered from thrips have unique genome
features. For example, although STPiLV1 grouped with dicistroviruses in phylogenetic analysis, it
encoded a single polyprotein instead of two with a dicistro-like arrangement of structural and
nonstructural protein domains. In contrast, STBV1 had a bicistronic monopartite genome with a
picorna-like arrangement of structural and nonstructural polyproteins. In addition, six novel putative
Flaviviridae members discovered from soybean thrips had segmented genomes similar to Jingmen
viruses, a group of segmented flavi-like viruses.

Interestingly, some of the novel arthropod viruses showed highest aa identity to arboviruses
that are transmitted by ticks. Examples are soybean thrips thogotoviruses, quaranjaviruses, and
bunya-like viruses (STBLV1 and STBLV4) (Supplementary Table S1). Two negevirus-like sequences
(STNLV1 and STNLV2) were also discovered in the soybean thrips data. Negeviruses are primarily
reported from mosquitoes and have worldwide distribution and broad host ranges among dipterans
[43]. Considering their broad host range in other dipterans, it is possible that these viruses are indeed
thrips-infecting viruses. Another possibility is that these are mosquito viruses acquired by thrips
while feeding on contaminated plant surfaces.

Our results also revealed the existence of arthropod viruses with broad geographical ranges.
AGV2, ALPV, RhPV, HAV1, HMLV3, HPiLV55, HTLV2, Pernambuco virus, SFV4, WAV1, WEFV5,
and WIV21 are previously reported arthropod-related viruses that have been detected in soybean
thrips in which all except for the flavi-like viruses (WAV1 and SFV4) were at least 90% identical to
the previously described sequences. HAV1, HMLV3, HPiV55, HTLV 2, WAV1, WIV21, SFV4, and
WEV5 were reported originally from Hubei Province in China [38,46] and Pernambuco virus was
reported from Brazil [34]. The high levels of nucleotide sequence identity among virus isolates from
North America, Brazil, and China may be the result of the frequent exchange of insects between the
continents [73,74]. The abundance of sequence reads for some of these viruses suggests that they
replicate within soybean thrips and may indicate that these viruses have broad host ranges, which
may have facilitated their spread across broad geographic ranges.

Sequences discovered from thrips also included viruses that replicate only in plants that are
transmitted by biological vectors or other means including LTSV, PSV, RCVMYV, and TVCV.
Additionally, four new sequences grouped with the plant viruses in the phylogenetic analysis (SCV1,
STJLV1, STJLV2, and STSLV11) and may represent plant infecting viruses. LTSV was reported in
North America only from Canada [40,41]. The discovery of these plant viruses in soybean thrips along
with other new putative plant viruses highlights the importance of molecular surveillance programs
in biological vectors to identify emerging plant viruses.

In addition, we detected viruses that infect and replicate in both plants and their arthropod
vectors (orthotospoviruses and tenuiviruses): SVNV, STaTV1, STaTLV1, and TSWV. Sequence reads
for these viruses were highly abundant in the soybean thrips transcriptome (Supplementary Table
S1) supporting the conclusion that these viruses infect and propagate in thrips and are not just surface
or gut contaminants picked up during metagenomics studies. Thrips are the only insects that vector
tospoviruses [3]. The novel orthotospovirus-like sequences, STaTV1, detected in this study have not
been reported from soybean. Additional research is needed to determine the host range of the virus.
The recognized members of tenuiviruses infect only monocots and are transmitted by plant hoppers
[75]. Soybean thrips have been reported from multiple species of plants in the U.S. [9-13]. Therefore,
the presence of viruses that infect other plant species or viruses that are not known to be transmitted
by thrips was expected. In addition, plants have been shown to act as reservoirs of invertebrate
picorna-like viruses [76].

Virus sequences obtained from metatranscriptomics not only represent the virome of the vector
organism, but also include viruses of associated organisms. Some of the sequences discovered in this
study could be viruses of symbionts and parasites associated with thrips. Alignment of the assembled
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contigs to reference protein sequences showed that 0.5% of the contigs aligned to parasitoid wasps,
which could indicate the presence of parasitoids in the sampled thrips. The transcriptome data
contained six novel putative mycovirus-like sequences belonging to three major lineages of positive-
sense ssSRNA viruses of eukaryotes in the families Botourmiaviridae, Narnaviridae, and Mitoviridae. We
also found monocistronic negative-stranded ssRNA mycovirus-like sequences (order Serpentovirales,
Supplementary Table S1) that encode only RdRps. There were also several novel dsRNA virus-like
sequences belonging to the orders, Durnavirales and Ghabrivirales, which might represent mycovirus
genomes. All these viruses shared a common phylogenetic origin with other mycoviruses of their
respective taxa (Figures 9-11, 13 and 14), suggesting that these viruses are potentially viruses of
fungal parasites of soybean thrips, soybean, or other fungal contaminants.

The viruses discovered exhibited a huge variation in the abundance of sequence reads. This
variation could be due to the difference in stage of infection at the time of thrips collection or
incidence of infection in the collected thrips. It is also possible that some viruses of low abundance
do not infect and replicate within thrips, but infect other arthropods and are acquired when thrips
feed on virus contaminated plants or are viruses of plants that circulate through thrips while feeding
on plants. Finally, it is possible that some partial and low abundance contigs could be derived from
virus-like sequences integrated into the soybean thrips genome. Virus-like sequences have been
detected in the genomes of multiple arthropod species [77-81]. Most frequently, the detected
sequences are related to parvoviruses and GPs of negative-stranded RNA viruses [82]. Detection of
sequences capable of encoding proteins related to those of positive sense ssRNA viruses are much
less common, although flavivirus-like sequences have been detected in Aedes spp mosquito genomes
[83]. BLAST searches of the genomes of three species related to soybean thrips, Aptinothrips rufus
(GCA_902196195.1), E. occidentalis (GCA_000697945.4), and Thrips palmi (GCA_012932325.1)
identified sequences related to GPs of negative-stranded RNA viruses, but no virus-like RdRP
sequences were detected (data not shown). Even though endogenous virus-like sequences are often
truncated and contain termination codons [81], most of the sequences assembled in this study
represented nearly complete virus genomes of positive-sense ssSRNA viruses with long ORFs, which
suggests that most represent sequences of freely replicating viruses.

Viruses that infect and multiply in arthropod vectors can affect the feeding behavior, fecundity,
and lifespan of their hosts [84-86]. In SVNV-infected soybean thrips, accumulation of high levels of
virus was found to lower viability of thrips although infected females produced significantly more
offspring compared with non-infected females [8]. Additionally, SVNV-infected thrips preferred to
feed on non-infected leaflets compared with infected leaflets. Studies with TSWV suggested that the
virus can influence the developmental time, mating behavior, fecundity, and sex determination of
offspring in its vector F. occidentalis to facilitate its transmission [87]. Similarly in aphids, viruses have
been shown to affect developmental time and reproduction [88]. Implications of the presence of the
diverse viruses in soybean thrips, arthropod specific as well as fungal and plant viruses in its lifecycle,
feeding behavior, and the vector potential are not known at this point.

5. Conclusions

The use of virus metagenomics has rapidly expanded our understanding of the diversity,
ecology, evolution, and taxonomy of viruses. This study extended our knowledge of the unexplored
and rapidly expanding world of insect viromes that provides valuable information on the prevalence,
diversity, and evolution of viruses associated with thrips. The discovery and characterization of
insect viruses is important in increasing our knowledge and understanding of insect—virus diversity,
insect-virus interactions and their coevolution, and insect immune defenses. Along with previous
studies [38,46,58,89], our findings reaffirm the vast diversity of viruses in arthropods and suggests
that insects could be reservoirs of known and novel viruses including plant-infecting viruses. In
addition, the discovery of novel plant-infecting viruses highlights the potential use of VEM along
with vector surveys to identify emerging viruses of agriculturally important crops present in a
geographic region.



Viruses 2020, 12, 1376 27 of 31

Supplementary Materials: The following are available online at www.mdpi.com/1999-4915/12/12/1376/s1,
Supplementary Table S1: Virus-like sequences assembled from soybean thrips RNA-Seq data.

Author Contributions: Conceptualization, D.L.-K., G.L.H., and L.L.D.; Methodology, T.T.-V., D.L.-K., and
N.K.M,; Formal analysis, T.T.-V., D.L.-K,, and L.L.D.; Investigation, T.T.-V., D.L.-K., and N.K.M.; Data curation,
L.L.D.; Writing—original draft preparation, T.T.-V. and L.D.-K.; Writing—review and editing, T.T.-V., D.L.-K,,
N.KM., GL.-H, H-K]J., H-SL., and L.L.D.; Supervision, G.L.H. and L.L.D.; Project administration, G.L.H. and
L.L.D.; Funding acquisition, G.L.H., H.-S.L., and L.L.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the United States Department of Agriculture - Agricultural Research
Service, United Soybean Board, and a grant from the Next-Generation Biogreen 21 Program (PJ01365503), Rural
Development Administration, Republic of Korea.

Acknowledgments: Mention of a trademark, proprietary product, or vendor does not constitute a guarantee or
warranty of the product by the United States Department of Agriculture and does not imply its approval to the
exclusion of other products or vendors that may also be suitable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Jones, D.R. Plant viruses transmitted by thrips. Eur. ]. Plant Pathol. 2005, 113, 119-157.

Pappu, HR; Jones, R.A.C,; Jain, R.K. Global status of tospovirus epidemics in diverse cropping systems:
Successes achieved and challenges ahead. Virus Res. 2009, 141, 219-236.

3.  Rotenberg, D.; Jacobson, A.L.; Schneweis, D.]J.; Whitfield, A.E. Thrips transmission of tospoviruses. Curr.
Opin. Virol. 2015, 15, 80-89.

4. Zhou, J,; Tzanetakis, LE. Soybean vein necrosis virus: An emerging virus in North America. Virus Genes
2019, 55, 12-21.

5. Irizarry, M.D.; Elmore, M.G.; Batzer, J.C.; Whitham, S.A.; Mueller, D.S. Alternative hosts for soybean vein
necrosis virus and feeding preferences of its vector soybean thrips. Plant Health Prog. 2018, 19, 176-181.

6.  Anderson, N.R. Effect of Soybean Vein Necrosis on Soybean Yield and Seed Quality, and Symptom Expression on
Soybean and Alternative Hosts; Purdue University: West Lafayette, Indiana, 2017.

7. Zhou, ].; Tzanetakis, I.E. Epidemiology of Soybean vein necrosis-associated virus. Phytopathology 2013, 103,
966-971.

8.  Keough, S.; Han, J.; Shuman, T.; Wise, K.; Nachappa, P. Effects of soybean vein necrosis virus on life history
and host preference of its vector, Neohydatothrips variabilis, and evaluation of vector status of Frankliniella
tritici and Frankliniella fusca. ]. Econ. Entomol. 2016, 109, 1979-1987.

9.  Beach, AM. Contributions to a knowledge of the Thripidae of lowa. Proc. Iowa Acad. Sci. 1897, 3, 214-227.

10. Akin, D.S,; Lorenz, G.M., III; Studebaker, G.E.; Howard, J.E. Regional survey 2009-2010: Thrips species
composition across the upland cotton belt. Res. Ser. Ark. Agric. Exp. Stn. 2011, 589, 132-137.

11.  Dupree, M. Control of thrips and the bean leaf beetle on lima beans with systemic insecticides. Ga. Entomol.
Soc. ]. 1970, 51, 48-52.

12. Irwin, M.E.; Yeargan, K.V. Sampling phytophagous thrips on soybean. In Sampling Methods in Soybean
Entomology; Kogan, M., Herzog, D.C., Eds.; Springer: New York, NY, YSA, 1980; pp. 283-304.

13. Nault, B.A,; Speese, J., Ill. Major insect pests and economics of fresh-market tomato in eastern Virginia.
Crop Prot. 2002, 21, 359-366.

14. Feng, Y.; Krueger, E.N.; Liu, S.; Dorman, K.; Bonning, B.C.; Miller, W.A. Discovery of known and novel
viral genomes in soybean aphid by deep sequencing. Phytobiomes |. 2017, 1, 36-45.

15. Wamonje, F.O.; Michuki, G.N.; Braidwood, L.A.; Njuguna, J.N.; Musembi Mutuku, J.; Djikeng, A.; Harvey,
J.J.W.; Carr, J.P. Viral metagenomics of aphids present in bean and maize plots on mixed-use farms in
Kenya reveals the presence of three dicistroviruses including a novel Big Sioux River virus-like
dicistrovirus. Virol. |. 2017, 14, 188.

16. Kamali, M.; Heydarnejad, J.; Pouramini, N.; Masumi, H.; Farkas, K.; Kraberger, S.; Varsani, A. Genome
sequences of Beet curly top Iran virus, Oat dwarf virus, Turnip curly top virus, and Wheat dwarf virus identified
in leafhoppers. Genome Announc. 2017, 5, e01674-16.



Viruses 2020, 12, 1376 28 of 31

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Fontenele, R.S.; Alves-Freitas, D.M.T.; Silva, P.I.T.; Foresti, J.; Silva, P.R.; Godinho, M.T.; Varsani, A.;
Ribeiro, S.G. Discovery of the first maize-infecting mastrevirus in the Americas using a vector-enabled
metagenomics approach. Arch. Virol. 2018, 163, 263-267.

Nouri, S.; Salem, N.; Nigg, ].C.; Falk, B.W. Diverse array of new viral sequences identified in worldwide
populations of the Asian citrus psyllid (Diaphorina citri) using viral metagenomics. J. Virol. 2016, 90, 2434—
2445,

Ng, T.E.F.; Duffy, S.; Polston, J.E.; Bixby, E.; Vallad, G.E.; Breitbart, M. Exploring the diversity of plant DNA
viruses and their satellites using vector-enabled metagenomics on whiteflies. PLoS ONE 2011, 6, e19050.
Rosario, K.; Capobianco, H.; Ng, T.F.F.; Breitbart, M.; Polston, J.E. RNA viral metagenome of whiteflies
leads to the discovery and characterization of a whitefly-transmitted carlavirus in North America. PLoS
ONE 2014, 9, e86748.

Rosario, K.; Seah, Y.M.; Marr, C.; Varsani, A.; Kraberger, S.; Stainton, D.; Moriones, E.; Polston, J.E.; Duffy,
S.; Breitbart, M. Vector-enabled metagenomic (VEM) surveys using whiteflies (Aleyrodidae) reveal novel
Begomovirus species in the New and Old Worlds. Viruses 2015, 7, 5553-5570.

Lagos-Kutz, D.; Voegtlin, D.J.; Onstad, D.; Hogg, D.; Ragsdale, D.; Tilmon, K.; Hodgson, E.; DiFonzo, C.;
Groves, R.; Krupke, C,; et al. The soybean aphid suction trap network: Sampling the aerobiological “Soup”.
Am. Entomol. 2020, 66, 48-55.

Hoddle, M.S; Mound, L.A; Paris, D.L. Thrips of California. Available online:
https://keys.lucidcentral.org/keys/v3/thrips_of_california/Thrips_of_ California.html (accessed on 28
September 2020).

Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, ].Z.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.;
Raychowdhury, R.; Zeng, Q.; et al. Trinity: Reconstructing a full-length transcriptome without a genome
from RNA-Seq data. Nat. Biotechnol. 2011, 29, 644—652.

Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko,
S.I; Pham, S; Prjibelski, A.D.; et al. SPAdes: A new genome assembly algorithm and its applications to
single-cell sequencing. . Comput. Biol. 2012, 19, 455-477.

Edgar, R.C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 2010, 26, 2460—
2461.

Altschul, S.F.; Gish, W.; Miller, W.; Myers, EW.; Lipman, D.]. Basic local alignment search tool. ]. Mol. Biol.
1990, 215, 403-410.

Langmead, B.; Trapnell, C.; Pop, M.; Salzberg, S.L. Ultrafast and memory-efficient alignment of short DNA
sequences to the human genome. Genome Biol. 2009, 10, R25.

Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.;
Subgroup, G.P.D.P. The sequence alignment/map format and SAMtools. Bioinformatics 2009, 25, 2078-2079.
Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput Nucleic Acids
Res. 2004, 32, 1792-1797.

Kumar, S,; Stecher, G.; Tamura, K. MEGA?7: Molecular evolutionary genetics analysis version 7.0 for bigger
datasets. Mol. Biol. Evol. 2016, 33, 1870-1874.

Valles, S.M.; Chen, Y.; Firth, A.E.; Guérin, D.M.A.; Hashimoto, Y.; Herrero, S.; de Miranda, ].R.; Ryabov, E.;
ICTV Report Consortium, ICTV Virus Taxonomy Profile: Iflaviridae. ]. Gen. Virol. 2017, 98, 527-528.

Valles, S.M.; Chen, Y.; Firth, A.E.; Guérin, D.M.A.; Hashimoto, Y.; Herrero, S.; de Miranda, J.R.; Ryabov, E.;
ICTV Report Consortium, ICTV Virus Taxonomy Profile: Dicistroviridae. ]. Gen. Virol. 2017, 98, 355-356.

de Souza, W.M.; Fumagalli, M.].; de Araujo, J.; Ometto, T.; Modha, S.; Thomazelli, L.M.; Durigon, E.L.;
Murcia, P.R.; Figueiredo, L.T.M. Discovery of novel astrovirus and calicivirus identified in ruddy
turnstones in Brazil. Sci. Rep. 2019, 9, 5556.

Adams, L.P.; Braidwood, L.A.; Stomeo, F.; Phiri, N.; Uwumukiza, B.; Feyissa, B.; Mahuku, G.; Wangi, A.;
Smith, J.; Mumford, R.; et al. Characterising maize viruses associated with maize lethal necrosis symptoms
in sub Saharan Africa. bioRxiv 2017, 161489, doi:10.1101/161489.

Yinda, C.K,; Zell, R.; Deboutte, W.; Zeller, M.; Conceicao-Neto, N.; Heylen, E.; Maes, P.; Knowles, N.J.;
Ghogomu, S.M.; Van Ranst, M,; et al. Highly diverse population of Picornaviridae and other members of the
Picornavirales, in Cameroonian fruit bats. BMC Genom. 2017, 18, 249.

Frangois, S.; Mutuel, D.; Duncan, A.B.; Rodrigues, L.R.; Danzelle, C.; Lefevre, S.; Santos, I.; Frayssinet, M.;
Fernandez, E.; Filloux, D.; et al. A new prevalent densovirus discovered in Acari. insight from



Viruses 2020, 12, 1376 29 of 31

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

metagenomics in viral communities associated with two-spotted mite (Tetranychus urticae) populations.
Viruses 2019, 11, 233.

Shi, M.; Lin, X.-D.; Vasilakis, N.; Tian, J.-H.; Li, C.-X.; Chen, L.-].; Eastwood, G.; Diao, X.-N.; Chen, M.-H.;
Chen, X,; et al. Divergent viruses discovered in arthropods and vertebrates revise the evolutionary history
of the Flaviviridae and related viruses. J. Virol. 2016, 90, 659—-669.

Yasmin, T.; Thekke-Veetil, T.; Hobbs, H.A.; Nelson, B.D.; McCoppin, N.K,; Lagos-Kutz, D.; Hartman, G.L,;
Lambert, K.N.; Walker, D.R.; Domier, L.L. Aphis glycines virus 1, a new bicistronic virus with two
functional internal ribosome entry sites, is related to a group of unclassified viruses in the Picornavirales. |
Gen Virol 2020, 101, 105-111.

Paliwal, Y. Virus diseases of alfalfa and biology of alfalfa mosaic virus in Ontario and western Quebec. Can.
J. Plant Pathol. 1982, 4, 175-179.

Paliwal, Y. Identification and distribution in eastern Canada of lucerne transient streak, a virus newly
recognized in North America. Can. J. Plant Pathol. 1983, 5, 75-80.

Medd, N.C.; Fellous, S.; Waldron, F.M.; Xuéreb, A.; Nakai, M.; Cross, J.V.; Obbard, D.]. The virome of
Drosophila suzukii, an invasive pest of soft fruit. Virus Evol. 2018, 4, vey009.

Nunes, M.R.T.; Contreras-Gutierrez, M.A.; Guzman, H.; Martins, L.C.; Barbirato, M.F.; Savit, C.; Balta, V ;
Uribe, S.; Vivero, R; Suaza, ].D.; et al. Genetic characterization, molecular epidemiology, and phylogenetic
relationships of insect-specific viruses in the taxon Negevirus. Virology 2017, 504, 152-167.

Vasilakis, N.; Forrester, N.L.; Palacios, G.; Nasar, F.; Savji, N.; Rossi, S.L.; Guzman, H.; Wood, T.G.; Popov,
V.; Gorchakov, R.; et al. Negevirus: A proposed new taxon of insect-specific viruses with wide geographic
distribution. J. Virol. 2013, 87, 2475-2488.

Chiapello, M.; Rodriguez-Romero, J.; Nerva, L.; Forgia, M.; Chitarra, W.; Ayllén, M.A.; Turina, M. Putative
new plant viruses associated with Plasmopara viticola-infected grapevine samples. Ann. Appl. Biol. 2020, 176,
180-191.

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; et al.
Redefining the invertebrate RNA virosphere. Nature 2016, 540, 539-543.

Simmonds, P.; Becher, P.; Bukh, J.; Gould, E.A.; Meyers, G.; Monath, T.; Muerhoff, S.; Pletnev, A.; Rico-
Hesse, R.; Smith, D.B.; et al. ICTV Report Consortium, ICTV Virus Taxonomy Profile: Flaviviridae. ]. Gen.
Virol. 2017, 98, 2-3.

Qin, X.-C.; Shi, M.; Tian, J.-H.; Lin, X.-D.; Gao, D.-Y.; He, ].-R;; Wang, J.-B.; Li, C.-X,; Kang, Y.-].; Yu, B; et
al. A tick-borne segmented RNA virus contains genome segments derived from unsegmented viral
ancestors. Proc. Natl. Acad. Sci. USA 2014, 111, 6744-6749.

Delmas, B.; Attoui, H.; Ghosh, S.; Malik, Y.S.; Mundt, E.; Vakharia, V.N.; ICTV Report Consortium, ICTV
virus taxonomy profile: Birnaviridae. ]. Gen. Virol. 2019, 100, 5-6.

Liu, S.; Vijayendran, D.; Chen, Y.; Bonning, B.C. Aphis glycines virus 2, a novel insect virus with a unique
genome structure. Viruses 2016, 8, 315.

DeRisi, J.L.; Huber, G.; Kistler, A.; Retallack, H.; Wilkinson, M.; Yllanes, D. An exploration of
ambigrammatic sequences in narnaviruses. Sci. Rep. 2019, 9, 17982.

Lye, L.-F.; Akopyants, N.S.; Dobson, D.E.; Beverley, SM. A narnavirus-like element from the
trypanosomatid protozoan parasite Leptomonas seymouri. Genome Announc. 2016, 4, e00713-16.

Ayllon, M.A.; Turina, M.; Xie, J.; Nerva, L.; Marzano, S.-Y. L.; Donaire, L.; Jiang, D.; ICTV Report
Consortium, ICTV Virus Taxonomy Profile: Botourmiaviridae. ]. Gen. Virol. 2020, 101, 454-455.

Wang, Q.; Mu, F.; Xie, J.; Cheng, J.; Fu, Y.; Jiang, D. A single ssRNA segment encoding RdRp is sufficient
for replication, infection, and transmission of ourmia-like virus in fungi. Front. Microbiol. 2020, 11, 379.
Lambert, A.J.; Velez, ].O.; Brault, A.C.; Calvert, A.E.; Bell-Sakyi, L.; Bosco-Lauth, A.M,; Staples, ].E.; Kosoy,
O.1. Molecular, serological and in vitro culture-based characterization of Bourbon virus, a newly described
human pathogen of the genus Thogotovirus. |. Clin. Virol. 2015, 73, 127-132.

Temmam, S.; Chrétien, D.; Bigot, T.; Dufour, E.; Petres, S.; Desquesnes, M.; Devillers, E.; Dumarest, M,;
Yousfi, L.; Jittapalapong, S.; et al. Monitoring silent spillovers before emergence: A pilot study at the
tick/human interface in Thailand. Front. Microbiol. 2019, 10, 2315.

Plyusnin, A.; Beaty, B.J.; Elliott, R.M.; Goldbach, R.; Kormelink, R.; Lundkvist, A Schmaljohn, C.S.; Tesh,
R.B. Family Bunyaviridae. In Virus Taxonomy -Classification and Nomenclature of Viruses: Ninth Report of the
International Committee on Taxonomy of Viruses; King, AM.Q., Adams, M.]., Carstens, E.B., Lefkowitz, E.J.,
Eds.; Elsevier Academic Press: New York, NY, USA, 2012; pp. 729-741.



Viruses 2020, 12, 1376 30 of 31

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Li, C.-X,; Shi, M,; Tian, J.-H.; Lin, X.-D.; Kang, Y.-J.; Chen, L.-].; Qin, X.-C.; Xu, J.; Holmes, E.C.; Zhang, Y-
Z. Unprecedented genomic diversity of RNA viruses in arthropods reveals the ancestry of negative-sense
RNA viruses. eLife 2015, 4, e05378.

Gondard, M.; Temmam, S.; Devillers, E.; Pinarello, V.; Bigot, T.; Chrétien, D.; Aprelon, R.; Vayssier-Taussat,
M.; Albina, E.; Eloit, M.; et al. RNA viruses of Amblyomma variegatum and Rhipicephalus microplus and cattle
susceptibility in the French Antilles. Viruses 2020, 12, 144.

Garcia, M.L.; B6, E.D.; da Graga, J.V.; Gago-Zachert, S.; Hammond, ].; Moreno, P.; Natsuaki, T.; Pallas, V.;
Navarro, J.A.; Reyes, C.A;; et al. ICTV Report Consortium, ICTV Virus Taxonomy Profile: Ophioviridae. ].
Gen. Virol. 2017, 98, 1161-1162.

Osaki, H.; Sasaki, A.; Nomiyama, K.; Tomioka, K. Multiple virus infection in a single strain of Fusarium
poae shown by deep sequencing. Virus Genes 2016, 52, 835-847.

Nerva, L.; Turina, M.; Zanzotto, A.; Gardiman, M.; Gaiotti, F.; Gambino, G.; Chitarra, W. Isolation,
molecular characterization and virome analysis of culturable wood fungal endophytes in esca symptomatic
and asymptomatic grapevine plants. Environ. Microbiol. 2019, 21, 2886-2904.

Walker, P.J.; Blasdell, K.R.; Calisher, C.H.; Dietzgen, R.G.; Kondo, H.; Kurath, G.; Longdon, B.; Stone, D.M.;
Tesh, R.B.; Tordo, N.; et al. ICTV Report Consortium, ICTV Virus Taxonomy Profile: Rhabdoviridae. ]. Gen.
Virol. 2018, 99, 447-448.

Whitfield, A.E.; Huot, O.B.; Martin, K.M.; Kondo, H.; Dietzgen, R.G. Plant rhabdoviruses—Their origins
and vector interactions. Curr. Opin. Virol. 2018, 33, 198-207.

Vainio, E.J.; Chiba, S.; Ghabrial, S.A.; Maiss, E.; Roossinck, M.; Sabanadzovic, S.; Suzuki, N.; Xie, J.; Nibert,
M. ICTV Report Consortium, ICTV Virus Taxonomy Profile: Partitiviridae. ]. Gen. Virol. 2018, 99, 17-18.
Wickner, R. B.; Ghabrial, S. A.; Nibert, M. L.; Patterson, J. L.; Wang, C. C., Family Totiviridae. In Virus
Taxonomy -Classification and Nomenclature of Viruses: Ninth Report of the International Committee on Taxonomy
of Viruses; King, A.M.Q.,Adams, M.]., Carstens, E.B., Lefkowitz, E.J., Eds.; Elsevier Academic Press: New
York, NY, USA, 2012; pp. 639-650..

Li F; Du, J.; Wu, Z.Q.; Zhang, W.J.; Fu, S.H.; Song, ].D.; Wang, Q.Y.; He, Y; Lei, WW.,; Xu, S.T.; et al.
Identification and genetic analysis of a totivirus isolated from the Culex tritaeniorhynchus in northern China.
Arch. Microbiol. 2020, 202, 807-813.

Wu, Q.F,; Luo, Y.J; Lu, R; Lau, N; Lai, E.C.; Li, W.X,; Ding, S.W. Virus discovery by deep sequencing and
assembly of virus-derived small silencing RNAs. Proc. Natl. Acad. Sci. USA 2010, 107, 1606-1611.

Harvey, E.; Rose, K,; Eden, ].S.; Lo, N.; Abeyasuriya, T.; Shi, M.; Doggett, S.L.; Holmes, E.C. Extensive
diversity of RNA viruses in Australian ticks. J. Virol. 2019, 93, e01358-18.

Cotmore, S.F.; Agbandje-McKenna, M.; Canuti, M.; Chiorini, J.A,; Eis-Hubinger, A.M.; Hughes, J.;
Mietzsch, M.; Modha, S.; Ogliastro, M.; Penzes, ].J.; et al. ICTV Report Consortium, ICTV Virus Taxonomy
Profile: Parvoviridae. |. Gen. Virol. 2019, 100, 367-368.

Bekal, S.; Domier, L.L.; Niblack, T.L.; Lambert, K.N. Discovery and initial analysis of novel viral genomes
in the soybean cyst nematode. |. Gen. Virol. 2011, 92, 1870-1879.

Ruark, C.L.; Gardner, M.; Mitchum, M.G.; Davis, E.L.; Sit, T.L. Novel RNA viruses within plant parasitic
cyst nematodes. PLoS ONE 2018, 13, e0193881.

Chu, D.; Qu, W.-M.; Guo, L. Invasion genetics of alien insect pests in China: Research progress and future
prospects. |. Integr. Agric. 2019, 18, 748-757.

Yamanaka, T.; Morimoto, N.; Nishida, G.M.; Kiritani, K.; Moriya, S.; Liebhold, A.M. Comparison of insect
invasions in North America, Japan and their Islands. Biol. Invasions 2015, 17, 3049-3061.

Liu, W.; Hajano, ].-U.-D.; Wang, X. New insights on the transmission mechanism of tenuiviruses by their
vector insects. Curr. Opin. Virol. 2018, 33, 13-17.

Gildow, F.E.; D’Arcy, Barley and oats as reservoirs for an aphid virus and the influence on barley yellow
dwarf virus transmission. Phytopathology 1988, 78, 811.

Dezordi, F.Z.; Vasconcelos, C.R. d. S.; Rezende, A.M.; Wallau, G.L. In and outs of Chuviridae endogenous
viral elements: Origin of a potentially new retrovirus and signature of ancient and ongoing arms race in
mosquito genomes. Front. Genet. 2020, 11, 542437.

Suzuki, Y.; Frangeul, L.; Dickson, L.B.; Blanc, H.; Verdier, Y.; Vinh, J.; Lambrechts, L.; Saleh, M.C.
Uncovering the repertoire of endogenous flaviviral elements in Aedes mosquito genomes. . Virol. 2017, 91,
e00571-17.



Viruses 2020, 12, 1376 31 of 31

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Russo, A.G.; Kelly, A.G.; Enosi Tuipulotu, D.; Tanaka, M.M.; White, P.A. Novel insights into endogenous
RNA viral elements in Ixodes scapularis and other arbovirus vector genomes. Virus Evol. 2019, 5, vez010.
Ter Horst, AM.; Nigg, J.C; Dekker, F.M.; Falk, BW. Endogenous viral elements are widespread in
arthropod genomes and commonly give rise to PIWI-interacting RNAs. J. Virol. 2019, 93, e02124-18.

Houé, V.; Bonizzoni, M.; Failloux, A.B. Endogenous non-retroviral elements in genomes of Aedes
mosquitoes and vector competence. Emerg. Microbes Infect. 2019, 8, 542-555.

Kapoor, A.; Simmonds, P.; Lipkin, W.I. Discovery and characterization of mammalian endogenous
parvoviruses. J. Virol. 2010, 84, 12628-12635.

Crochu, S.; Cook, S.; Attoui, H.; Charrel, R.N.; De Chesse, R.; Belhouchet, M.; Lemasson, J.-J.; de Micco, P.;
de Lamballerie, X. Sequences of flavivirus-related RNA viruses persist in DNA form integrated in the
genome of Aedes spp. mosquitoes. ]. Gen. Virol. 2004, 85, 1971-1980.

Shalileh, S.; Ogada, P.A.; Moualeu, D.P.; Poehling, HM. Manipulation of Frankliniella occidentalis
(Thysanoptera: Thripidae) by Tomato spotted wilt virus (Tospovirus) via the host plant nutrients to enhance
its transmission and spread. Environ. Entomol. 2016, 45, 1235-1242.

Stafford-Banks, C.A.; Yang, L.H.; McMunn, M.S.; Ullman, D.E. Virus infection alters the predatory behavior
of an omnivorous vector. Oikos 2014, 123, 1384-1390.

Stafford, C.A.; Walker, G.P.; Ullman, D.E. Infection with a plant virus modifies vector feeding behavior.
Proc. Natl. Acad. Sci. USA 2011, 108, 9350-9355.

Wan, Y.; Hussain, S.; Merchant, A.; Xu, B.; Xie, W.; Wang, S.; Zhang, Y.; Zhou, X.; Wu, Q. Tomato spotted
wilt orthotospovirus influences the reproduction of its insect vector, western flower thrips, Frankliniella
occidentalis, to facilitate transmission. Pest Manag. Sci. 2020, 76, 2406-2414.

Jiménez-Martinez, E.S.; Bosque-Pérez, N.A.; Berger, P.H.; Zemetra, R.S. Life history of the bird cherry-oat
aphid, Rhopalosiphum padi (Homoptera: Aphididae), on transgenic and untransformed wheat challenged
with barley yellow dwarf virus. J. Econ. Entomol. 2004, 97, 203-212.

Kafer, S.; Paraskevopoulou, S.; Zirkel, F.; Wieseke, N.; Donath, A.; Petersen, M.; Jones, T.C.; Liu, S.; Zhou,
X.; Middendorf, M.; et al. Re-assessing the diversity of negative-strand RNA viruses in insects. PLoS Pathog.
2019, 15, e1008224.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ ® article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



