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Abstract

Insects are the most diversified and species-rich group of animals and harbor an immense diversity of viruses. Several taxa
in the flavi-like superfamily, such as the genus Flavivirus, are associated with insects; however, systematic studies on insect
virus genetic diversity are lacking, limiting our understanding of the evolution of the flavi-like superfamily. Here, we exam-
ined the diversity of flavi-like viruses within the most complete and up-to-date insect transcriptome collection comprising
1,243 insect species by employing a Flaviviridae RdRp profile hidden Markov model search. We identified seventy-six viral
sequences in sixty-one species belonging to seventeen insect, one entognathan, and one arachnidan orders. Phylogenetic
analyses revealed that twenty-seven sequences fell within the Flaviviridae phylogeny but did not group with established
genera. Despite the large diversity of insect hosts studied, we only detected one virus in a blood-feeding insect, which
branched within the genus Flavivirus, indicating that this genus likely diversified only in hematophagous arthropods. Nine
new jingmenviruses with novel host associations were identified. One of the jingmenviruses established a deep rooting
lineage additional to the insect- and tick-associated clades. Segment co-segregation phylogenies support the separation of
tick- and insect-associated groups within jingmenviruses, with evidence for segment reassortment. In addition, fourteen
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viruses grouped with unclassified flaviviruses encompassing genome length of up to 20 kb. Species-specific clades for
Hymenopteran- and Orthopteran-associated viruses were identified. Forty-nine viruses populated three highly diversified
clades in distant relationship to Tombusviridae, a plant-infecting virus family, suggesting the detection of three previously
unknown insect-associated families that contributed to tombusvirus evolution.

Key words: flavi-like virus; insect virus; phylogeny; positive-sense RNA; tombusvirus.

1. Introduction

During the last decade, the scientific interest in arthropod-borne
viruses (arboviruses) has broadened to include arthropod- and, in
particular, insect-specific viruses (Bolling et al. 2015). Whereas
the arthropod vector in the arboviral transmission cycle was orig-
inally noted for its function to transmit the virus to vertebrates, it
is becoming more apparent that the evolutionary origins of arbo-
viruses may lie in arthropods. Arthropod-specific viruses could
thus be regarded as precursors of arboviruses, even if they appear
to be phylogenetically distinct (Marklewitz et al. 2015). In major
groups of viruses, arthropod-associated members moreover
seem to represent a greater sample from a common ancestral di-
versity than vertebrate-specific members. For instance, within
bunya- and mononegaviruses, known vertebrate pathogenic vi-
ruses are embedded in a diversity of novel arthropod-specific vi-
ruses discovered only in the past years (Li et al. 2015; Käfer et al.
2019). The great majority in the phylum Arthropoda are insects.
Insects are the most abundant and diversified animal group with
an estimated number of �5.5 million species representing about
eighty percent of the world’s species (Stork 2018). Metagenomic
studies revealed an enormous virus diversity in insects (Li et al.
2015; Shi et al. 2016a,b; Käfer et al. 2019), yet only a fraction of the
tremendous diversity of insect species has been analyzed.

The genus Flavivirus (sensu stricto, relates to ICTV-classified
species) within the Flaviviridae family hosts an extensive list of
human-pathogenic arboviruses, transmitted by mosquitoes and
ticks. On the other hand, all other established Flaviviridae genera
(Pegivirus, Pestivirus, and Hepacivirus) contain only vertebrate-
infecting viruses that are not associated with arthropod vectors
and show a lower intra-genetic diversity in comparison to the
genus Flavivirus. New hepaci- and pegi-like viruses in virus dis-
covery studies have only been reported to occur in primates and
mammals (Porter et al. 2020). Recent findings of viruses that
have different genome organizations from classical flaviviruses
but group within the family Flaviviridae in phylogenetic analyses
based on the RNA-dependent RNA polymerase (RdRp) gene, in-
dicate that the evolution of this family is complex and not well
understood. One of these groups contains viruses that have
been found in bees, flies, and aphids, as well as in plant and
nematode hosts (Kobayashi et al. 2013; Bekal et al. 2014; Shi
et al. 2016a; Teixeira et al. 2016; Webster et al. 2016; Remnant
et al. 2017; Kondo et al. 2020; Faizah et al. 2020). This group con-
tains viruses with genomic length of 16–23 kb as opposed to
10 kb in classical flaviviruses, albeit with a similar organization.
Another unclassified virus group contains segmented viruses,
tentatively named ‘jingmenviruses’, which were recently dis-
covered in ticks and several insects, as well as in humans with
reported febrile illness (Kuivanen et al. 2019; Wang et al.
2019a,b). These data suggest that non-hematophagous insect
hosts played an important role in flavivirus evolution. However,
systematic studies in insects are lacking.

The Flaviviridae and Tombusviridae families are grouped in
the so-called flavi-like superfamily (Koonin et al. 2015); how-
ever, the evolution of host associations within and between

both families remains elusive. Tombusviruses are known to in-
fect angiosperm plants in more than fifteen different orders,
mainly causing leaf mottling and deformations, and stunting.
Virus spread occurs by contact between plants, pollen, or seeds,
or by contact to infected soil or water (Herrera-Vásquez et al.
2009; Mehle and Ravnikar 2012). There is little knowledge if
virions can also be mechanically transmitted by arthropods
perhaps acting as carriers for seeds or pollen.

Current knowledge on flavi-related viruses is mainly driven
by interests in human or domestic animal health, and strategies
to combat their associated repercussions. The same pattern
occurs similarly in the tombus-related viruses with research
lines mostly drawn across mitigation strategies for plant viral
disease. Despite the need for a broad understanding of flavivi-
rus evolution (Blitvich and Firth 2017) and RNA virus evolution
in general (Koonin and Dolja 2018), only few studies have previ-
ously focused on a systematic and comprehensive search in
non-typical tombusvirus hosts, that is plant hosts, or non-he-
matophagous flavivirus hosts, other than mosquitoes or ticks
(Kobayashi et al. 2013; Bekal et al. 2014; Teixeira et al. 2016; Shi
et al. 2016b; Webster et al. 2016; Remnant et al. 2017; Parry and
Asgari 2019; Kondo et al. 2020). Crucially too, understanding the
evolution of the flavi-like superfamily requires a unified sam-
pling strategy of large organismic host groups in higher taxo-
nomic ranks, such as orders or classes, and in a variety of
geographic locations. However, sampling is often performed on
a basis of limited geographical sites or organismic groups for
reasons of capacity. Also, the practice of sample pooling, though
assisting in the era of next-generation sequencing, introduces
doubts in ascertaining species-specific host associations as well
as in genome assembly (especially for segmented viruses) when
individual samples are not retained. Here, we explored the di-
versity of flavi-related viruses in the largest insect collection of
transcriptomes sampled worldwide representing all extant in-
sect orders (Misof et al. 2014). Our findings unveil the evolution
of the flavi-like superfamily within insects, contributing new
coding-complete viral genomes and previously unknown insect
host associations, even at the order level.

2. Materials and methods
2.1 Virus identification

Screening of insect transcriptome data to identify and filter viral
sequences was done as described previously (Käfer et al. 2019).
In brief, worldwide collected samples from 1,243 insects and
other arthropods were sequenced in an Illumina HiSeq2000
platform (Misof et al. 2014). RNAseq raw data were assembled
using SOAPdenovo-Trans-31kmer (version 1.01) (Li et al. 2010),
and checked for quality and cross contaminations
with VecScreen (www.ncbi.nlm.nih.gov/tools/vecscreen/), and
UniVec database build 7.0 (www.ncbi.nlm.nih.gov/tools/
vecscreen/univec/). Nucleotide assemblies were translated in all
six open reading frames (ORFs) with the fastatranslate program
within the package EXONERATE (version 2.2.0) (Slater and

2 | Virus Evolution, 2021, Vol. 7, No. 1

http://www.ncbi.nlm.nih.gov/tools/vecscreen/
http://www.ncbi.nlm.nih.gov/tools/vecscreen/univec/
http://www.ncbi.nlm.nih.gov/tools/vecscreen/univec/


Birney 2005). The ORF library was computationally screened for
viral sequences with the software HMMER version 3 (Eddy 2011),
utilizing an amino acid profile hidden Markov model (pHMM)
built based on a T-coffee alignment (Expresso mode) (Notredame
et al. 2000) of 138 Flaviviridae RdRp sequences. The transcriptome
data stem from the 1KITE consortium (NCBI Umbrella BioProject
accession number: PRJNA183205, ‘The 1KITE project: evolution of
insects’). The detection of distant evolutionary homologs by uti-
lizing pHMMs comes with the downside of inflating the results
with redundant sequences. Filtering out redundant matches
included a two-fold approach as previously described (Käfer et al.
2019). As a first step, all hits were aligned to the initial flavivirus
template RdRp alignment and sequences that were too short
and/or did not overlap with the core RdRp motifs were subse-
quently removed. Phylogenetic tree inference with PhyML v.3.2.0
(Guindon et al. 2010) assisted further in identifying erroneously
matched sequences by inspecting the topologies for instances of
long branch attraction. In the second step, all sequences were
compared against the non-redundant NCBI protein database,
which had been filtered for viral sequences beforehand, using
blastp of the BLASTþ suite v.2.2.28 (Camacho et al. 2009). The
combination of results from both approaches along with a cut-off
of 300 nucleotides that served as the minimum sequence length
yielded the final viral sequences.

2.2 Genome assembly and annotation

Search for further viral sequence information was performed us-
ing full genome sequences of related viruses downloaded from
GenBank (Supplementary Table S1). In particular, for segmented
viruses (jingmenviruses, the genus Dianthovirus of Tombusviridae,
Hubei tombus-like virus 28, and Wuhan insect virus 35 and -21),
the corresponding sequences for non-RdRp segments were
downloaded from GenBank and served as the basis to create per-
segment sequence databases. Insect transcriptome assemblies
were matched to amino acid libraries per genomic segment using
diamond version 0.9.26 (Buchfink et al. 2015). A read-mapping
step using Geneious (Geneious v.9.1.8, Biomatters, 581 Auckland,
New Zealand, https://www.geneious.com) was applied to all viral
sequences in order to verify the assemblies and potentially elon-
gate them at their 50 or 30 ends. Genome annotations were carried
out using the webservice mode of InterProScan software (Jones
et al. 2014) for protein domain predictions. Cleavage sites were
predicted by aligning the obtained sequences to known flavivi-
ruses, as well as by the webservice mode of SignalP-5.0
(Armenteros et al. 2019) for host signalase site prediction.

2.3 Phylogenetic analyses

Amino acid multiple sequence alignments of the RdRp gene for
Flaviviridae- and Tombusviridae-related sequences were per-
formed using the E-INS-i mode of mafft v7.407 (Katoh and
Standley 2013). Alignments were 351 and 900 amino acids long
for the Flaviviridae- and Tombusviridae-related sequences, re-
spectively. Unclassified viral sequences that have previously
been reported as flavi-related, as well as unclassified flavivi-
ruses and tombusviruses were included in the alignments. The
LG amino acid substitution model was selected for both align-
ments based on the Bayesian Information Criterion, with the
options that empirically count amino acid frequencies from
the data and allow a proportion of invariable sites. Maximum
likelihood phylogenies were inferred in RAxML-NG version 0.7.0
BETA (Kozlov et al. 2019) using 1,000 bootstrap replicates and
the transfer bootstrap expectation metric for clade credibility.

Trees were visualized using the R package ggtree (Yu et al. 2017).
Phylogenetic co-segregation of different jingmenvirus segments
was based on maximum likelihood phylogenies of the corre-
sponding viral proteins, following the alignment and tree infer-
ence methods as described above. Tanglegrams were visualized
using the R package dendextend (Galili 2015).

3. Results

Our search, based on an amino acid profile hidden Markov model
(pHMM) of the Flaviviridae RdRp gene, yielded a broad diversity of
previously unknown viruses. In total, 162 putative viral sequen-
ces showing 18–61 per cent amino acid identity to flaviviruses
and 22–68 per cent amino acid identity to tombusviruses were
identified. The pHMM search, while based on a Flaviviridae RdRp
model, delivered hits for both Flaviviridae and Tombusviridae, con-
firming the grouping of the two families in the flavi-like super-
family and their phylogenetic clustering within the Kitrinoviricota
phylum (Wolf et al. 2018). An overview unrooted phylogeny is
shown in Fig. 1 that includes Amarillovirales and Tolivirales, the
two virus orders of Flaviviridae and Tombusviridae, respectively.
Extensive filtering and verification of the pHMM hits based on se-
quence length (>300 nucleotides), taxonomic grouping, and pres-
ence of a continuous ORF containing the conserved canonical
glycine–aspartate–aspartate (GDD) motif resulted in seventy-six
unique viral sequences (n ¼ twenty-seven flavi-related and n ¼
forty-nine tombus-related) that were included in downstream
phylogenetic and genome organization analyses. An average of
1.5 sequences per insect transcriptome with a maximum of six
sequences per insect transcriptome were identified. Average read
number per assembled sequence was 19,518 reads, with a mini-
mum of twenty-seven and a maximum of 1,756,653 reads per as-
sembled sequence. These viral sequences were identified in
sixty-one species belonging to seventeen insect orders (such as
Trichoptera, Embioptera, and Odonata), one entognathan order
(Diplura), and one arachnidan order (Scorpiones), with nearly
each detected virus associated with a different insect species.
Transcriptomes consisted of both individual specimens
(n ¼ twenty-seven) and pools of two to sixty individuals of the
same species (n ¼ thirty-four). Details of host associations, taxo-
nomic classification, and sampling date and location are given in
Supplementary Table S1. Novel viruses were named after the
host order, viral family, and the designation ‘OKIAV’ (for ‘1KITE
insect-associated virus’), followed by the sample ID (e.g.
Hymenopteran flavi-related virus OKIAV350) in conformity
with viruses previously identified in the same sample set
(Käfer et al. 2019).

3.1 Genome and phylogenetic analyses of novel
flavi-related viruses

The following four viral sequences Dipteran flavi-related virus
OKIAV1492, Embiopteran flavi-like virus (OKIAV324), Plecopteran
flavi-related virus OKIAV325, and Coleopteran flavi-related virus
OKIAV323 established four lineages in phylogenetic sister rela-
tionship to members of the genus Flavivirus (Fig. 2). Coleopteran
flavi-related virus OKIAV323 branched basal to the genus
Flavivirus and to the unclassified flavi-related viruses and was
identified in a longhorn beetle (Pempsamacra sp.). Dipteran flavi-
related virus OKIAV1492 was found in a black fly (Simulium meri-
dionale) and shared a recent ancestor with the classical insect-
specific flaviviruses. Black flies feed on vertebrates, for example
birds and humans (DeFoliart and Rao 1965), supporting the no-
tion that the genus Flavivirus (sensu lato) diversified within blood-
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feeding arthropods. Embiopteran flavi-like virus was found in a
webspinner and grouped with Plecopteran flavi-related virus
OKIAV325, detected in a stonefly, as well as with viruses from
marine hosts, such as sharks and molluscs, and a bat host.
Embiopteran flavi-like virus comprised a coding-complete flavivi-
rus genome with a typical genome organization as shown in
Fig. 3. Putative protein cleavage sites were similar as in other fla-
viviruses and are listed in Table 1. Exact size of corresponding
proteins may differ from classical flaviviruses.

3.2 Genome and phylogenetic analyses of novel
jingmenviruses

We have identified nine jingmenviruses, of which eight grouped
with the insect-associated clade and one was placed on a long

branch basal to the tick-associated clade based on phylogenetic
analyses of RdRp proteins (Fig. 2). A search for non-RdRp
genome segments yielded in total fourteen additional
segments. Coding-complete genomes, each with four seg-
ments, were assembled for the following three viruses:
Dipteran jingmenvirus (OKIAV332), Trichopteran jingmenvirus
(OKIAV337), and Neuropteran jingmenvirus (OKIAV339). As
shown in Fig. 4, these genomes have a typical jingmenvirus-
like genome organization. However, segment 2 and segment 4
of Neuropteran jingmenvirus differed from those of other in-
sect-associated jingmenviruses as the respective ORFs did not
overlap (Garry and Garry 2020). Overlapping ORFs are generally
encountered in insect-associated jingmenviruses but have
also been observed in some tick-associated jingmenviruses
(Temmam et al. 2019).

Figure 1. Maximum likelihood phylogeny of Flaviviridae (order: Amarillovirales), and Tombusviridae and Carmotetraviridae (order: Tolivirales). The phylogenetic inference

was based on an amino acid alignment of the RdRp region using RAxML-NG version 0.7.0 BETA (Kozlov et al. 2019). ICTV-classified viruses are shown in black, unclassi-

fied viruses in grey, and new viruses described in this study are marked in red. Red dots represent complete genomes of new viruses described in the present study.

Bootstrap values above seventy are marked with an asterisk.
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Pegivirus

Pestivirus

Hepacivirus

NC_040589-Diatom colony associated ssRNA virus 1 11413

MG599984-Nanhai dogfish shark pesti-like virus 7797
MG599985-Xiamen fanray pesti-like virus 11039
MG599982-Wenzhou pesti-like virus 1 11451
MG599983-Wenling pesti-like virus 2 12541

MN551109-Plasmopara viticola associated flavi-like virus 1 8851

KR902739-Shayang spider virus 4 21414
KR902730-Xinzhou spider virus 3 20433

KR902741-Tacheng tick virus 8 19537
KR902737-Wuhan centipede virus 23676

KR902735-Xinzhou spider virus 2 24521
NC_024077-Soybean cyst nematode virus 5 19199

MN661083-Atrato Flavi-like virus 1 21837

NC_020252-Gentian Kobu-sho-associated virus 22786
NC_035071-Apis flavivirus 20414

KU754513-Takaungu virus 3925
MH620810-Lampyris noctiluca flavivirus 1 18917

KR902731-Beihai barnacle virus 1 18697
KR902736-Bole tick virus 4 16248
MN025505-Trinbago virus 16274

KR902740-Sanxia water strider virus 6 22879

LC516843-Sitobion miscanthi flavi-like virus 1 23141
NC_028137-Macrosiphum euphorbiae virus 1 22780

KR902733-Gamboa mosquito virus 26315

LC514290-Culex tritaeniorhynchus flavi-like virus 17412

MT129689-Gudgenby flavi-like virus 2267
KR902732-Shayang fly virus 4 16053

KR902734-Shuangao lacewing virus 2 18554
KR902738-Xingshan cricket virus 21779

MH814977-Rhipicephalus associated flavi-like virus 3099

MH688529-Yanggou tick virus 3103

MK473875-Southern pygmy squid flavivirus 12567
MK473879-Firefly squid flavivirus 2910

MK473876-Wenzhou shark flavivirus 10669

MH716818-Eastern red scorpionfish flavivirus 519
NC_040555-Lumpfish flavivirus 11336
NC_003996-Tamana bat virus 10053

NC_035118-Karumba virus 10646

MF352618-Dairy Swamp virus 4906
NC_035187-Mac Peak virus 10026
MG372060-Anopheles flavivirus 901
KX148548-Anopheles flavivirus-like 1 6063

MF352617-Haslams Creek virus 9997

NC_024299-Nienokoue virus 10878

NC_008604-Culex flavivirus 10837

NC_021069-Mosquito flavivirus 10865
NC_012671-Quang Binh virus 10865

HE574574-Culex theileri flavivirus RP-2011 10538

GQ165809-Nakiwogo virus 10122
KX245154-Cuacua virus 9747

KC505248-Palm Creek virus 10095

NC_034242-Ochlerotatus caspius flavivirus 10370
JF707790-Mediterranean ochlerotatus flavivirus 917

JQ268258-Hanko virus 10158
NC_027817-Parramatta River virus 10893

NC_034204-Menghai flavivirus 10897
NC_034017-Xishuangbanna aedes flavivirus 10884

NC_012932-Aedes flavivirus 11064
NC_005064-Kamiti River virus 11375

NC_001564-Cell fusing agent virus 10682

NC_040645-Culex Flavi-like virus 10609
EU569288-Calbertado virus 946
NC_030290-Culiseta flavivirus 10864
NC_027819-Mercadeo virus 10938

MH899446-Sabethes flavivirus 10585

KM871202-Flavivirus 1493VN 778

MK473878-Crangon crangon flavivirus 11434
MK473877-Gammarus chevreuxi flavivirus 11231

MK473881-Gammarus pulex flavivirus 11883

NC_027999-Paraiso Escondido virus 10761

MG214906-Barkedji virus 10693
NC_024017-Nhumirim virus 10891
NC_033715-Nounane virus 10755

NC_034151-T'Ho virus 10937

NC_040610-Nanay virus 10804
NC_040788-Kampung Karu virus 10311

MG587038-Binjari virus 10302

KY072986-Panmunjeom flavivirus 10682
NC_024805-Ilomantsi virus 10365

MK908097-Guapiacu virus 10317
KF801598-Flavivirus Oc748-AL-ITA-2012 1009
NC_024806-Lammi virus 10320

NC_033725-Bamaga virus 10203

NC_026624-Sokoluk virus 10242

NC_023439-Kama virus 10688

NC_034222-Mogiana tick virus 2963
MK673133-Kindia tick virus 2968

NC_024113-Jingmen tick virus 3114

MH158415-Alongshan virus 2994

KR902717-Shuangao insect virus 7 3040

KR902713-Wuhan flea virus 3170

KR902721-Wuhan aphid virus 1 3156
KR902725-Wuhan aphid virus 2 3053

KR902709-Wuhan cricket virus 3135
KT966498-Guaico Culex virus strain BrMS-MQ10 3139

KX883002-Changjiang Jingmen-like virus 3127

MG548661-Zika virus 10807
NC_001477-Dengue virus 10735

NC_009029-Kokobera virus 10874

KF917535-Aroa virus 10248
NC_007580-Saint Louis encephalitis virus 10940

KC734549-Israel turkey meningoencephalomyelitis virus 10792
NC_012534-Bagaza virus 10941

NC_018705-Ntaya virus 10943
NC_015843-Tembusu virus 10990

KC481679-Ilheus virus 10759

NC_000943-Murray Valley encephalitis virus 11014

NC_009942-West Nile virus 11029
EU082200-Koutango virus 10302

NC_034018-Yaounde virus 10293

NC_001437-Japanese encephalitis virus 10976
NC_006551-Usutu virus 11066
NC_026623-Cacipacore virus 10284

NC_012533-Kedougou virus 10723

NC_002031-Yellow fever virus 10862

DQ859057-Bouboui virus 10173

NC_033698-Uganda S virus 10182
DQ859056-Banzi virus 10182
NC_033697-Saboya virus 10173
NC_033699-Jugra virus 10173

NC_030289-Edge Hill virus 10206

NC_008719-Sepik virus 10793
NC_012735-Wesselsbron virus 10814

NC_008718-Entebbe bat virus 10510

NC_005039-Yokose virus 10857

NC_003690-Langat virus 10943

NC_001672-Tick-borne encephalitis virus 11141
NC_001809-Louping ill virus 10871

NC_005062-Omsk hemorrhagic fever virus 10787

NC_039218-Kyasanur Forest disease virus 10376
NC_003687-Powassan virus 10839
NC_039219-Royal Farm virus 10254

NC_033723-Gadgets Gully virus 10251
NC_033724-Kadam virus 10215

NC_033721-Meaban virus 10266
NC_023424-Tyuleniy virus 10673
NC_033726-Saumarez Reef virus 10269

NC_003676-Apoi virus 10116

NC_034007-Phnom Penh bat virus 10131
AF013368-Carey Island virus 1011

NC_003675-Rio Bravo virus 10140

NC_004119-Montana myotis leukoencephalitis virus 10690
AF013365-Bukalasa bat virus 1011
AF013370-Cowbone Ridge virus 1011
NC_003635-Modoc virus 10600

AF013402-San Perlita virus 1011
NC_026620-Jutiapa virus 10125

NC_020902-Equine pegivirus 1 11197
NC_038433-Theilers disease-associated virus 10479
NC_038437-Pegivirus I 9777
NC_001837-Pegivirus A 9550
AF070476-GB virus C variant troglodytes 9250

NC_034442-Pegivirus K 9760
HM047196-Bat GB-like virus 9849

NC_038435-Pegivirus G 10767
NC_021154-Rodent pegivirus 11279

NC_027998-Human pegivirus 2 9867

U70263-Border disease virus 12268
NC_003678-Pestivirus giraffe-1 12602
MH410816-Bovine viral diarrhea virus 3 12032
AF002227-Bovine viral diarrhea virus 2 12255
NC_001461-Bovine viral diarrhea virus 1 12573

NC_024018-Pronghorn antelope pestivirus 12273
NC_025677-Norway rat pestivirus 12983
NC_023176-Porcine pestivirus 12656

NC_018713-Pestivirus strain Aydin-04-TR 12292
AF407339-Classical swine fever virus 39 12297

NC_038429-Hepacivirus J 9687

NC_031916-Hepacivirus L 8916
NC_001655-Hepatitis GB virus B 9399
NC_004102-Hepatitis C virus 9646
NC_038425-Non-primate hepacivirus 9531
NC_038430-Hepacivirus K 9609
NC_038431-Hepacivirus M 9188

NC_025673-Norway rat hepacivirus 2 8568

NC_021153-Rodent hepacivirus 8879
NC_038427-Hepacivirus F 9188

MF113386-Norway rat hepacivirus 1 8877

NC_038432-Hepacivirus N 8880
NC_031950-Guereza hepacivirus 10471

NC_038428-Hepacivirus I 8883

NC_028377-Wenling shark virus 9653
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Odonatan flavi-like virus 19342

Dipteran flavi-related virus OKIAV368 5874
Mantophasmatodean flavi-related virus OKIAV369 3135
Odonatan flavi-related virus OKIAV367 2083

Dipteran flavi-related virus OKIAV357 5298

Hymenopteran flavi-related virus OKIAV356 4044

Orthopteran flavi-related virus OKIAV358 6338
Orthopteran flavi-related virus OKIAV360 7718
Orthopteran flavi-related virus OKIAV361 6825

Neuropteran flavi-related virus OKIAV352 2727

Hymenopteran flavi-related virus OKIAV351 2324
Hymenopteran flavi-related virus OKIAV350 7125
Hymenopteran flavi-related virus OKIAV347 4620
Hymenopteran flavi-related virus OKIAV348 4530

Dipluran jingmen-related virus OKIAV326 1624

Dipteran jingmenvirus 2976
Neuropteran jingmenvirus 3136
Trichopteran jingmenvirus 3128

Siphonapteran jingmen-related virus OKIAV340 2417

Cheliceratan jingmen-related virus OKIAV333 2908
Psocodean jingmen-related virus OKIAV331 2685

Hemipteran jingmen-related virus OKIAV329 3352
Hemipteran jingmen-related virus OKIAV327 2934

Coleopteran flavi-related virus OKIAV323 1629

Embiopteran flavi-like virus 9944

Plecopteran flavi-related virus OKIAV325 845

Dipteran flavi-related virus OKIAV1492 518
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Ochrophyta Bacillariophyceae

Chondrichthyes Squalidae Squalus brevirostris
Chondrichthyes Platyrhinidae Platyrhina sp.
Chondrichthyes Sphyrnidae Sphyrna lewini
Chondrichthyes Proscylliida Proscyllium habereri

Oomycota Peronosporaceae Plasmopara viticola

Arachnida Araneae Neoscona nautica
Arachnida Araneae Neoscona nautica

Arachnida Ixodida Ixodidae Dermacentor marginatus
Chilopoda Scolopendromorpha Scolopendridae Otostigmus scaber

Arachnida Araneae Neoscona nautica
Chromadorea Tylenchida Heteroderidae Heterodera glycines

Diptera Culicidae Mansonia titillans

Gentianales Gentianaceae Gentiana triflora
Hymenoptera Apidae Apis mellifera

Diptera Drosophilidae Drosophila spp.
Coleoptera Lampyridae Lampyris noctiluca

Mix of barnacles
Arachnida Ixodida Ixodidae Hyalomma asiaticum
Arachnida Ixodida Ixodidae Rhipicephalus sanguineus

Mix of water striders

Hemiptera Aphididae mix
Hemiptera Aphididae Macrosiphum euphorbia

Diptera Culicidae sp.

Diptera Culicidae Culex tritaeniorhynchus

Diptera Muscidae Musca vetustissima (pool)
Diptera Muscidae Musca domestica

Mix of insects
Orthoptera Gryllidae Velarifictorus micado

Arachnida Ixodida Ixodidae Rhipicephalus Rhipicephalus microplus

Arachnida Ixodida Ixodidae Dermacentor nuttalli

Cephalopoda Idiosepiidae Idiosepius notoides
Cephalopoda Enoploteuthidae Watasenia scintillans

Chondrichthyes Carcharhiniformes sp.

Actinopterygii Scorpaenidae Scorpaena jacksoniensis
Actinopterygii Cyclopteridae Cyclopterus lumpus
Mammalia Chiroptera Mormoopidae Pteronotus parnellii

Diptera Culicidae Anopheles meraukensi

Diptera Culicidae Anopheles bancroftii
Diptera Culicidae Anopheles faraut
Diptera Culicidae sp.
Diptera Culicidae Anopheles gambiae

Diptera Culicidae Anopheles annulipes

Diptera Culicidae Culex sp.

Diptera Culicidae Culex pipiens

Diptera Culicidae Culex tritaeniorhynchus
Diptera Culicidae Culex tritaeniorhynchus

Diptera Culicidae Culex theileri

Diptera Culicidae Mansonia africana nigerrima
Diptera Culicidae Mansonia spp.

Diptera Culicidae Coquillettidia xanthogaster

Diptera Culicidae Ochlerotatus caspius
Diptera Culicidae Ochlerotatus caspius

Diptera Culicidae sp.
Diptera Culicidae Ochlerotatus vigilax

Diptera Culicidae Aedes albopictus
Diptera Culicidae Aedes albopictus

Diptera Culicidae Aedes albopictus
Insecta Diptera Culicidae Aedes sp.

Diptera Culicidae Aedes aegypti

Diptera Culicidae Culex sp.
Diptera Culicidae Culex tarsalis
Diptera Culicidae Culiseta melanura
Diptera Culicidae Culex sp.

Diptera Culicidae Sabethes belisarioi

Diptera Culicidae Culex pipiens

Malacostraca Decapoda Crangon crangon
Crustacea Amphipoda Gammarus chevreuxi

Crustacea Amphipoda Gammarus pulex

Diptera Psychodidae Psathyromyia abonnenci

Diptera Culicidae Culex perexiguus
Diptera Culicidae Culex chidesteri
Diptera Culicidae Uranotaenia mashonaensis

Diptera Culicidae Culex quinquefasciatus

Diptera Culicidae Culex ocossa
Diptera Culicidae Anopheles tessellatus

Diptera Culicidae Ochlerotatus normanensis

Diptera Culicidae Aedes spp.
Diptera Culicidae sp.

Mammalia Primates Hominidae Homo sapiens
Diptera Culicidae Ochlerotatus caspius
Diptera Culicidae Aedes cinerus

Diptera Culicidae Culex sitiens

Mammalia Chiroptera Pipistrellus pipistrellus

Arachnida Ixodida Ixodidae Ixodes lividus

Arachnida Ixodida Ixodidae Rhipicephalus Rhipicephalus microplus
Arachnida Ixodida Ixodidae Rhipicephalus Rhipicephalus geigyi

Arachnida Ixodida Ixodoidea sp.

Mammalia Primates Hominidae Homo sapiens

Mix of insects

Siphonaptera Pulicidae Ctenocephalides felis

Hemiptera Aphididae Hyalopterus pruni
Hemiptera Aphididae Hyalopterus pruni

Orthoptera Tettigoniidae Conocephalus sp.
Diptera Culicidae Culex sp.

Decapoda Astacoidea sp.

Diptera Culicidae Aedes sp.
Mammalia Primates Hominidae Homo sapiens

Diptera Culicidae Ochlerotatus camptorhynchus

Mammalia Rodentia Cricetidae Cricetulus aureus
Aves Passeriformes Passeridae Passer domesticus

Aves Galliformes Phasianidae Meleagris gallopavo
Diptera Culicidae sp.

Mammalia Rodentia Muridae Mus musculus
Aves Anseriformes Anatidae Ansersp.

Diptera Culicidae Aedes scapularis

Diptera Culicidae Culex annulirostris

Diptera Culicidae Mimomyia
Diptera Culicidae sp.

Diptera Culicidae Culex nebulosus

Diptera Culicidae Culex gelidus
Diptera Culicidae Culex perexiguus
Aves Passeriformes Formicariidae Formicarius analis

Diptera Culicidae sp.

Mammalia Primates Simiiformes sp.

Mammalia Primates Cercopithecidae Papio papio

Aves Passeriformes Muscicapidae Saxicola rubetra
Diptera Culicidae Aedes sp.
Mammalia Rodentia Muridae Gerbilliscus kempi
Mammalia Chiroptera Pteropodidae Cynopterus brachyotis

Macropodidae sp.

Diptera Culicidae sp.
Mammalia Bovidae Ovis aries

Mammalia Chiroptera sp.

Mammalia Chiroptera Vespertilionidae Miniopterus fuliginosus

Mammalia Rodentia Muridae Mus sp.

Arachnida Ixodida Ixodidae Ixodes persulcatus
Mammalia Cervidae sp.

Mammalia Rodentia Cricetidae Arvicola amphibius

Mammalia Primates Hominidae Homo sapiens
Mammalia Lagomorpha Leporidae Lepus americanus
Arachnida Ixodida Ixodoidea sp.

Mammalia Primates Hominidae Homo sapiens
Mammalia Primates Hominidae Homo sapiens

Mammalia Primates Hominidae Homo sapiens
Arachnida Ixodida Ixodidae Ixodes uriae
Mammalia Primates Hominidae Homo sapiens

Mammalia Rodentia Muridae Apodemus speciosus

Mammalia Chiroptera Pteropodidae Cynopterus brachyotis
Mammalia Chiroptera sp.

Mammalia Chiroptera Molossidae Molossus ater

Mammalia Chiroptera Vespertilionidae Myotis lucifugus
Mammalia Chiroptera sp.
Mammalia Rodentia sp.
Mammalia Rodentia Cricetidae Peromyscus maniculatus

Mammalia Rodentia sp.
Mammalia Rodentia Cricetidae Sigmodon hispidus

Mammalia Perissodactyla Equus ferus
Mammalia Perissodactyla Equus caballus
Mammalia Phyllostomidae Sturnira lilium
Mammalia Primates Cebidae Saguinus sp
Mammalia Callitrichidae Saguinus sp.

Mammalia Suidae Sus scrofa
Mammalia Chiroptera Rousettus aegyptiacus

Mammalia Vespertilionidae Scotophilus dinganii
Mammalia Cricetidae Neotoma lepida

Mammalia Primates Hominidae Homo sapiens

Mammalia Bovidae Ovis aries
Mammalia Giraffidae Giraffa camelopardalis
Mammalia Bovidae Ovis aries
Mammalia Bovidae Ovis aries
Mammalia Bovidae Bos taurus

Mammalia Antilocapridae Antilocapra americana
Mammalia Rodentia Muridae Rattus norvegicus
Mammalia Suidae Sus scrofa

Mammalia Bovidae Ovis aries
Mammalia Suidae Sus scrofa

Mammalia Cricetidae Myodes glareolus

Mammalia Chiroptera Hipposideros vittatus
Mammalia Callitrichidae Saguinus sp.
Mammalia Primates Hominidae Homo sapiens
Mammalia Perissodactyla Equus ferus
Mammalia Chiroptera Hipposideros vittatus
Mammalia Chiroptera Otomops martiensseni

Mammalia Rodentia Muridae Rattus norvegicus

Mammalia Cricetidae Peromyscus maniculatus
Mammalia Cricetidae Myodes glareolus

Mammalia Rodentia Muridae Rattus norvegicus

Mammalia Bovidae Bos taurus
Mammalia Cercopithecidae Colobus sp.

Mammalia Muridae Rhabdomys pumilio

Chondrichthyes Proscylliida Proscyllium habereri

Odonata Anisoptera Libellulidae Orthetrum albistylum

Diptera Brachycera Sepsidae Meroplius fasciculatus
Mantophasmatodea Austrophasmatidae Austrophasmatidae sp.
Odonata Zygoptera Hemiphlebiidae Hemiphlebia mirabilis

Diptera Brachycera Therevidae Anabarhynchus dentiphallus

Hymenoptera Perilampidae Perilampus aeneus

Orthoptera Caelifera Pyrgomorphidae Stenocepa sp.
Orthoptera Caelifera Pyrgomorphidae Dictyophorus griseus
Orthoptera Caelifera Pyrgomorphidae Phymateus viridipes

Neuroptera Mantispidae Mantispinae sp.

Hymenoptera Vespidae Ancistrocerus nigricornis
Hymenoptera Vespidae Eumenes papillarius
Hymenoptera Halictidae Dufourea dentiventris
Hymenoptera Apidae Thyreus orbatus

Diplura Campodeidae Campodea silvestrii

Diptera nematocerans Psychodidae Clogmia albipunctata
Neuroptera Chrysopidae Pseudomallada ventralis
Trichoptera Conoesucidae Costora delora

Siphonaptera Pulicidae Ctenocephalides felis

Chelicerata Arachnida Scorpiones Euscorpiidae Euscorpius sicanus
Psocodea Psocomorpha Pseudocaeciliidae Heterocaecilius solocipennis

Hemiptera Auchenorrhyncha Fulgoromorpha Cixiidae Tachycixius pilosus
Hemiptera Heteroptera Pleidae Plea minutissima

Coleoptera Cerambycidae Cerambycinae Pempsamacra sp.

Embioptera Clothodidae Antipaluria urichi

Plecoptera Perlidae Perla marginata

Diptera nematocerans Simuliidae Simulium meridionale

Figure 2. Maximum likelihood phylogeny of flaviviruses. The phylogenetic inference was based on an amino acid alignment of the RdRp region with 1,000 bootstrap

replicates, using RAxML-NG version 0.7.0 BETA (Kozlov et al. 2019). ICTV-classified viruses that belong to the Flaviviridae family are shown in black, unclassified flavi-re-

lated viruses in grey, and new flavi-related viral taxa described in this study are marked in red. Genomic sequence length is noted for every viral taxon and for seg-

mented viruses sequence length corresponds to the RdRp-encoding segment. Viruses with a coding-complete genome described in this study are marked by a black

dot. The tree is rooted to the branch leading to Hepacivirus. Bootstrap values below seventy are not shown.
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Our data on a novel jingmenvirus in bristletails (Campodea
silvestrii) established a new deep branch (Dipluran jingmen-re-
lated virus OKIAV326) in addition to the insect- and tick-associ-
ated clades, and indicated that the group of jingmenviruses is
more diversified than previously shown (Zhang et al. 2020)
(Fig. 2). Dipluran jingmen-related virus OKIAV326 shared a most
recent common ancestor with the tick-associated jingmenvi-
ruses and not as expected with the insect-associated jingmenvi-
ruses. This topology was confirmed by additional phylogenetic
analyses based on an alignment containing only jingmenvi-
ruses (Supplementary Fig. S1).

Genetic markers that differ between insect- and tick-associ-
ated jingmenviruses and that are present on genomic segments
other than the RdRp could not be analyzed for Dipluran jing-
men-related virus OKIAV326 as only the RdRp-encoding seg-
ment 1 was identified. Siphonapteran jingmen-related virus
OKIAV340 grouped with Wuhan flea virus and both viruses
were found in the same host species suggesting that this cluster
of jingmenviruses is associated with fleas (order Siphonaptera).
Of note, Shuangao insect virus 7 was identified in a mix of
two dipteran and one neuropteran insects that belong to the
Psychodidae and Chrysopidae families (Shi et al. 2016a), the
same families of the hosts of its sister taxa, Dipteran jingmenvi-
rus and Neuropteran jingmenvirus. However, Dipteran jing-
menvirus and Shuangao insect virus 7 were more closely
related (Fig. 2), suggesting that Psychodidae species are the
likely hosts for Shuangao insect virus 7.

In addition to the establishment of host-specific groups, the
geographical distribution of jingmenviruses expanded signifi-
cantly with the inclusion of data from this study, adding
Australia, USA, Japan, and countries of Central Europe to the

areas where jingmenviruses have been detected in previous
studies (see Table 2 for detailed host associations and sampling
sites).

Segment co-segregation phylogenetic analyses shown in
Figs. 5 and 6 reveal a consistent phylogenetic grouping among
segment proteins for viruses that occur in the same host
group, thus confirming the observation of intra-host adapta-
tion for the tick-associated jingmenviruses (Temmam et al.
2019) and extending the phylogenetic congruence to some of
the insect-associated jingmenviruses. All phylogenetic co-
segregation topologies were identical for Wuhan aphid virus
1 and Wuhan aphid virus 2, two jingmenviruses that were both
encountered in aphids. The RdRp, capsid, and NS3 phylogenies
were also topologically consistent for the grouping of
Shuangao insect virus 7 and Dipteran jingmenvirus, support-
ing the hypothesis of a dipteran host of Shuangao insect vi-
rus 7. Phylogenetic incongruence among the remaining
jingmenviruses suggests an independent evolutionary
scheme of reassortment events of the segments coding for
the different proteins.

3.3 Genome and phylogenetic analyses of a novel clade
of unclassified flavi-related viruses

We have identified fourteen viruses within a clade of unclassi-
fied flaviviruses with genome length ranging from 16–26 kb,
marked as LGFs for ‘large genome flaviviruses’ in Fig. 2. This
clade is highly diversified, especially in comparison to pestivi-
ruses that branch as sister clade, and associated with a wide di-
versity of arthropod hosts. Two novel host-specific subgroups
were established based on four viruses detected in

Figure 3. Genome organization of Embiopteran flavi-like virus and Odonatan flavi-like virus. Reference genomes of Yellow fever virus and Soybean cyst nematode virus

5 are shown for comparison. Nucleotide positions of ORF start/end are indicated. Arrows point to cleavage sites: black arrows for sites similar to reference sequences,

red arrows for sequence length/position variation in comparison to reference sequences. A complete list of the sequence stretches around the cleavage sites can be

found in Table 1.

Table 1. Putative polyprotein cleavage sites of Embiopteran flavi-like virus, Odonatan flavi-like virus, and closely related flaviviruses.

Cleavage site JEV WNV YFV Embiopteran
flavi-like virus

SbCNV-5 Odonatan
flavi-like virus

C/prM IAYAGA/MKLSNF IASVGA/VTLSN LLMTGG/VTLVRK LVMVAA/
AQFSAD

ILLGGG/ARFVRK FIGKET/VKSAA

pr/M SKRSRR/SVSVQT SRRSRR/SLTVQT SRRSRR/AIDLPT KTRLR/VAISIP STRGKR/AAAKSS DRSARP/AHAGRK
prM/E VAPAYS/FNCLGM VAPAYS/FNCLGM VGPAYS/AHCIGI YLVVGS/KACHQV ? ?
E/NS1 TNVHA/DTGCAI VNVHA/DTGCAI SLGVGA/DOGCAI FWGVKG/

DEMVLS
? ?

NS1/NS2A QVDAF/NGEMV QVNAY/NADMID RSWVTA/GEIHAY KPVYTS/GYYHDL DSVDTA/SLRHRL KGIDDV/YNETNK
NS2A/NS2B PNKKR/GWPATE PNRKR/GWPATE RIFGRR/SIPVNE IYRRKR/PKHDDP YPFPKR/SSGWNE ?
NS2B/NS3 LKTTKR/GGVFWD LQYTKR/GGVLWD VRGARR/SGDVLW YGQWGQ/

RGTIMD
SGTERR/VSVAEG ?

NS3/NS4A AAGKR/SAISFI ASGKR/SQIGLI FAEGRR/GAAEVL KYARLR/GKHASF LSTGRF/GLFKTQ HANFKR/
DNVKKA

NS4A/NS2B GVVAA/NEYGM SAVAA/NEMGW VSAVAA/NELGML NPQIIS/ALIEVK RSAKKE/LEGMDE GKLKEM/LAGLKN
NS2B/NS5 PSLKR/GRPGG PGLKR/GGAKG MKTGRR/GSANG FETPRT/GSSHAE SAHAKK/EGKDKA ?
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hymenopterans and three viruses detected in orthopterans,
marked as HAFs and OAFs for Hymenoptera- and Orthoptera-
associated flaviviruses, respectively. Hymenopteran flavi-re-
lated virus OKIAV356 did not group within the HAF clade as con-
firmed by tree inference analyses based on a clade-specific
alignment. Whereas HAFs and OAFs formed host-specific sub-
clades, LGFs detected in other insects did not form such groups,
e.g. viruses detected in Odonata or Diptera did not group to-
gether. The nearly coding-complete genome of Odonatan flavi-
like virus (OKIAV365) is comparable to the genome of Soybean
cyst nematode virus 5 in Fig. 3. However, as LGFs show very lim-
ited similarity to flaviviruses and as no complete genome anno-
tation for any LGF is available, annotations were only possible
for the NS3 and NS5 genes.

3.4 Genome and phylogenetic analyses of novel tombus-
related viruses

We detected forty-nine tombus-related viruses, which, together
with other invertebrate viruses, established three distinct
phylogenetic clades in distant relationship to the family
Tombusviridae (Fig. 7). The three clades were provisionally
named Gopeviruses, Suriviruses, and Aspoviruses. The clade of

Gopeviruses was mostly populated by viruses identified within
this study and showed several host-specific subclades. The
Dipteran tombus-related viruses OKIAV386, -OKIAV387, and -
OKIAV388 grouped together, and the subclade was named
flower-feeding Diptera-associated tombus-related viruses (FF-
DATs), stemming from three different Brachycera species that
feed on nectar and pollen. The larvae of Pterodontia mellii are
parasitic to spiders, which could explain the close relationship
between Dipteran tombus-related virus OKIAV386 and Hubei
tombus-like virus 30 that was found in spiders (Shi et al. 2016).
Six viruses were identified in a wingless ectoparasite of bees,
Braula coeca, and grouped in a monophyletic subclade of wing-
less Diptera-associated tombus-related viruses (W-DATs). The
sister phylogenetic relationship of subclade W-DATs to Fig
wasp tombus-like virus 1 and to the subclade of Hymenoptera-
associated tombus-related viruses (HATs) indicated that the
HATs subclade probably harbors a larger diversity of hymenop-
teran viruses, yet to be discovered. Both the W-DATs and HATs
clades consist of viruses identified in monospecific insect hosts.
The short genetic distance within the W-DATs and HATs sub-
clades suggested a co-evolutionary relationship between hosts
and viruses. Brachycera species host the viruses identified
within the Diptera-associated tombus-related subclade (DATs),

Segment 1 Shuangao insect virus 7
NS5

5' 3'
1 304083 2800

Dipteran jingmenvirus
NS5

5' 3'
1 85 2802 2976

Trichopteran jingmenvirus
NS5

5' 3'
1 106 7482 8213

Segment 2 Shuangao insect virus 7
VP4

VP1
5' 3'

1 1940

98

508

451

1557

Dipteran jingmenvirus
VP4

VP1
5' 3'

1 1801

69

539

449

1588

Trichopteran jingmenvirus
VP4

VP1
5' 3'

1 2011

124

510

402

1637

Neuropteran jingmenvirus
VP4 VP1

5' 3'
1 2234101 478 529 1548

Segment 3 Shuangao insect virus 7 NS3
5' 3'

1 2756249180

Segment 4 Shuangao insect virus 7
C

VP3
5' 3'

1 2670

92

862

787

2373

Dipteran jingmenvirus
NS3

5' 3'
1 78 2489 2752

Trichopteran jingmenvirus
NS3

5' 3'
1 27892518101

Neuropteran jingmenvirus
NS3

5' 3'
1 100 2529 2853

Dipteran jingmenvirus
C

VP3
5' 3'

1 26632370

784

89

859

Trichopteran jingmenvirus
C

VP3
5' 3'

1 27622442

122

730

904

Neuropteran jingmenvirus
C VP3

5' 3'
1 137 940 1135 2610 2905

Neuropteran jingmenvirus NS5
5' 3'

1 31362808

Figure 4. Genome organization of Dipteran jingmenvirus, Trichopteran jingmenvirus, and Neuropteran jingmenvirus. Nucleotide positions of ORF start/end are indi-

cated. The genome of Shuangao insect virus 7 is shown for comparison.
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Table 2. Host associations down to the species level (wherever available) and geographic locations of jingmenviruses shown in Fig. 2.

Virus Order Family Species Geographic location (reference)

Shuangao insect virus 7 Diptera Neuroptera Psychodidae
Chrysopidae

Chrysopidae sp. Psychoda alternate
Diptera sp.

China: Zhejiang (Shi et al. 2016)

Dipteran jingmenvirus Diptera Psychodidae Clogmia albipunctata USA: North Carolina (this study)
Neuropteran

jingmenvirus
Neuroptera Chrysopidae Pseudomallada ventralis Austria: near Vienna (this study)

Trichopteran
jingmenvirus

Trichoptera Conoesucidae Costora delora Australia: Victoria (this study)

Siphonapteran jingmen-
related virus OKIAV340

Siphonaptera Pulicidae Ctenocephalides felis USA (this study)

Wuhan flea virus Siphonaptera Pulicidae Ctenocephalides felis China: Hubei (Shi et al. 2016)
Wuhan aphid virus 1 Hemiptera Aphididae Hyalopterus pruni China: Hubei (Shi et al. 2016)
Wuhan aphid virus 2 Hemiptera Aphididae Mix of Hyalopterus pruni and

Aulacorthum magnoliae
China: Hubei (Shi et al. 2016)

Cheliceratan jingmen-re-
lated virus OKIAV333

Scorpiones Euscorpiidae Euscorpius sicanus Italy: Sicily (this study)

Psocodean jingmen-re-
lated virus OKIAV331

Psocoptera Pseudocaeciliidae Heterocaecilius solocipennis Japan: Hokkaido (this study)

Guaico Culex virus Diptera Culicidae Culex coronator, Culex interrogator,
Culex declarator

Brazil: Nhecolandia (Pauvolid-
Corrêa et al. 2016) Trinidad:
Aripo (Ladner et al. 2016) Peru:
Loreto (Ladner et al. 2016)
Panama: Soberania, Achiotes
(Ladner et al. 2016)

Wuhan cricket virus Orthoptera Tettigoniidae Conocephalus sp. China: Hubei (Shi et al. 2016)
Hemipteran jingmen-re-

lated virus OKIAV329
Hemipteran Cixiidae Tachycixius pilosus Germany: Thuringia (this study)

Hemipteran jingmen-re-
lated virus OKIAV327

Hemipteran Pleidae Plea minutissima Germany: Lower Saxony (this
study)

Changjiang Jingmen-like
virus

Decapoda Cambaridae Procambarus clarkii China: Hubei (Shi et al. 2016)

Mogiana tick virus Ixodida Artiodactyla Ixodidae Bovidae Rhipicephalus microplus Bos sp. Brazil: Uberlandia (Maruyama et al.
2014; Villa et al. 2017; Souza et al.
2018; Pascoal et al. 2019)
Trinidad and Tobago (Sameroff
et al. 2019)

Kindia tick virus Ixodida Ixodidae Rhipicephalus geigyi Guinea (Ternovoi et al.)
Rhipicephalus associated

flavi-like virus
Ixodida Ixodidae Rhipicephalus microplus China: Yunnan (Xia et al. 2015)

Jingmen tick virus Chiroptera Primates
Primates Diptera
Ixodida

Pteropodidae
Hominidae
Cercopithecidae
Culicidae
Ixodidae

Pteropus lylei Homo sapiens
Piliocolobus rufomitratus Armigeres
sp., Anopheles sp., Culex sp.
Amblyomma testudinarium,
Dermacentor nuttalli,
Haemaphysalis longicornis,
Haemaphysalis campanulata,
Haemaphysalis flava, Hyalomma
marginatum, Ixodes sinensis,
Ixodes granulatus, Ixodes ricinus,
Rhipicephalus microplus,
Rhipicephalus sanguineus

China: Hubei, Heilongjiang (Qin
et al. 2014; Jia et al. 2019; Meng
et al. 2019) Lao PDR (Temmam
et al. 2019) Uganda: Kibale
National Park (Ladner et al. 2016)
Kosovo (Emmerich et al. 2018)
French Antilles (Temmam et al.
2019) Cambodia (Temmam et al.
2019) France (Temmam et al.
2019) Turkey (Dinçer et al. 2019)

Yanggou tick virus Ixodida Ixodidae Dermacentor nuttalli China: Xinjiang (Shen et al. unpub-
lished data)

Alongshan virus Ixodida Artiodactyla
Primates Diptera

Ixodidae Bovidae
Hominidae
Culicidae

Ixodes ricinus, Ixodes persulcatus Bos
sp., Ovis aries Homo sapiens Culex
pipiens, Culex tritaeniorhynchus,
Anopheles yatsushiroensis, Aedes
vexans

Finland: south-eastern Finland
(Kuivanen et al. 2019) Russia:
Chelyabinsk, Republic of Karelia
(Kholodilov et al. 2020) China:
Hulunbuir, Hinggan, Qiqihar,
Greater Khingan, Jilin (Wang
et al. 2019a,b)

Dipluran jingmen-related
virus OKIAV326

Diplura Campodeidae Campodea silvestrii Germany: North Rhine Westphalia
(this study)
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Figure 5. Phylogenetic co-segregation of jingmenviruses. Analyses have been performed between RdRp and NS3, capsid, and VP1 genes. Topologically congruent clades

are highlighted in color. Branches in black indicate taxa that do not share a common topological pattern in the respective tree pairs. Bootstrap values below seventy

are not shown.
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Figure 6. Phylogenetic co-segregation of jingmenviruses. Analyses have been performed between NS3, capsid, and VP1 genes. Topologically congruent clades are

highlighted in color. Branches in black indicate taxa that do not share a common topological pattern in the respective tree pairs. Bootstrap values below seventy are

not shown.
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Alphacarmovirus

Tombusvirus

Betanecrovirus

Betacarmovirus

Dianthovirus

Umbravirus

Panicovirus

Gammacarmovirus

Aureusvirus

Pelarspovirus

Alphanecrovirus

Tombusviridae

MH324430-Crane fly tombus-like virus 3 1511
MH324429-Crane fly tombus-like virus 2 715

KX883233-Wuhan insect virus 35 2221

KX883173-Sanxia tombus-like virus 8 2566
MH324433-Hypsignathus monstrosus tombus-like virus 1 1925

KX883150-Hubei diptera virus 15 2073

KX883166-Hubei tombus-like virus 30 2328

KX883171-Hubei tombus-like virus 27 2209
KX883157-Hubei tombus-like virus 29 2550

KT698826-Diaphorina citri associated C virus 1111

MH324431-Fig wasp tombus-like virus 1 561

KX883118-Shangao tombus-like virus 1 2299
KX883168-Hubei tombus-like virus 28 2539

NC_040575-Culex-associated Tombus-like virus 2645

KX883143-Hubei tombus-like virus 26 2286

MG008317-Leptomonas pyrrhocoris tombus-like virus 1 1121
KX883064-Beihai tombus-like virus 17 5363
KX883074-Beihai tombus-like virus 18 5440

KX883202-Hubei tombus-like virus 35 3278
KX883265-Wenzhou tombus-like virus 17 2696
KX883105-Changjiang tombus-like virus 22 3608
KX883191-Hubei tombus-like virus 36 4168

KX883081-Changjiang tombus-like virus 21 3932

KX883222-Hubei tombus-like virus 37 5516
KX883123-Jingmen tombus-like virus 2 4100

KX883141-Hubei odonate virus 12 4035
KX883106-Hubei tombus-like virus 42 3668
KX883227-Wuhan insect virus 21 3735

KX883013-Wenzhou tombus-like virus 18 3883
KX883276-Wenzhou crab virus 4 4778

KX883249-Wenling tombus-like virus 4 5321
KX883257-Wenling tombus-like virus 5 4752
KX883038-Beihai tombus-like virus 19 5695
KX883182-Sanxia tombus-like virus 9 5094
KX883200-Hubei tombus-like virus 43 5102

KX883127-Hubei tombus-like virus 40 3498

KX883204-Hubei tombus-like virus 39 6453
KX883192-Hubei tombus-like virus 38 3233

KX883020-Beihai tombus-like virus 15 3325
KX883047-Beihai tombus-like virus 16 4822

KX883122-Jingmen tombus-like virus 1 7949

KX883060-Beihai tombus-like virus 14 5160
KX883259-Wenzhou tombus-like virus 16 4467
KX883210-Hubei tombus-like virus 33 4193
KX883100-Changjiang tombus-like virus 20 4964

KX883218-Hubei tombus-like virus 34 5703

KX883271-Wenzhou tombus-like virus 15 4739
KX883082-Changjiang tombus-like virus 19 3051
KX883213-Hubei tombus-like virus 32 3477

KX883247-Hubei tombus-like virus 15 4000
MF189981-Caledonia beadlet anemone tombus-like virus 1 3894

KX883124-Hubei mosquito virus 4 4917
KX883126-Wenzhou tombus-like virus 11 4931

NC_040725-Yongsan tombus-like virus 1 4554
KX883215-Hubei unio douglasiae virus 2 4431

KX883176-Sanxia water strider virus 14 4175

MF189992-Barns Ness breadcrumb sponge tombus-like virus 1 5551
MF189993-Barns Ness breadcrumb sponge tombus-like virus 2 4815
KX883232-Hubei tombus-like virus 19 4917
KX883263-Shahe isopoda virus 5 4371

KX883136-Hubei tombus-like virus 17 3717
KX883175-Sanxia water strider virus 15 3705

KX883158-Wuhan spider virus 9 4059

KX883165-Hubei tombus-like virus 16 4401

KX883138-Hubei tombus-like virus 18 4059

KX883172-Sanxia tombus-like virus 5 2585
KX883178-Sanxia tombus-like virus 6 3284

KX883068-Beihai tombus-like virus 9 4382
KX883070-Beihai tombus-like virus 10 4836

KX883254-Wenling tombus-like virus 2 4118

KX883280-Xinzhou nematode virus 7 3243
KX883255-Wenling tombus-like virus 3 3908

KX883108-Hubei tombus-like virus 24 2613
KX883053-Beihai tombus-like virus 13 4128

KX883229-Hubei tombus-like virus 23 3196

KX883135-Hubei tombus-like virus 22 4268
KX883177-Sanxia tombus-like virus 7 4557

KX883041-Beihai tombus-like virus 12 6097

KX883029-Beihai tombus-like virus 11 5037
KX883163-Hubei tombus-like virus 20 4854
KX883262-Wenzhou tombus-like virus 12 4884
KX883160-Hubei tombus-like virus 21 4633

KX883159-Hubei tombus-like virus 14 4303
KX883164-Wuhan spider virus 8 6216
KX883114-Beihai horseshoe crab virus 1 3507
KX883248-Hubei tombus-like virus 13 5904

KX883239-Hubei tombus-like virus 11 2724
KX883217-Hubei tombus-like virus 31 4264

KX883273-Wenzhou tombus-like virus 10 4443

MF189994-Barns Ness breadcrumb sponge tombus-like virus 3 3439
KX883048-Beihai tombus-like virus 7 3939
KX883252-Wenling tombus-like virus 1 3348
KX883073-Beihai tombus-like virus 8 3343

KX883044-Beihai tombus-like virus 6 2449
MH324432-Hypsignathus monstrosus tombus-like virus 2 2329

MN044446-Erinaceus virus H14 4118

KX883116-Beihai tombus-like virus 5 3611
KX883221-Hubei tombus-like virus 12 2495

KX883097-Changjiang tombus-like virus 17 3791

KX883224-Hubei tombus-like virus 10 3851
KX883274-Wenzhou tombus-like virus 7 2790
KX883085-Changjiang tombus-like virus 16 3570
KX883180-Sanxia tombus-like virus 4 3815
KX883035-Beihai tombus-like virus 2 3737

KX883067-Beihai tombus-like virus 3 5029
KX883281-Beihai tombus-like virus 4 5197

KX883279-Wenzhou tombus-like virus 9 4947

KX883094-Changjiang tombus-like virus 14 3456
KX883096-Changjiang tombus-like virus 15 3639
KX883209-Hubei tombus-like virus 9 3501

KX883087-Changjiang tombus-like virus 13 3464
KX883088-Changjiang tombus-like virus 12 3675

KX883089-Changjiang crawfish virus 7 3919

KX883104-Changjiang tombus-like virus 11 3631

MN386968-Apple tombus-like virus 1 2971

MF125267-Corn salad necrosis virus 3687

LC171345-Adonis mosaic virus 3991

NC_015227-Trailing lespedeza virus 1 3929
NC_030742-Gompholobium virus A 3935

MF189995-Barns Ness breadcrumb sponge tombus-like virus 4 1258
NC_035452-Rice virus A 4832

KX883153-Shahe tombus-like virus 2 3090

MN386969-Apple tombus-like virus 2 4340
MN551112-Plasmopara viticola associated tombus-like virus 1 5110
MN551120-Plasmopara viticola associated tombus-like virus 2 5520
KX883149-Hubei tombus-like virus 1 3776

NC_014126-Providence virus 6155

NC_007733-Angelonia flower break virus 3962
NC_001780-Saguaro cactus virus 3879

NC_021926-Calibrachoa mottle virus 3919
NC_014967-Honeysuckle ringspot virus 3956
NC_005286-Pelargonium flower break virus 3923

KR002041-Carnation mottle virus 3966

NC_009017-Nootka lupine vein clearing virus 4172

NC_001339-Artichoke mottled crinkle virus 4789

NC_020073-Moroccan pepper virus 4772
NC_004725-Cucumber Bulgarian virus 4576

NC_001469-Cucumber necrosis virus 4701
NC_023339-Eggplant mottled crinkle virus 4767

NC_003532-Cymbidium ringspot virus 4733

NC_001554-Tomato bushy stunt virus 4776
NC_005285-Pelargonium necrotic spot virus 4744
NC_030452-Pelargonium leaf curl virus 4789
NC_011535-Grapevine Algerian latent virus 4731

NC_004452-Beet black scorch virus 3644
NC_003487-Tobacco necrosis virus D 3762
NC_001822-Leek white stripe virus 3662

NC_001600-Cardamine chlorotic fleck virus 4041
NC_003821-Turnip crinkle virus 4054

NC_003608-Hibiscus chlorotic ringspot virus 3911
NC_002187-Japanese iris necrotic ring virus 4014

NC_003530-Carnation ringspot virus 3840
NC_003756-Red clover necrotic mosaic virus 3890
NC_003806-Sweet clover necrotic mosaic virus 3876

NC_011515-Carrot mottle virus 4193

NC_024808-Ethiopian tobacco bushy top virus 4236
NC_003603-Groundnut rosette virus 4019
NC_027710-Opium poppy mosaic virus 4230
NC_004366-Tobacco bushy top virus 4152

NC_003853-Pea enation mosaic virus 2 4253

NC_011108-Cocksfoot mild mosaic virus 4198
NC_002598-Panicum mosaic virus 4326
NC_021705-Thin paspalum asymptomatic virus 4195
AB232926-Melon necrotic spot virus 4261
NC_004995-Pea stem necrosis virus 4048
NC_003535-Cowpea mottle virus 4029
NC_011643-Soybean yellow mottle mosaic virus 4009

NC_007816-Cucumber leaf spot virus 4431
NC_022895-Yam spherical virus 4464

AJ243370-Pothos latent virus 4354
NC_005287-Johnsongrass chlorotic stripe mosaic virus 4421

NC_026239-Elderberry latent virus 3892
NC_026240-Pelargonium ringspot virus 3865

NC_007017-Pelargonium line pattern virus 3883
NC_020415-Rosa rugosa leaf distortion virus 3971
NC_005985-Pelargonium chlorotic ring pattern virus 3904

NC_020469-Furcraea necrotic streak virus 3966
NC_001818-Galinsoga mosaic virus 3803

NC_003627-Maize chlorotic mottle virus 4437

NC_007729-Maize necrotic streak virus 4094

NC_003633-Oat chlorotic stunt virus 4114

NC_001721-Olive latent virus 1 3699
NC_006939-Olive mild mosaic virus 3683

AY546104-Tobacco necrosis virus A 3682
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Hymenopteran tombus-related virus OKIAV385 2202

Dipteran tombus-related virus OKIAV388 2536
Dipteran tombus-related virus OKIAV387 2221

Dipteran tombus-related virus OKIAV386 3304

Zygentoman tombus-related virus OKIAV389 2420

Hymenopteran tombus-related virus OKIAV391 1869
Odonatan tombus-related virus OKIAV392 1731

Hymenopteran tombus-related virus OKIAV390 2167

Coleopteran tombus-related virus OKIAV393 991
Hymenopteran tombus-related virus OKIAV384 2344
Hymenopteran tombus-related virus OKIAV383 2434

Dipteran tombus-related virus OKIAV405 2136
Dipteran tombus-related virus OKIAV401 1655

Dipteran tombus-related virus OKIAV400 2295
Dipteran tombus-related virus OKIAV403 2024

Dipteran tombus-related virus OKIAV404 2301
Dipteran tombus-related virus OKIAV402 1905

Hymenopteran tombus-related virus OKIAV379 2482
Hymenopteran tombus-related virus OKIAV377 2083

Hymenopteran tombus-related virus OKIAV378 2100

Raphidiopteran tombus-related virus OKIAV395 2156
Raphidiopteran tombus-related virus OKIAV394 2005

Coleopteran tombus-related virus OKIAV397 2268
Megalopteran tombus-related virus OKIAV398 2160

Dipteran tombus-related virus OKIAV376 3910
Dipteran tombus-related virus OKIAV375 2536

Dipteran tombus-related virus OKIAV374 2166

Coleopteran tombus-related virus OKIAV396 2318
Coleopteran tombus-related virus OKIAV372 2634
Neuropteran tombus-related virus OKIAV373 2804

Hymenopteran tombus-related virus OKIAV371 2628

Odonatan tombus-related virus OKIAV382 2118
Odonatan tombus-related virus OKIAV381 2318

Dipteran tombus-related virus OKIAV408 878
Dipteran tombus-related virus OKIAV407 1904

Dipteran tombus-related virus OKIAV410 2209
Dipteran tombus-related virus OKIAV409 2310

Dipluran tombus-related virus OKIAV422 3785
Zygentoman tombus-related virus OKIAV425 1775
Coleopteran tombus-related virus OKIAV424 4121

Hymenopteran tombus-related virus OKIAV415 2434
Hymenopteran aspovirus 3813

Coleopteran aspovirus 4157

Odonatan aspovirus 3744

Coleopteran tombus-related virus OKIAV419 2717
Odonatan tombus-related virus OKIAV420 2493

Hemipteran aspovirus 3384
Hemipteran tombus-related virus OKIAV416 3013

Phasmatodean aspovirus 3840
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Aspoviruses

Suriviruses

Gopeviruses

Diptera Tanyderidae sp.
Diptera Tanyderidae sp.

Mix of insects

Mix of water striders
Mammalia Pteropodidae Hypsignathus monstrosus

Mix of Diptera

Mix of spiders

Mix of spiders
Mix of spiders

Hemiptera Psylloidea Liviidae Diaphorina citri

Hymenoptera Agaonidae Ceratosolen sp.

Mix of insects
Mix of spiders

Diptera Culicidae Culex sp.

Mix of Odonata

Trypanosomatida Leptomonas pyrrhocoris
Mix of razor shells
Mix of octopus

Mix of Myriapoda
Mix of applesnail
Mix of crayfish
Mix of Myriapoda

Mix of crayfish

Mix of freshwater shellfish
Mix of worms

Mix of Odonata
Mix of Diptera
Mix of insects

Mix of Bivalvia
Mix of crabs

Mix of Crustacean
Mix of Crustacean
Mix of barnacles
Mix of shrimps
Mix of Myriapoda

Mix of Coleoptera

Mix of Myriapoda
Mix of Myriapoda

Mix of shrimps
Mix of shrimps

Mix of worms

Mix of razor shells
Mix of applesnail
Mix of freshwater shellfish
Mix of crayfish

Mix of freshwater shellfish

Mix of applesnail
Mix of crayfish
Mix of freshwater shellfish

Mix of centipedes
Actiniaria Actiniidae Actinia equina

Mix of mosquitoes
Mix of mosquitoes

Aedes albopictus
Mix of freshwater shellfish

Mix of water striders

Suberitida Halichondriidae Halichondria panicea
Suberitida Halichondriidae Halichondria panicea
Mix of Insects
Mix of applesnail

Mix of Odonata
Mix of water striders

Mix of spiders

Mix of spiders

Mix of Odonata

Mix of water striders
Mix of water striders

Mix of octopus
Mix of octopus

Mix of Crustacean

Mix of nematodes
Mix of Crustacean

Mix of earwigs
Mix of shrimps

Mix of Insects

Mix of Odonata
Mix of water striders

Mix of woodlouse

Mix of sea anemones
Mix of spiders
Mix of applesnail
Mix of spiders

Mix of spiders
Mix of spiders
Mix of horseshoe crabs
Mix of centipedes

Mix of pillworms
Mix of freshwater shellfish

Mix of applesnail

Suberitida Halichondriidae Halichondria panicea
Mix of shrimps
Mix of Crustacean
Mix of crayfish

Mix of shrimps
Mammalia Pteropodidae Hypsignathus monstrosus

fecal sample from Erinaceus roumanicus

Mix of horseshoe crabs
Mix of freshwater shellfish

Mix of crayfish

Mix of Insects
Mix of applesnail
Mix of crayfish
Mix of freshwater atyid shrimps
Mix of peanut worms

Mix of octopus
Mix of blue swimmer crab

Mix of Gastropoda

Mix of crayfish
Mix of crayfish
Mix of freshwater shellfish

Mix of crayfish
Mix of crayfish

Mix of crayfish

Mix of crayfish

Rosales Rosaceae Malus domestica

Dipsacales Caprifoliaceae Valerianella locusta

Ranunculales Ranunculaceae Adonis ramosa

Fabales Fabaceae Lespedeza procumbens
Fabales Fabaceae Gompholobium preissii

Suberitida Halichondriidae Halichondria panicea
Poales Poacea Oryza sativa

Hemiptera Heteroptera sp.

Rosales Rosaceae Malus domestica
Peronosporales Peronosporaceae Plasmopara viticola
Peronosporales Peronosporaceae Plasmopara viticola
Mix of Diptera

Lepidoptera Noctuidae Helicoverpa zea

Lamiales Plantaginaceae Angelonia angustifolia
Caryophyllales Cactaceae Carnegiea gigantea

Solanales Solanaceae Calibrachoa sp.
Dipsacales Caprifoliaceae Lonicera sp.
Caryophyllales Chenopodiaceae Chenopodium quinoa

Rosales Cannabaceae Humulus lupulus

Fabales Fabaceae Lupinus nootkatensis

Asterales Asteraceae Cynara cardunculus var. scolymus

Piperales Piperaceae sp.
Cucurbitales Cucurbitaceae Cucumis sativus

Cucurbitales Cucurbitaceae Cucumis sativus
Solanales Solanaceae Solanum melongena

Solanales Solanaceae Nicotiana clevelandii

Saxifragales Saxifragaceae Tolmiea menziesii
Geraniales Geraniaceae Pelargonium zonale
Liliopsida Liliales Liliaceae Tulipa fosteriana
Solanales Solanaceae Solanum mammosum

Solanales Solanaceae Physalis pubescens
Solanales Solanaceae Nicotiana clevelandii
Liliopsida Amaryllidaceae Allium ampeloprasum

Brassicales Brassicaceae Iberis sp.
Brassicales Brassicaceae Moricandia arvensis

Malvales Malvaceae Hibiscus cannabinus
Liliopsida Asparagales Iridaceae Iris ensata

Caryophyllales Caryophyllaceae Dianthus barbatus
Fabales Fabaceae Trifolium pratense
Fabales Fabaceae Melilotus sp.

Solanales Solanaceae Nicotiana benthamiana

Solanales Solanaceae Nicotiana benthamiana
Fabales Fabaceae Clitoria sp.
Ranunculales Papaveraceae Papaver somniferum
Solanales Solanaceae Nicotiana tabacum

Solanales Solanaceae Nicotiana clevelandii

Liliopsida Poales Poaceae Phleum pratense
Liliopsida Poales Poaceae sp.
Liliopsida Poales Poaceae Paspalum setaceum
Cucurbitales Cucurbitaceae Cucumis sativus
Fabales Fabaceae Pisum sativum
Fabales Fabaceae Vigna unguiculata
Fabales Fabaceae Glycine max

Solanales Solanaceae Nicotiana clevelandii
Liliopsida Dioscoreaceae Dioscorea rotundata

Liliopsida Alismatales Araceae Epipremnum aureum
Liliopsida Poales Poaceae Sorghum halepense

Caryophyllales Chenopodiaceae Chenopodium quinoa
Caryophyllales Chenopodiaceae Chenopodium quinoa

Caryophyllales Chenopodiaceae Chenopodium quinoa
Rosales Rosaceae Rosa rugosa
Geraniales Geraniaceae Pelargonium hortorum

Liliopsida Asparagales Asparagaceae Furcraea sp.
Asterales Asteraceae Galinsoga parviflora

Liliopsida Poales Poaceae Zea mays

Liliopsida Poales Poaceae Zea mays

Liliopsida Poales Poaceae Avena sativa

Lamiales Oleaceae Olea europaea
Lamiales Oleaceae Olea europaea

Solanales Solanaceae Nicotiana clevelandii

Hymenoptera Crabronidae Oxybelus bipunctatus

Diptera Brachycera Bombyliidae Comptosia brunnea
Diptera Brachycera Nemestrinidae Trichophthalma ricardoae

Diptera Brachycera Acroceridae Pterodontia mellii

Zygentoma Ateluridae Atelura formicaria

Hymenoptera Agaonidae/Pteromalidae Lachaisea equicollis
Odonata Zygoptera Platycnemididae Platycnemis pennipes

Hymenoptera Sphecidae Podalonia hirsuta

Coleoptera Scarabaeidae Dynastinae Pentodon sp.
Hymenoptera Tiphiidae Meria tripunctata
Hymenoptera Tiphiidae Meria tripunctata

Diptera Brachycera Braulidae Braula coeca
Diptera Brachycera Braulidae Braula coeca

Diptera Brachycera Braulidae Braula coeca
Diptera Brachycera Braulidae Braula coeca

Diptera Brachycera Braulidae Braula coeca
Diptera Brachycera Braulidae Braula coeca

Hymenoptera Crabronidae Oxybelus bipunctatus
Hymenoptera Crabronidae Oxybelus bipunctatus

Hymenoptera Crabronidae Oxybelus bipunctatus

Raphidioptera Raphidiidae Raphidia mediterranea
Raphidioptera Raphidiidae Phaeostigma divina divina

Megaloptera Corydalidae Corydalidae sp.

Diptera Brachycera Calliphoridae Calliphora vomitoria
Diptera Brachycera Coelopidae Coelopa frigida

Diptera Brachycera Hybotidae Stilpon pauciseta

Coleoptera Coccinellidae Chilocorinae Chilocorus renipustulatus
Coleoptera Coccinellidae Coccinellinae Archegleis delta
Neuroptera Chrysopidae Chrysoperla carnea

Hymenoptera Vespidae Katamenes arbustorum

Odonata Zygoptera Platycnemididae Platycnemis pennipes
Odonata Zygoptera Platycnemididae Platycnemis pennipes

Diptera Brachycera Lonchopteridae Lonchoptera bifurcata
Diptera Nematocera Ceratopogonidae Clinohelea pseudonubifera

Diptera Brachycera Bombyliidae Comptosia brunnea
Diptera Brachycera Bombyliidae Comptosia brunnea

Diplura Campodeidae Campodea silvestrii
Zygentoma Lepidotrichidae Tricholepidion gertschi
Coleoptera Cleridae Thanasimus formicarius

Hymenoptera Scoliidae Scolia hirta
Hymenoptera Vespidae Alastor atropos

Coleoptera Curculionidae Scolytinae Ips typographus

Odonata Anisoptera Libellulidae Celithemis elisa

Coleoptera Curculionidae Scolytinae Ips typographus
Odonata Zygoptera Amphyipterygidae Devadatta argyoides

Hemiptera Heteroptera Tingidae Corythucha ciliata
Hemiptera Heteroptera Miridae Notostira elongata

Phasmatodea Phylliidae Phyllium philippinicum

Figure 7. Maximum likelihood phylogeny of the families Tombusviridae and Carmotetraviridae and related viruses. The phylogenetic inference was based on an amino

acid alignment of the RdRp region with 1,000 bootstrap replicates, using RAxML-NG version 0.7.0 BETA (Kozlov et al. 2019). ICTV-classified viruses of the families

Tombusviridae and Carmotetraviridae are shown in black, unclassified tombus-related viruses in grey, and tombus-related viral taxa described in this study in red.

Genomic sequence length is noted for every viral taxon and for segmented viruses sequence length corresponds to the RdRp-encoding segment. Viruses with a coding-

complete genome described in this study are marked by a black dot. The tree is rooted to the branch leading to the lower part of the tree which includes Tombusviridae

and Carmotetraviridae. Bootstrap values below seventy are not shown.
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with the exception of Dipteran tombus-related virus OKIAV407
that stems from a Nematocera species.

Within the clade of Suriviruses, the insect-associated virus
diversity dropped significantly, as this clade contains mostly
viruses with non-insect arthropod hosts, such as Crustacea and
Myriapoda. Only three viruses from this study fell within this
clade, each stemming from a host of a different insect order
(Fig. 7). Interestingly, Leptomonas pyrrhocoris tombus-like virus
1 has a protozoan origin, found in the trypanosoma species
Leptomonas pyrrhocoris (Grybchuk et al. 2018). It has been
suggested that a possible transmission route for this parasite to
acquire Leptomonas pyrrhocoris tombus-like virus 1 is through
the parasite’s host, firebugs (order: Hemiptera, species: Pyrrhocoris
apterus) (Grybchuk et al. 2018). Yet, no closely related virus of
hemipteran origin was detected in our sample set.

Nine viruses from the present study were found within the
clade of Aspoviruses (Fig. 7). Six of them are potentially coding-

complete viral genomes (genome organization shown in Fig. 8A)
and each belongs to a host of a different insect order. The
genomes of these viruses showed similar organizations to the
ones of tombusviruses, though with longer regions of overlap-
ping ORFs. All tombusviruses share the common characteristic
of amber codon readthrough in ORF1 which results in the ex-
pression of a larger protein (reviewed in Sit and Lommel 2015).
Amber codons (UAG triplets) appeared in the predicted protein
1 of Hemipteran aspovirus (OKIAV417) and in the predicted pro-
tein 2 of Odonatan aspovirus (OKIAV411). We could not verify
whether those two codons undergo readthrough, but it seems a
likely outcome in both cases as this is a common observation
for ORF1 across all tombusviruses. Viruses of the genus
Machlomovirus involve an additional readthrough event in ORF3
(Scheets 2016). Fig. 8B shows five different types of genome
organizations of incomplete tombus-related sequences listed in
Table 3. Because some of the tombus-related viruses (Hubei

Hemipteran tombus-related virus OKIAV416
Hypothetical protein 2
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5' 3'

1

3013

2479
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Hypothetical protein 1

54 1004 1044

Odonatan aspovirus
Hypothetical protein 2
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5' 3'
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3044
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Hypothetical protein 1

54 764 1133

Hypothetical protein 3

3081 3680 3744

Coleopteran aspovirus
RdRp

Hypothetical protein 2
5'

Hypothetical protein 3
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1004

1379

Hypothetical protein 1
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Hemipteran aspovirus
RdRp

Hypothetical protein 2
5' 3'

Hypothetical protein 1
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2645

338496 1055 1065

Hymenopteran aspovirus
Hypothetical protein 2
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1
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Hypothetical protein 1
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3145 3726 3813

Phasmatodean aspovirus
Hypothetical protein 2

RdRp
5' 3'

1

3214

2453
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Hypothetical protein 1

94 1017 1321

Hypothetical protein 3

3295 3822 3840
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5' 3'

RdRp

Hypothetical protein

Tomato bushy stunt virus 5' 3'
1

p33K

RT

p92K

166 2622

MP p22K

3856 4425 4776

CP p41K

2652 3818
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ORFs overlap < 100 basesType I.
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Figure 8. (A) Genome organization of tombus-related viral sequences. The genome of Tomato bushy stunt virus is shown for comparison. Potential amber codon

readthroughs are indicated with ‘RT’. Nucleotide positions of ORF start/end are indicated. (B) Five scheme types corresponding to the genome organization for

smaller-than-genome viral sequences: I. ORF1 and RdRp ORF overlap for less than 100 bases; II. ORF1 and RdRp ORF overlap for more than 100 bases; III. ORF1 is longer

than RdRp ORF; IV. ORF1 and RdRp ORF do not overlap; V. ORF1 and RdRp ORF are nested. Correspondence of genome scheme to viral sequence is listed in Table 3.

Table 3. Genome scheme type to viral sequence correspondence from Fig. 8B.

Type I Coleopteran tombus-related virus OKIAV396, Hymenopteran tombus-related virus OKIAV377, -OKIAV378, -OKIAV379,
-OKIAV390, -OKIAV415, Megalopteran tombus-related virus OKIAV398, Neuropteran tombus-related virus OKIAV373,
Odonatan tombus-related virus OKIAV382

Type II Coleopteran tombus-related virus OKIAV372, -OKIAV397, Dipteran tombus-related virus OKIAV374, -OKIAV400, -OKIAV404,
-OKIAV405, -OKIAV409, -OKIAV410, Hymenopteran tombus-related virus OKIAV383, -OKIAV384, Odonatan tombus-related
virus OKIAV381, Zygentoman tombus-related virus OKIAV389

Type III Dipteran tombus-related virus OKIAV374, -OKIAV375, -OKIAV387, -OKIAV388, Hymenopteran tombus-related virus
OKIAV385, Raphidiopteran tombus-related virus OKIAV395

Type IV Coleopteran tombus-related virus OKIAV419, Hymenopteran tombus-related virus OKIAV371, Odonatan tombus-related vi-
rus OKIAV420

Type V Dipluran tombus-related virus OKIAV422

Sequence length for all sequences below is in the range of 2–2.8 kb.
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tombus-like virus 28 and Wuhan insect virus 35 and -21), as
well as the genus Dianthovirus within the Tombusviridae family
have a segmented genome, we searched for the presence of
additional genome segments in our data. However, we only
identified monopartite tombus-related viral sequences.

4. Discussion

In this study, we discovered sequences ascribable to seventy-six
novel insect-associated viruses in seventeen insect, one entog-
nathan, and one arachnidan host orders, related to two of the
largest families within the Kitrinoviricota phylum: Flaviviridae
and Tombusviridae. Our data contribute to the known flavi-
related insect-specific viral diversity introducing new insect
host associations of non-typical flavivirus hosts, such as
the Mantophasmatodea, Trichoptera, and Neuroptera orders.
Phylogenetic relationships and distances suggest the establish-
ment of two new taxonomic genera within the Flaviviridae
family (Fig. 2). In addition, our sequences populate three highly
diversified phylogenetic clades grouping as sister clades to the
Tombusviridae (Fig. 7), each as diverse as to signify taxonomic
assignment of a new family.

Phylogenetic inference of identified sequences in
relationship to flaviviruses revealed that the new sequences
were widely distributed across the phylogeny and did not group
with the established genera of the family Flaviviridae (Fig. 2).
Interestingly, no novel virus from the present study was identi-
fied within the genus Flavivirus (sensu stricto). The same applied
to the vertebrate-infecting virus genera Pestivirus, Pegivirus, and
Hepacivirus. Despite the large number of diverse Diptera species
(n ¼ eighty-one) that were sampled in the course of the 1KITE
project (Misof et al. 2014), the sampling did not include any
members of Culicidae, the family that includes all species of
mosquitoes. Ticks were also not included in the sampling,
which explains the absence of viral sequences within the
Flavivirus genus in traditional arthropod hosts altogether.
However, the absence of viruses from this genus (s.s.) in such a
comprehensive sample of insects covering all extant orders is
remarkable. Taken together with the occurrence of Dipteran
flavi-like virus OKIAV1492 in a blood-feeding black fly
(Simuliidae, Simulium meridionale), these findings provide evi-
dence that the evolution of the genus Flavivirus (s.l.) is likely as-
sociated with blood-feeding arthropods. Viruses of this genus
mainly diversified in Culicidae and Ixodida. Whether the ances-
tors of this genus originated in vertebrates or in arthropods
before they acquired their dual-host tropism is still unclear as
insect-specific viruses as well as crustacean-, fish-, and cepha-
lopod-infecting viruses have been found in basal phylogenetic
relationship to the genus Flavivirus (s.s.) (Soto et al. 2020).

Until now, jingmenviruses have been described in a set of
hosts that, apart from mammals, includes ticks, mosquitoes,
fleas, and non-bloodfeeding insects (Maruyama et al. 2014; Qin
et al. 2014; Ladner et al. 2016; Shi et al. 2016a,b; Pauvolid-Corrêa
et al. 2016; Villa et al. 2017; Emmerich et al. 2018; Kuivanen et al.
2019; Wang et al. 2019a,b; Temmam et al. 2019; Kholodilov et al.
2020; Ternovoi et al.; Shen et al. unpublished data). This group
of viruses has not been taxonomically classified yet but is phy-
logenetically related to the genus Flavivirus based on NS3 and
NS5 protein similarities. Yet, their genomes, unlike flaviviruses,
are segmented and generally consist of four segments (with the
exception of Guaico Culex virus that has an additional fifth seg-
ment, however experimentally shown to be dispensable for ge-
nome replication (Ladner et al. 2016)). We identified
jingmenviruses in hosts with a variety of ecological lifestyles

such as drain flies, booklice, aquatic insects, scorpions, and soil-
dwelling bristletails, thereby enriching the current knowledge
of jingmenvirus host range.

Previous phylogenetic reconstructions separated jingmenvi-
ruses into two clades according to their host associations: the
insect- and the tick-associated clades (Temmam et al. 2019). In
addition to the distinct host range, the insect- and tick-associ-
ated clades were shown to differ by a number of genetic fea-
tures. For example, conserved nucleotide stretches in the 50 and
30 untranslated regions (UTRs), and a 30-end poly-A tail were
present in all four genomic segments in tick-associated but not
in insect-associated jingmenviruses underlining the differentia-
tion of these two groups. Of note, for Dipluran jingmen-related
virus OKIAV326, only a partial sequence of the RdRp genomic
segment was retrieved. The 50-end of the segment is missing
but the 30-end is available and lacks a poly-A tail. Dipluran jing-
men-related virus OKIAV326 shared a most recent common an-
cestor with the tick-associated jingmenviruses. These findings
imply that the ancestor of jingmenviruses may have existed in
insects with genomic segments not containing 30-end poly-A
tails. Recently, class II viral fusion protein (VFP) domains were
identified in envelope glycoproteins of tick-associated jingmen-
viruses, whereas the insect-associated viruses did not contain
class II VFPs. Class II VFPs in tick-associated jingmenviruses
stem likely from flavivirus class II VPFs and have probably been
secondarily lost in the insect-associated clade when this clade
separated from the tick-associated clade via divergent evolu-
tion, segment reassortment or recombination (Garry and Garry
2020). The presence of a mucin-like domain, an ectodomain of
beta-sheets and alpha-helices in the tick-associated jingmenvi-
rus glycoproteins, further differentiates them from the insect-
associated jingmenvirus glycoproteins. None of the four insect-
associated jingmenvirus glycoprotein segments reported here
contained the fusion peptide or the mucin-like domain present
in the tick-associated jingmenviruses. The phylogenetic separa-
tion of the tick-associated from the insect-associated jingmen-
viruses was apparent and maintained in all phylogenetic
segment co-segregation analyses (Figs. 5 and 6), supporting
previous suggestions on divergent evolution of the envelope
glycoprotein structure in tick- and insect-associated jingmenvi-
ruses (Garry and Garry 2020).

Segmentation within the Flaviviridae-related viruses is sug-
gested to have evolved only once because of the monophyletic
nature of the jingmenvirus clade (Shi et al. 2016a). Although the
non-structural proteins NS3 and NS5 share sequence similari-
ties with flaviviruses, homologs of the jingmenvirus structural
proteins, glycoprotein and capsid, are yet unknown (Qin et al.
2014). Explanations for the unrelatedness to the flavivirus struc-
tural proteins may lie within the hypothesis that two segments
of an ancestral flavivirus genome were perhaps co-packaged or
captured by structural ‘orphan’ proteins of a co-infecting virus
(Qin et al. 2014).

A series of previously described viruses with distinct ge-
nome organization (similar to flaviviruses, but with substan-
tially larger genome length: 16–23 kb) (Kobayashi et al. 2013;
Bekal et al. 2014; Shi et al. 2016a; Teixeira et al. 2016; Webster
et al. 2016; Remnant et al. 2017; Kondo et al. 2020; Faizah et al.
2020), share homologous sequence regions with flaviviruses
mainly in the protease, helicase, and RNA-dependent RNA
polymerase (RdRp) genes. We identified fourteen viruses that
together with the previously described viruses formed the
phylogenetic clade of LGFs within the Flaviviridae (Fig. 2).
The distinct genomic length and organization (Fig. 3), as well as
the phylogenetic distances of LGFs (Fig. 2) signify their
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classification as a separate genus within the Flaviviridae family.
LGFs show a remarkably broad spectrum of host associations,
ranging from gentian plants to nematodes and other arthro-
pods. LGFs grouped as sister clade to the genus Pestivirus
which contains vertebrate-infecting viruses only, livestock
pathogenic viruses, with genomes of approximately 12 kb. The
observed genetic divergence of LGFs was much greater than
that of pestiviruses reflected by multiple highly diverse clades
separated by long branches suggesting that the putative in-
sect-specific LGF viruses are ancestral to the mammalian
pestiviruses.

Numerous tombus-related viruses have recently been de-
scribed in non-plant hosts, such as marine invertebrates and
terrestrial arthropods, demonstrating both mono- and bipartite
genome organizations (Shi et al. 2016b). These viruses show a
large genetic diversity and branch basal to the plant-associated
Tombusviridae suggesting that the RNA virome of angiosperm
plants evolved via horizontal virus transfer from invertebrates
(Shi et al. 2016b; Dolja and Koonin 2018; Wolf et al. 2018).
Phylogenetic analyses of the forty-nine newly identified tom-
bus-related viruses in this study showed that the sequences fell
within three highly diversified major clades, each being as di-
verse as the family Tombusviridae, and shared a most recent
common ancestor with the family Tombusviridae (Fig. 7). Our
findings corroborate the horizontal virus transfer theory of
plant virus evolution via multiple events of horizontal virus
transfer from different invertebrate hosts (Dolja and Koonin
2018). As the origin of invertebrates precedes that of angiosperm
plants, the members of Tombusviridae possibly evolved after
being passed on to angiosperm plant hosts from invertebrates
due to the tight biological associations formed between these
two host groups (Dolja and Koonin 2018). Also, the absence of
tombus-related viruses in unicellular eukaryotic hosts indicates
the absence of a common viral ancestry that preceded the last
eukaryotic common ancestor (Dolja and Koonin 2011). Despite
the position of Leptomonas pyrrhocoris tombus-like virus 1 in
the clade of Suriviruses (Fig. 7), the transmission route of this vi-
rus likely involves the trypanosomatid firebug host (Grybchuk
et al. 2018). These findings together with the novel viruses iden-
tified in insect hosts within the present study suggest that in-
sect-associated viruses played an ancestral role in plant-insect
virus exchange but are not involved in current virus transmis-
sion (Dolja and Koonin 2011, 2018).

With the given ease of generating environmental and or-
ganismic metagenomic data, large projects of virus sequence
discoveries will accompany us in the future years. The number
of uncultivated virus genomes has surpassed that of viral
genomes stemming from cultivated isolates (Roux et al. 2019).
An important effort has been made to define the minimum in-
formation that should accompany uncultured viral genomes
with their sequence publication (Roux et al. 2019). Crucially
also, the ICTV has made an important step to align with the
current flow of metagenomic sequence information, allowing
the classification of viruses that stem from metagenomic
sources (Simmonds et al. 2017). Nevertheless, efforts
towards elaborate examinations of sequence information
should extend to protect the quality of published sequence
information.
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