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Abstract

Bloodsucking dipterans are major vectors responsible for the transmission of arboviruses.
Additionally, they also carry a lot of insect-specific viruses. High-throughput sequencing
technologies has facilitated breakthrough in the study of viruses overall and viruses of
haematophagus insects in particular. In this study we used high-throughput sequencing to describe
the viromes of bloodsucking dipterans collected in Karelia, northwestern Russia. In addition to
various species of Aedes mosquitoes (Diptera: Culicidae), several pool of biting midges
(Ceratopogonidae: Culicoides), and blackflies (Simuliidae: Simulium), were analyzed. We managed to
assemble and annotate 63 different distinct viruses with complete and partial genomes. The most
common viral groups were Durnavirales, Picornavirales, Reovirales, and Mononegavirales, however
various other groups of RNA viruses and even one DNA virus were detected. The majority of viruses
(78%) were novel viruses. Among known viruses, no known human or animal pathogens were found.
Some of the novel viruses can be considered by the International Committee on Taxonomy of Viruses
for the demarcation into novel genera.
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Introduction

Arthropod-borne viruses (arboviruses) pose a significant threat to people worldwide.
Mosquitoes (Diptera: Culicidae) are the major arthropod vectors being responsible for the
transmission of over a third of all known arboviruses [1]. For instance, species of the genus Aedes are
responsible for the transmission of Dengue [2], Zika [3], and Chikungunya viruses [4]. Members of
the genus Culex are responsible for the transmission of West Nile and Japanese Encephalitis viruses
[5,6]. The importance of mosquitoes has led to thorough virological surveillance around the world.
High-throughput sequencing (HTS) technologies has facilitated breakthrough in the study of viruses
overall [7], and virome of vector and non-vector mosquitoes is being actively studied [8-10]. The data
obtained allowed us to significantly expand our knowledge on viruses associated with mosquitoes.
Multiple thousands of viruses were discovered overall across several viral orders, resulted in newly
created taxa.

Other bloodsucking dipterans are also being studied, albeit on a much smaller scale. A several
studies on the biting midges (Ceratopogonidae) has been conducted, with Culicoides species collected
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in Australia [11], Brazilian Amazonia [12], Senegal [13], Kenya [14], Greece [15], China [16] and
Mexico [17]. Up to several thousands of novel viruses were discovered in biting midges, some of
which can be putatively be classified as novel genus by authors [16]. A few recent studies has been
conducted on the blackflies (Simuliidae) [18,19]. In a largest study dedicated to Simulium species to
date, 55 pools of 10 blackflies, collected in Cameroon, were studied. Authors report that viruses in
the blackflies often form deep branches in the phylogenetic trees, suggestive for the discovery of new
species and genera [19].

The Republic of Karelia (Karelia) is located in the northwestern Russia, and is a part of Eastern
Fennoscandia. Several viruses, such as Sindbis, Inkoo, Tahyna, Khatanga, and Batai are endemic to
Fennoscandia and are associated with mosquitoes Aedes communis, Ae. cinereus, Ae. excrucians, Ae.
punctor, Ae. hexodontus, Coquillettidia richiardii, Culex pipiens, Cx. torrentium, and Culiseta morsitans [20].
It should be noted, that here we use the classification of Culicidae proposed by Wilkerson etal [21]
, in which the genus Aedes includes Ochlerotatus as a subgenus. All these mosquito species are
widespread in Karelia and bite human [22,23]. No endemic viruses associated with biting midges
and blackflies are known in Fennoscandia, but many species of these dipterans actively attack
humans. Moreover, in Karelia, Culicoides species (C. grisescens, C. impunctatus, and C. obsoletus) and
Simulium species (S. equinum, S. murmanum, S. ornatum, S. pusillum, and S. truncatum) are numerous
and widely distributed [24,25].

Karelia is located directly east of Finland and has a long border with this country. Virome of
mosquitoes in Finland is fairly well described. During a large-scale HTS study, viromes of 91 pools
comprising of Aedes cantans, Ae. caspius, Ae. communis, Ae. diantaeus, Ae. excrucians, Ae. hexodontus, Ae.
intrudens, Ae. pullatus and Ae. punctor/punctodes were studied (Ochlerotatus genus name used in the
article). In total, RNA dependent RNA polymerase (RdRp) sequences of 159 distinct viruses were
assembled. Out of these, 147 were novel viruses [10].

Here we studied virome of several species of mosquitoes, biting midges, and blackflies, collected
in Karelia. Overall, we were able to assemble and annotate 63 different viruses with complete and
partial genomes. Several dozen of short sequences with homology to the viral proteins were detected.
Majority of detected viruses represented novel viruses, while the rest were viruses previously
detected in Finland and Sweden.

Materials and methods

1. Sampling Technique for Dipterans and Pool Composition

We collected bloodsucking dipterans in Loukhsky, Muezersky, and Kondopozhsky districts, as
well as in Kostomukshsky Urban Okrug of Karelia from June to August 2023-2024 (Table 1). The
previously reviewed techniques for sampling and preparation of dipterans were used [26,27].

Briefly, flying females were collected by a Mosquito Magnet trap (Pioneer design, Octenol as
attractant); sampling was performed with 2-24 h exposure time, the trap was examined at two-hour
intervals. Collected mosquito females were placed in a freezer at a temperature of 20 °C for 20
minutes. Immediately after, specimens were identified using taxonomic key of Becker et al. [28] and
first were frozen at =190 °C and then transferred to -86 °C.

Biting midges and blackflies specimens were divided into equal parts. The first part was frozen
at —86 °C and used for high-throughput sequencing, as described below. The second part was fixed
in ethanol and used to prepare permanent or non-permanent microscope slides, which are required
for correct taxonomic identification. Culicoides specimens were identified using keys of Glukhova
[29,30] and Simulium specimens using key of Usova [25] or the same of Yankovsky [31]. The examined
specimens (Euparal slides) are deposited in the Zoological Institute of the Russian Academy of
Sciences (ZIN RAS, St. Petersburg).

Insects were pooled by species and location (Table 1) and homogenized in saline buffer using a
Tissue Lyser 2 (Qiagen, Hilden, Germany) for 10 min at frequency 25 s
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Table 1. Data on the examined material.
Specimens in Collection
Pool Species Location Coordinates
the Pool date
Aedes punctor
8 60 21.08.2024
(Kirby, 1837)
Aedes cinereus 31.07.2024;
9 34
Meigen, 1818 20.08.2024
Simulium equinum
(Linnaeus, 1758); S.
10 40 noelleri Friederichs, Kondopozhsky 31.07.2024
62.0683°N,
1920; S. reptans District, Village of
33.9592°E
(Linnaeus, 1758) Gomselga
Culicoides punctatus
(Meigen, 1804); C.
impunctatus
11 60 01.08.2024
Goetghebuer, 1920;
C. obsoletus
(Meigen, 1818)
Kostomukshsky
Aedes communis Urban Okrug, Near 65.0442°N, 18.07.2023 -
12 60
(De Geer, 1776) the Village of 30.3567°E 19.07.2023
Pongaguba
Aedes diantaeus Muezersky District,
63.7898°N, 15.07.2023 -
13 60 Howard, Dyar et | Western shore of Lake
30.8640°E 17.07.2023
Knab, 1913 Leksozero
Loukhsky District,
Aedes cinereus 66.2437°N,
14 40 Paanajarvi National 25.06.2024
Meigen, 1818 30.5639°E
Park
Simulium reptans
(Linnaeus, 1758); S.
Muezersky District,
truncatum 63.7898°N,
15 40 Western shore of Lake 15.07.2023
(Lundstréom, 1911); 30.8640°E
Leksozero
S. subpusillum
Rubtsov, 1940

2. High-Throughput Sequencing, and Virus Discovery Pipeline

RNA extraction, host rRNA depletion, and library preparation were performed as described
earlier [32]. Obtained samples were sequenced (paired-end, 250-nt reads) on the HiSeq1500 (Illumina,
San Diego, CA, USA). Obtained raw HTS reads were deposited in the SRA database (PRJNA1366109).

Adapter, low-quality bases (<Q30), 3 leading and trailing nucleotides, as well as short reads (<35
nt) were trimmed with Trimmomatic v.0.39 [33]. Trimmed reads were de-novo assembled and
filtered using two-staged approach using seg, blastn and blastp programs as described previously
[32]. Additionally, obtained contigs were compared with high-abundance sequences from the same
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sequence run in order to control for possible contaminations. Final list of the virus-related hits was
manually examined to verify proper assembly and the completeness of virus genomes. In some cases,
SeqMan v.7.0.0 (DNAstar Inc., Madison, WI, USA) or UGENE v50.0 [34] were used to produce better
virus assembly as described previously. Obtained sequences with complete coding and partial
genomes were deposited in GenBank (PX636781-PX636886 and PX633639-PX633699)

3. Estimation of Virus Completeness and Virus Naming

Completeness was of the virus genome was determined manually by comparing ORF
composition to closest relatives (according to blastp) and related viruses annotated by International
Committee on Taxonomy of Viruses (ICTV). All genomes were divided into three categories:
complete coding, partial genome, and genome fragment. Categories are defined as specified
previously [32].

A novelty assessment was performed for viruses with a complete coding and partial genome. In
our work, we considered virus to be novel if the identity of the ORF encoding the polymerase was
below 90% according to blastp (compared to its closest relative). Novel viruses were named. The
name of the virus consisted of the name of the region where insect was collected, or nearby
geographical features; genus of the insect; and the virus systematic unit. For viruses unclassified to a
genus level in our analysis, and in cases when the viral family consists of a single genus, the suffix “-
like” was used. For non-novel viruses, name of the closest relative was used.

It should be noted, that final species’ names and taxonomic placement will be determined by the
ICTV. Where possible, a virus placement according to ICTV criteria is discussed in the results section.

4. Data Analysis and Visualization

Total virus abundance in the sample was estimated using Bowtie 2 v.2.3.5.1 [35] by aligning
reads on an index containing all the virus sequences found in the pool. The reported overall
alignment rate was considered the percentage of viral reads in the sample. Individual virus
abundance was estimated using coverage values provided by SPAdes v3.13.0 [36] after assembly. For
viruses with reported coverage higher than 100, accurate abundance was estimated using Bowtie 2
v.2.3.5.1.

For the phylogenetic analysis, sequence of the ORF encoding the RdRp (VP1 for chag-like
viruses) was extracted from viral contig and translated. Dataset of related sequences was constructed
by performing online blastp searches using translated sequence as a query with the nr database. If
necessary, sequences from species recognized by the International Committee on Taxonomy of
Viruses (ICTV) were added to the analysis.

Phylogenetic trees were constructed from obtained dataset using MAFFT v7.310 [37], TrimAL
v1.4. rev 15 [38], IQ-TREE v.2.3.2 [39] and custom python scripts as described earlier [32]. To asses
branch support, 1000 bootstrap replicates were performed.

To analyze invertebrate species, where viruses were previously detected, GenBank data base
was mined using virus name as organism name. Information containing GenBank ID, virus name,
isolation location and host species were extracted from GenBank entry. Genus “Ochlerotatus” was
changed to “Aedes” for consistency in all host species. Obtained data was manually checked, and
adjusted: “Aedes cf. punctor/punctodes” and “Aedes aff. punctor/punctodes” host species were merged
into “Aedes punctor/punctodes”; “mosquito” was replaced with “Culicidae spp.”. Heatmap was
visualized using matplotlib library.

Phylogenetic trees were visualized with FigTree v1.4.4. Virus contigs were annotated manually
and visualized using the GenomeDrawing tool. Pie charts, heatmaps, and histograms were plotted
in python3 using matplotlib library. All figure post-processing was done using GIMP program.
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Results

1. High-Throughput Sequencing

The aim of the work was to describe the virome of bloodsucking dipterans collected in Karelia.
Overall, 8 pools of dipterans were studies, including 5 pools of mosquitoes, two pools of blackflies
and one pool of biting midges. Mosquitoes were pooled by species and sampling location. Overall,
four mosquito species were studied: Aedes punctor, Ae. cinereus, Ae. communis, and Ae. dianteus.
Blackflies and biting midges were pooled by location, with three species represented in each pool.

We obtained 8-14 million reads per pool (after filtering out low-quality reads), with total
percentage of viral reads varied from 0.46% to 11.74%. We found evidence of the presence of at least
138 different viruses in the study (Figure 1, Supplementary Table 1). Number of viruses in pool varied
from 12 to 26, with Simulium collected in the Leksozero region containing both the most number of
viruses, and the highest number of viral reads (Figure 1).

Overall viruses found in the study B Durnavirales

[ Picornavirales
B Ghabrivirales
B Bunyaviricetes
B Mononegavirales
B Reovirales

3 Negevirus

B Sobelivirales
£ Marteliivirales
B Quenyaviruses
[0 Other viral taxa
EXR fragmented genome

Number of viruses in the pool

@l Total virus reads (%)

Percentage of the
viral reads in the pool

10.0%

Aedes I Aedes T simulium T Culicoides T Aedes T Aedes I Aedes I Simulium

punctor cinereus spp. 1 spP. communis dianteus cinereus spp. 2
Pieud toral 12,635,360 11,634,957 13,395.478 8,534,812 10,084,462 12,237,003 14,067,336 12,574,812
after processing 1635, 1634, ,395. 534, 084, 1237, .067.. 574,

Unique virus 'species' with complete and partial genome

w—Durnavirales
m— picomovirales
m—Reovirales
Mononegavirales
m— Negevirus
Bunyaviricetes
m—sobeiivirales
m— Ghabrivirales
w—wolframvirales
s Quenyaviruses
m— Other viral taxa

picomavirales.

Dumaviraies

w— Flaviviridae

m— Ciriivirales
Nidovirales
Martellivirales
Nodamuvirales

Reovirales Cirtivirales

Flaviviridae

Other viral taxa
Mononegavirales
Nidoviraies 1
Queny:
Wolframvirales

Negevirus Nodamuvirales

Bunyaviricetes Sobelivirales

Marteliivirates

Overall: 63

Figure 1. (A) Total number of viruses (top) and abundance of virus-containing reads (bottom) in each studied
pool. Distinct virus groups are colored. Viral genome fragments are marked by crosses. (B) Pie-chart of unique
virus ‘species’ with complete and partial genomes assembled in the study. Distinct virus groups are colored.
‘Species’ are defined according to criteria stated in the Materials and Methods.

Since virus richness in our samples was very high, we focused followed analysis on viruses with
complete and partial genomes. 63 unique virus ‘species’ with complete and partial genome
(according to the criteria stated in the Materials and Methods) were assembled. The majority of them
were related to the order of Durnavirales. Other common virus groups were Picornavirales, Reovirales,
and Mononegavirales (Figure 1B). For 13 virus “species’, several different genomes were assembled,
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indicating the presence of different variants in our dataset (Figure 2A). Ten virus ‘species” were found
in two pools simultaneously. In several cases, the presence of viruses in different species of insects

has been observed.

Gomselga Aedes dinoverna-like virus l-

B

Enontekio quenyavirus | One strain in the pool
1 == Two strains in the pool
llomantsi partiti-fike virus 1
Gomselga Aedes dinoverna-like virus 2 | i
- SR _....._4'
Gomselga Aedes partiti-like virus |
Bl [S— e
| Panayarvi Aedes dinovema-like virus [pool 14] 4J0.52
Panayarvi Aedes partiti-like virus 1 1
e e Hameenlinna phasivirus [pool 13] -Jll0.66
Gomselga Simulium Rhabdo-like virus | sz
i Leksozero Simulium phenui-like virus [pool 15] X
Leksozero Simulium partiti-like virus 1 - i Mekrijarvi iflavirus [pool13] 0.93
4 ———
Gomselga Simulium chag-like virus | Gomselga Culicoides solemo-like virus [pool 11] h.13
|
T S T Enontekio quenyavirus [pool13] 1.21
Gomselga Culicoides nara-like virus
s Gomselga Aedes dinovera-like virus 2 [pool14] h.23
Gomselga Culicoides solemo-like virus Gomselga Aedes dinovera-like virus 1 [pool 8] 1.38
Mekrijarvi iflavirus Pedersore iflavirus [pool 12] 1.72
RV ARG RIS | Leksozero Simulium noda-like virus [pool 15 9.34
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@ & & o S 3 @ o @ o S 1.0% 10.0%
G T B Se ST e S
& o“° F NS LA o o°" N Percentage of reads
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Pedersore iflavirus
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Hattula totivirus 3

Hattula partiti-like viru:

Hebron partiti-like virus

L
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Hameenlinna phasivirus.
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=== Found only in this study
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Gomselga Aedes dinoverna-like virus 2
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Figure 2. Virus occurrence and abundance. (A) A heatmap representation of viruses for which multiple genome
variants were found in our research. (B) The most abundant viruses discovered in this work. (C) A heatmap

showing insect species where virus has been detected, both in literature and in this research.

Out of 63 unique virus ‘species’, 14 (22%) were not novel viruses (Figure 2C). All of non-novel
viruses (except Hebron partiti-like virus) were discovered during large-scale study on the virome of
the Aedes species conducted in Finland [10]. Hebron partiti-like virus was discovered in a study
conducted on the virome of the mosquitoes in Sweden [40].

In our work, several viruses were detected in the mosquito species, where they had not
previously been discovered. For example, Enontekio quenyavirus, Mekrijarvi iflavirus and
Hameenlinna phasivirus were detected in Aedes diantaeus in our work, while Ilomantsi partiti-like
virus 1 and Hanko iflavirus 1 were detected in Ae. cinereus. For Pedesore iflavirus, Utjoki negevirus
1, Hattula totivirus 3, Hattula partiti-like virus, Hebron partiti-like virus, Joensuu sobemovirus and
Ilomantsi deltapartitivirus we discovered them only in mosquito species where they were previously
detected.

Some of not novel viruses were very abundant. The percentage of Pedesore iflavirus, Enontekio
quenyavirus, Mekrijarvi iflavirus, and Hameenlinna phasivirus reads were 1.72%, 1.21%, 0.93%,
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0.66% (Figure 2B), respectively. This may indicate that those viruses are actively replicating; however,
future research is needed to prove this.

2. Durnavirales

Viruses related to the order Durnaviruales were the most common in our study, with 17 unique
viruses assembled. The majority of those viruses were partiti-like viruses. Classical members of the
family Partitiviridae are bisegmented dsRNA viruses with genomes 3—4.8 kbp in length. First segment
encodes RdRp, while the second one encodes the coat protein. Family contains five established
genera: Alphapartitivirus, Betapartitivirus, Gammapartitivirus, Deltapartitivirus, and Cryspovirus [41].
Recently, a lot of novel partiti-like viruses were discovered using HTS [7].

While a lot of separate first and second segments were assembled, in many cases it was
impossible to properly associate them in as a single bisegmented genome. Moreover, in multiple
pools, amount of assembled second segment exceeded the amount of first. Thus, the majority of
partiti-like viruses we discuss below will be presented only by first RdRp-encoding segment.

According to the phylogenetic analysis done using amino acid sequences of RdRp, novel partiti-
like viruses belonged to five distinct clades (Figure 3). Gomselga Aedes partiti-like virus 2 formed a
monophyletic clade with several viruses found in different species of mosquitoes, including Illomantsi
partiti-like virus 2.

[QHA33859
lomantsi p:
[xuU16282. it ke virus 1 ZAAIKNP17TMP624
[4VLO3080.1] Broome partitilike virus 1 MoSWEK123A
[UYLB3182.1] Xiang¥un partii-picobirna like virus 2 XY73326

Gomselga Aedes partiti-lke virus 2 p3_4
[UGOS7305.1] Riboviria sp. warbler204con240
DWPR17410.1] Moss partitivirus DICBIL

[QHA33705.1] Atrato Partiti-like virus 5

15002 021a_SAND.
ke virus FIN/PP-2018/82
-picobirna-like virus 1 XY48598

Gomselga Ae us p14
(UUV42342.1] Hameenlinna partiti-like virus FIN/L 2018/88

(UUV42343.1] Hameenlinna partiti-like virus FIN/PK-2018/42
(UUV42382.1] Lestijarvi partiti-ike virus FIN/PK-2018/41
ki

Leks part
(UUG74127.1] Xiang¥un partitipi
(QWI58128.1]

(UQS95357.1] Ezimos virus SNOT_Ezimos
(YAI74771.1] Qinghai partitike virus F2

rnalike virus 5 XY9616

Panayarvi Aedes partiti-ike virus 2 p14-3
(QQO81405.1) Soybean thrips partiti-iike virus 9 STNIPYY
[QMI58122.1] Vera virus W.FoCo17

YP_009329892.1) Hubei diptera virus 18

[YP_009342458.1) Wuhan fly virus 5

[QGL51730.1) Vespa velutina associated partiti-like virus 1 WAPaLV1/14
[QED42914.1] Encomophthora partitivirus D Cho

Figure 3. Phylogenetic relationships of novel partiti-like viruses discovered in the study. Midpoint-rooted
phylogenetic tree constructed using the amino acid sequences of the RdRp, with 1000 bootstrap replicates
performed. Novel viruses are shown in red. Novel variants of already known viruses are in purple. Magnified
subtrees containing novel viruses are shown on the right. Nodes with 290% bootstrap support are marked. The

scale bar represents the number of amino acid substitutions per site.

Panayarvi Aedes partiti-like virus 2 was distantly related to several partiti-like viruses found in
various insects. Gomselga Aedes partiti-like virus (GAPV) and Panayarvi Aedes partiti-like virus 1
(PAPV1) were found in both pools of Aedes cinereus. GAPV formed a monophyletic group with
Hameenlinna partiti-like virus and Lestijarvi partiti-like virus, discovered in mosquitoes in Finland.
Gomselga Culicoides partiti-like virus 1 and Leksozero Simulium partiti-like virus 2 were also related
to this clade. PAPV formed monophyletic clade with Verdadero virus and XiangYun partiti-
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picobirna-like virus 5. Additionally, in the pool of Aedes cinereus we discovered a Gomselga Aedes
alphapartiti-like virus. It was related to various viruses related to Alphapartitivirus genus
(Supplementary Figure 1)

Additionally, we discovered three chag-like viruses. Chaq virus was originally described as a small
sequence whose presence was correlated with Galbut virus [42,43]. It was hypothesized that it may be a
satellite virus. In both Simulium pools, we discovered Gomselga Simulium chag-like virus.
Phylogenetically, it was related to various chag-like viruses discovered in different species of mosquitoes.

Panayarvi Aedes chag-like virus was detected in Aedes cinereus pool (pool 14), and Zadnee
Aedes chag-like virus (ZACV) was detected in Aedes communis (pool 12). According phylogenetic
analysis based on the VP1 protein, both of those viruses were highly divergent from currently known
chag-like viruses (Figure 4).

4 [AOR51385.1) Chaq virus-fike 2
’y ¥ [AORS51386.1] Chaq virus-like 3
- [UNZ11832.1] Zeya Brook chaq-like virus 2 Koltsovo/ZBCLV2/2019
Panayarvi Aedes chag-like virus p14
Zadnee Aedes chag-like virus p12
XLG22618.1] Chag virus D, el USA_2023_ME-M-2_2
uc22793. 1] Chaq virus D_mel_USA_202371020-D3
743.1] Chaq virus AG_FoC020_1
QM158117 1] Chaq virus Cv.FoCo17
- WOL30745.1] Chaq virus TD_FoC020_5
XLG22779.1) Chaq virus D_mel_USA_2021 _mel-21-M05-9
XLG22819.1] Chaq virus D_mel_USA_2023_ME-M-7_1
WOL30746.1] Chaq virus TD_FoC020._ 6
WOL30747.1] Chaq virus LK_FoCo21
chzzsoo 1] Chaq virus D_mel_USA zuza,mzo M-0816-47
783.1] Chaq virus D_mel_USA_2

PISTIES 1] Chad Vs D-mel-Uga- TR
XLG22791.1) Chaq vius D_mel USA_2023_1020-A7

XLG22821.1] Chaq virus D_mel_USA_2023_ME-M
XLG22803.1] Chaq virus D_me|_USA_2023_1428- e
WYZ56527.1) Chaq virus 1004283
AWY11175.1] Chaq virus
AWY11113.1] Chaq virus
XLG22830.1] Chaq Virus D_mel_USA_2023_Penn-F-6
AKH40308.1) C
WYZ56531.1] Chaq Virue StPaul1919_3

XLG22814.1] Chaq virus D_mel_USA_2023_ME-F-2

XLG22812.1] Chaq virus D_mel_USA_2023_ME-F-1_1
- AWY11087.1] Chaq virus

WYZ56565.1] Chaq virus SB2000_sim_2

XPD17166.1] Chaq virus SRX10234784_Chaq

— XXz66214.1] Partitiviridae sp. 3.3
RW42520.1] Nefer virus CMS002_021a_SAND
QRW42518.1] Nefer virus CMS001_008_ALCO
QRW42519.1] Nefer virus CMS001-025_ALCO
3 |
_— U

RW42512.1] Nefer virus CMS002_020e_SAND
IQS95355.1] Ezimos virus SNO1_| E2|mos

QRD99871.1] Didymoteicho chaq virus Ul
UNZ11831.1] Zeya Brook chaq-like virus Yioltsovo/zcLyr- 02/2019
UNZ11830.1] Zeya Brook chiaglike virus 1 Kolsovo/Z8CLV1-01/2019
AORS1384.1] Chaq virus-like 1
QMI58130.1] Chag-like virus CLv.PozaRica20
Gomselga Simulium chaq-like virus p15

Gomselga Simulium chagrlike virus p10

Yo}

0.2

Gomselga Simulium chag-like virus
5

Zadnee Aedes chag-like virus
5%

- 2

Panayarvi Aedes chag-like virus
55

- 2

|§6|

Figure 4. Phylogenetic relationships and genome structure of chag-like viruses. (A) Midpoint-rooted
phylogenetic tree constructed using the amino acid sequences of the VP1. Nodes with >90% bootstrap support
are marked, 1000 bootstrap replicates were performed. The scale bar represents the number of amino acid
substitutions per site. Discovered viruses are shown in red. (B) Genome scheme of discovered chag-like viruses.
ORFs are shown in purple.

3. Picornavirales

All picornavirales-related viruses, discovered in this study, were ifla-like viruses. Family
Iflaviridae includes non-enveloped, single-stranded, non-segmented positive-sense RNA viruses.
They have genomes that are 9-11 kb in length and contain a single open reading frame [44]. Recently,
hundreds of novel ifla-like viruses were discovered using HTS [7].

Apart from viruses that were discovered in other studies, we were able to assemble 6 novel ifla-
like viruses. All of them followed typical ifla-like genome layout. Four of them were discovered in
Simulium pool (pool 10), one in Culicoides pool, and one in Aedes diantaeus. Viruses were named

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202512.0756.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 December 2025 d0i:10.20944/preprints202512.0756.v1

9 of 21

Gomselga Simulium ifla-like virus 1 — 4 (GSIV1 - 4), Gomselga Culicoides ifla-like virus (GCIV), and
Leksozero Aedes ifla-like virus (LAIV). Four of discovered viruses had a complete coding genome,
while for the other two partial genome with various completions (Supplementary Figure 2).

Discovered viruses belong to several distant groups of ifla-like viruses (Figure 4). GCIV formed
a monophyletic clade with two viruses discovered in bird metagenome and mistakenly annotated as
toti-like viruses. GSIV2 and GSIV3 grouped together and formed monophyletic groups with two
viruses discovered in Myotis chinensis bats and Cameroonian blackflies [19]. LAIV grouped together
with several variants of Culex Iflavi-like virus 4. GSIV1 was distantly related and formed a
monophyletic group with several viruses found in other Diptera members, including Mekrijarvi
iflavirus, for which we described two new variants.

Gomselga Culicoides ifla-like virus
QII53449.1] Totiviridae sp. trb102shi2nc
QI153447.1] Totiviridae sp. war203shi3
WKV34241.1] Riboviria sp. tit162_contig_59
UTQS0724.1] Novo Mesto favirue 1 TURZOSW
YP_009336539.1] Hu picorna-like virus 40
QKN§8747.1] Tothides £p Ehiasopic
QKE60685.1] Totiviridae sp. dwb110rvt2nc
UXD80007.1] Myrmica rubra picomarlike virus 11
YP_009337665.1] Sanxia water strider virus 8
QI53454.1] Totiviridae sp. ecw123shi2nc
QZZ63403.1) Nelson Picorna-like virus 9 Vvu\ virus_61
[UNI73845.1] brine shrimp iflavirus 1 AK/07
[UNI73850.1] brine shrimp iflavirus 3 VIE/10
[UNI73852.1] brine shrimp iflavirus 3 NM/93-14
[UNI73857.1] brine shrimp iflavirus 3 KC/17
UNI73855.1) biine shrimp iflavius 3 KAZ/15-16
UNI73853.1] brine shrimp iflavirus 3 NM/94-18
QUIS3446.1] Totwirdae sp. war20dshiine
XQZ69852. 1] Riboviria sp. BlackFly49_mipTp
WIWV90465.1] Picomaviridae sp. JTGZC22/1558
QHA33691.1] Atrato Picoma-lke Virus
YP_009337750.1] Hubei picoma-like virus 41
QQP18762 11 Soybean thrips Mavinis §
QRNGS736:1] Tobvridae sp, bski3shitsnc
QU53450.1] Totiridae sp. Mo200shi3
Q)153453.1] Totiviridae sp. f
XOT41438.1) Aleyrodes pi rele(eﬂa s 2 NBU-B
YP_009337088.1] Hubei mosquito virus 1

-

APG77953 1] Hubel mosquito vircs 1

QXV86366.1 Iﬂavlndae sp. XZN142898
UXD80012.1° rubra picorna-like virus 3
ULFo9905 1] icas oo, RiGRI41 25747

edersore iflavirus
[uuwzm 1] edersore flavius FIN/KP-2018/33

Peierore faitus FIN/Po 2018731
OOvaaisy 1 Pedersore iflavirus FIN/U-2018)
UCWA41643 1] Budaiangi IHavi-lke virus
QLI83497.1) Fitzroy Crossing iflavirus 1 Fclvl/pum -6
XCO487Z) 1] Iflaviridae sp. 278_228731
XKB78126.1] Caraas iflavirus ARB86251

Xazessza 1) Ribovira 5p. BlackFly3, degt)
QQP18734.1] Hubei arthropod virus 1
APG77458.1] Hubei arthropod virus 1
YP_009336629.1] Hubei arthropod virus 1
UGO57104.1] Pyongtaek Culex Ribovirus A18.4517
UBJ26000.1] Sichuan mosquito associated Iflaviridae
Q1125857.1] Redbank virus
QU25860.1] Recbank irus
Q1125858.1] Redbar

UCW41656.1) Turkana Iﬂaw like virus 2
XQZ68887.1] Riboviria sp. BlackFiy18_2XAa0
XC048727.1] Iflaviridae sp. 325_26226
Gomselga Simulium ifla-like virus
Gomselga Simulium ifla-like virus 3

- Leksozero Aedes ifla-like virus
VP-009553638.1] Culex favilike virus 4
YP009552017.1] Culex Iflavi-like virus 4
QN199575.1] Aedes Ifle-lke virus
[XLV26560.1] Iflavirus sp. NEMO46_KIDVT
—t YP_009553231.1] Culex Iflavi-like virus 4
UOL25782.1] Culex: Iflavi-like virus 4 Cfiv-2020
—t E UUV42168.1] Hanko flavirus 2 FIN/U-2018/97
AXV43880.1] Yongsan picomarike virus 1
_— [XGU11759 1] Sabethes albiprivus iflavivirus Ifla_SALB
HR45778.1) ulyeny aglope ol Wi 1
YP 009337666.1] Ht -like virus 35
(Xeoua7i1 3] Shevindne . 204 12183
DBAG2656.1] [favirus sp. Wi
0B 08537153 1) e pleothasie vius 34
[ [UHM27536.1] Sanya Iflavirus 5 QWXCSY129
75.1

[QKN88975.1] Picornavirales sp. wftcra75pic2
] [XUU11835.1] Iflavirus sp. DR
[0(24271.1] Ifiaviridae sp. P10_MPIV

[WZW72550.1] Chijiahe virus DZS10
[UPTS3741.1) Bactrocera oleae iflavirus Bo-V3
[UOI84715.1] Ceratits capitata iflavirus 2 CcalV2
[QTI62258.1) Bactrocera tryoni iflavirus 1
[XAQS8483.1] Bactrocera tryoni iflavirus BHIVS

[XAQS8482.1] Bactrocera tryoni iflavirus BHIV4
———————— [XC048725.1] Iflaviridae sp. 316_14310

[Q2263343.1] Leuven wasp-associated virus 3 Vvul_virus_25

[UGC12015.1] Glossina morsitans morsitans iflavirus

[UN173846.1] brine shrimp iflavirus 2 LN/17

[XXL24269.1] Khandagaity Melophagus ifla-like virus KMIV_P4

[U1627958.1] Khandagaity Melophagus fla-like virus KILV_24

[U3627957.1] Khandagaity Melophagus ifle-like virus KILV_23

[U3G27956.1] Khandagaity Melophagus ifla-like virus KILV_22

[YP_009342337.1] Wuhan fly virus 4

Gomselga Simulium ifla-like virus 1

Mekrijarvi iflavirus strain A

[UUV42169.1] Mekrijarvi iflavirus FIN/PK-2018/69
Mekrijarvi iflavirus strain 8

[QGA87323.1] Fien picomar-like virus

[QRW42874.1] Calumiyane virus CMS002_020a_SAND
[QRW41678.1] Cafluga virus CMS001_060_ALCO
[BDV27069.1] Yonago Culex iflavirus 181sCxp1bcs
(BBQO4784.1] Yonago Culex iflavirus

[XGZ29641.1) Culex quinquefasciatus associated iflavirus
[UUG74229.1] XiangYun picoma-lke virus 4 XY3966
[UHM27587.1] Sanya iflavirus 8 TSYSY129

[QOW95919.1] Aulacophora lewisii iflavirus 1
[UQJB2152.1] Exitianus exitiosus virus 2
[WQM60690.1] Medvezhye Chrysops Ifla-like virus ifia_our

02

Figure 5. Phylogenetic relationships of novel ifla-like viruses discovered in the study. (A, B) Midpoint-rooted
phylogenetic tree constructed using the amino acid sequences of the polyprotein. Nodes with 290% bootstrap
support are marked, 1000 bootstrap replicates were performed. Some large branches of ifla-like viruses are
collapsed for clarity. The scale bar represents the number of amino acid substitutions per site. Discovered viruses

are shown in red. Novel variants of already known viruses are in purple.
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4. Reovirales

Order Reovirales unifies dsRNA viruses with segmented genomes and currently include two
large families: Sedoreoviridae and Spinareoviridae. [45,46] Here we found contigs related to Reovirales
in every sample we processed. Samples from mosquitoes had contigs distantly related to the genus
Dinovernavirus. This genus belongs to the Spinareoviridae family and currently includes a single
species - Dinovernavirus aedis. Proposition to classify Aedes albopictus reovirus into the genus is
currently under consideration. Member species contain only 9 dsRNA segments [45,46].

Overall, we were able to assemble 7 viruses that belong, according to our criteria, to 3 different
‘species”: Gomselga Aedes dinoverna-like virus 1 (GADV1), Gomselga Aedes dinoverna-like virus 2
(GADV2), and Panayarvi Aedes dinoverna-like virus (PADV). In the 4 cases, we were able to
assemble all nine segments for each virus (Figure 6B). Among them, segment 8 was the most distant;
even in cases where it was successfully identified it is possible that it is a misidentification.

Both variants of GADV2 were found in different Aedes cinereus pools (pools 9 and 14). However,
two other dinoverna-like viruses were detected in multiple species of mosquitoes (Figure 2A). For
GADV], three distinct genetic variants were detected — two in the pool of Ae. punctor (pool 8), and
another one in the pool of Ae. communis (pool 12). PADV was found in pools of Ae. cinereus and Ae.
diantaeus (Figure 2A).

[AZL88834.1] Hubei reo-like virus 7

A [A2188836.1 Huei e viie 7
[AZL88837.1] Hubei reo-like virus 7
[AZL88835.1] Hubei reo-like virus 7
[AZL88832.1] Hubei reo-like virus 7
[APG79115.1] Hubei reo-like virus 7
[UUG74044.1] Hubei reo-like virus 7 XY13255
[XNP01468.1] Elemess virus Cx.erraticus9
[QRW41801.1] Elemess virus CMS001_020_ALCO

[QRW41804.1] Elemess virus CMS001_049_ALCO
[QRW41803.1] Elemess virus CMS001_035_ALCO

[QRW41802.1] Elemess virus CMS001_001_ALCO
[BBN21017.1] Dinovernavirus aedis
[¥P_443936.1] Dinovemavirus aedis
[¥P_009104379.1] Fako virus ; ;
[XUU16262.1] Fako virus ZA(AKNP17MP624 Dinovernavirus
[WLG20788.1] Fako virus KLF_FAKV_21
[X0X80388.1] Aedes albopictus reovirus HN-SY22-Ae-03
[APG79113.1] Hubei mosquito virus 5
Gomselga Aedes dinoverna-like virus 2 p14_2
Gomselga Aedes dinoverna-like virus 2 p9
Panayarvi Aedes dinoverna-like virus p13
Panayarvi Aedes dinoverna-like virus p14_1
Gomselga Aedes dinoverna-like virus 1 p8_B
J Gomselga Aedes dinoverna-like virus 1 p8_A

Gomselga Aedes dinoverna-like virus 1 p12
[AKP18622.1] Lutzomyia reovirus 2 piaui
Jj [ACX54961.1] Bombyx mori cypovirus 1

[AAR88092.1] Bombyx mori cypovirus 1
[ALL27236.1] Bombyx mori cypovirus 1 Yunnan Cypovirus
[AAN46860.1] Dendrolimus punctatus cypovirus 1
[UQX14473.1] Cypovirus 1
[‘ [NP_149147.1] Cypovirus 1
[QIB76108.1] Lymantria dispar cypovirus 1 LdCPV1

0.2

B Gomselga Aedes dinoverna-like virus 1 p8_B
Segment 1 Segment 5
5 oc e
Segment 2 Segment 6
5 3%54 5 \?78
Segment 3 Segment 7
5= 3 5= 3"
3684 1088
Segment 4 Segment 8 Segment 9
5= 5 —3 ' 5=

3 — 3
104 1768

TE— > ) =)

Figure 6. Phylogenetic relationships and genome structure of dimoverna-like viruses discovered in mosqitoes.

(A) Midpoint-rooted phylogenetic tree constructed using the amino acid sequences of the RdRp. Nodes with
290% bootstrap support are marked, 1000 bootstrap replicates were performed. The scale bar represents the
number of amino acid substitutions per site. Discovered viruses are shown in red. (B) Genome scheme of the
Gomselga Aedes dinoverna-like virus 1. ORFs are shown in purple. RdRp-encoding ORF is marked in green.

Segment 8, which were not identified in some viruses is marked by red frame.

Phylogenic analysis based on RdRp-encoding ORF shows that all viruses discovered here are
grouped together with genus Dinovernavirus and related viruses (Figure 6A). At the same time, they
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are quite distant from previously discovered viruses. GADV1 and GADV2 were very abundant in
some pools. The percentage of GADV1 reads reached 1.38% in pool 8, while the percentage of GADV2
reads reached 1.23% in pool 14. This may indicate that those viruses are actively replicating; however,
future research is needed to prove this. PADV was also one of the most abundant viruses in the study,
reaching 0.52% of total reads in pool 14.

In Simulium blackflies we also were able to detect several contigs with ORFs related to Reovirales.
Further analysis allowed us to recover two segments (RdRp-encoding segment 1 and partial segment
5) in pool 10, and three segments (partial segment 1, segments 3 and 5) in pool 14 (Figure 7B). We
concluded that each set of contigs belong to a single virus and named this viruses Gomselga
Simulium reo-like virus and Leksozero Simulium reo-like virus. Those viruses grouped together and
formed a monophyletic clade with Shenzhen reo-like virus 2 and Nephila clavipes virus 6. This group
was relatively distantly related to both genus Phytoreovirus and genus Orbivirus (Figure 7A).

QIJ56924.1] Scaphoideus titanus reo-like virus 1
[ADN64811.1] Homalodisca vitripennis reovirus

A Q02119.1] Rice dwarf virus (isolate Akita) Phytoreovirus
BAA01074.1] Rice dwarf virus H

[AAB18743.1] Rice dwarf virus

BAF49639.1] Rice gall dwarf virus

QNS31039.1] Thrips tabaci associated reovirus 1

UUV42402.1] Tlomantsi reovirus 4 FIN/PK-2018/77
UUV42394.1] Ilomantsi reovirus 1 FIN/PK-2018/63
UUV42396.1] Tlomantsi reovirus 1 FIN/PK-2018/80
UUV42393.1] llomantsi reovirus 1 FIN/L-2018/88
UYE93842.1] Berg reo-like virus k119_12531

QGA70899.1] Valmbacken virus OTUS
_: W)155410.1] Valmbacken virus France_2015
U0001007.1] Clear Lake virus ClLaV-2020
I QPN36924.1] Shenzhen reo-like virus 2
s 1 YP_009551617.1] Nephila clavipes virus 6 SC

§———  Gomselga Simulium reo-like virus p10
t——————— Leksozero Simulium reo-like virus p15

— [AAG34363.1] St Croix River virus
[AC)06234.1] Equine encephalosis virus HS103/06

I—{__: [CAA31306.1] Bluetongue virus Orbivirus
[AKP24073.1] Wad Medani virus SUD1952/01

0.4
B Gomselga Simulium reo-like virus Leksozero Simulium reo-like virus
Segment 1 ngment 1
EN

3
>3951

I
|

Segment 5 Segment 3
P 7

EN 3
>2286 2947

|
|

Segment 5
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2234

[QPN36928.1] Shenzhen reo-like virus 5
Gomselga Culicoides reo-like virus
[AHF20715.1] Cimodo virus

[AHF20727.1] Cimodo virus

[YP_009072449.1] Cimodo virus

[UNI74295.1) brine shrimp reovirus 1 YC/12
[UNI74247.1) brine shrimp reovirus 1 BH/10-12
[UNI74235.1] brine shrimp reovirus 1 SD/11-18

[UNI74319.1] brine shrimp reovirus 1 UL/92
[UNI74199.1] brine shrimp reovirus 1 UZ/16
. [UNI74367.1] brine shrimp reovirus 1 BR/14
e [UHS71899.1] Reoviridae sp. R66-k141_282067
[APG79142.1] Hubei reo-like virus 2
[APG79172.1] Hubei reo-iike virus 3
—E (UHS71918.1] Reoviridae sp. 358R-k141_690980
[WPV63690.1) Wufeng shrew reo-like virus 4 WF_Ch.smithii_reo-like_2

§ [WPV63687.1] Wufeng shrew reo-like virus 1 WF_Crattenuata_reo-fike_1
T (WPV63686.1] Wufeng shrew reo-like virus 1 WF_Ch.smithii_reo-like_1

03
D Gomselga Culicoides reo-like virus
Segment 1 Segment 5
- 3 5. 3"
4051 226
Segment 2 Segment 6
5- 3 5 — 3
%77 1782
Segment 3 Segment 7
3 3%02 Segment not found
Segment 4 Segment 8
5= : 5. 3
2238 1405

Figure 7. Phylogenetic relationships and genome structure of reo-like viruses discovered in blackflies and biting
midges. (A, C) Midpoint-rooted phylogenetic tree constructed using the amino acid sequences of the RdRp.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0756.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 December 2025 d0i:10.20944/preprints202512.0756.v1

12 of 21

Nodes with >90% bootstrap support are marked, 1000 bootstrap replicates were performed. The scale bar
represents the number of amino acid substitutions per site. Discovered viruses are shown in red. (B) Genome
scheme of the discovered viruses. ORFs are shown in purple. RdRp-encoding ORF is marked in green. Estimated

gaps are in grey.

In Culicoides we discovered multiple contigs, all related to the Cimodo virus which is an
unclassified virus isolated from mosquitoes collected in a rainforest in Cote d’Ivoire in 2014. The
genome of the Cimodo virus is divided into 12 segments. It is proposed to form a novel genus within
the subfamily Spinareovirinae [47].

We were able to assemble and detect 7 contigs (see Figure 7D) with some level of homology to
Cimodo virus segments 1-6 and 8. We concluded that all this contigs belong to a single virus and
named it Gomselga Culicoides reo-like virus (GCRV). Phylogenetic analysis based on the RdRp-
encoding ORF shown, that GCRYV is quite distantly related to the Cimodo and cimodo-like viruses
(Figure 7C). Such phylogenetic divergence is likely to be a reason we were able to identify only 7
segments. GCRYV is likely have more segments, but they are far too divergent from known viruses to
detect with blastp analysis alone.

5. Mononegavirales

The order Mononegavirales unifies viruses with negative-sense, non-segmented, linear RNA
genomes. At the time of writing, 11 families are officially recognized by ICTV within Mononegavirales
[48]. In the current work, all assembled complete coding genomes belonged to the family
Rhabdoviridae, as well as 1 partial genome that was related to the family Xinmoviridae. All of the
discovered viruses can be considered novel according to our criteria.

The family Xinmoviridae mostly includes viruses discovered in various species of insects using
HTS, and contains multiple genera that include viruses found in different species of mosquitoes [49].
In the pool of Aedes communis, we discovered a contig containing several proteins with homology to
the xinmovirid protein sequences. The contig was 13091 nt in length and encoded 5 ORFs (Figure 8B),
including typical for xinmovirid L (RdRp), N, and G proteins.

According to the blastp analysis of L protein, it was closest to the Hanko anphevirus with 77%
identity. The phylogenetic analysis, which was performed using the amino acid sequences of the L
protein, shows that our contig forms monophyletic group with the genus Culivirus (Figure 8A).

We judged this contig to represent a genome of the novel virus, and we named it the Zadnee
Aedes Culivirus (ZAC). For the ORF encoding N protein, we were unable to locate the start codon,
and thus we consider this genome only partial. However, alignment with other related N proteins
shows, that missing starting codon may be the result of the error during sequencing or assembly.

All other mononegaviruses in our study are firmly grouped with the family Rhabdoviridae.
Contigs related to rhabdoviruses were discovered in both Simulium pools, as well as pools of Aedes
communis and Ae. diantaeus. They all showed typical genome organization for rhabdoviruses (Figure
8D, F). According to the phylogenetic analysis, the contig discovered in the Ae. communis pool
grouped with members of the genus Merhavirus, while the contig from Ae. diantaeus grouped with
members of the genus Stangrhavirus. Those contigs were named Zadnee Aedes Merhavirus (ZAM)
and Leksozero Aedes Stangrhavirus (LAS), respectively. After classification, small Ul protein
(located between G and L ORFs) typical for genus Stangrhavirus was annotated in the LAS genome.
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Figure 8. Phylogenetic relationships and genome structure of mononegaviruses discovered in mosgitoes. (A, C,
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E) Midpoint-rooted phylogenetic trees constructed using the amino acid sequences of the L protein
(Mononegavirales RdRp). Nodes with >90% bootstrap support are marked, 1000 bootstrap replicates were
performed. The scale bar represents the number of amino acid substitutions per site. Discovered viruses are
shown in red. (B,D,F) Genome scheme of discovered viruses. ORFs are shown in purple. RdRp-encoding ORF is
marked in green. Gray blocks indicate estimated gaps.

In two Simulium pools, 5 contigs with homology to proteins of the family Rhabdoviridae were
found. Two of them, both discovered in the second Simulium pool (collected from Leksozero), showed
high homology with viruses from genus Almendravirus. However one contig (Figure 9B), had
shortened L ORF and Simulium rRNA sequence. Thus, this contig is either inserted in the host
genome, or a product of an assembly error. The second contig contained complete ORFs typical for
the genus Almendravirus, including small U1 ORF between L and G genes. We judged this contig to
represent a genome of the novel virus, and we named it the Leksozero Simulium Almendravirus
(LSA). Phylogenetically, it grouped within genus Almendravirus, and formed a monophyletic group
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with Balsa virus, Xiangshan rhabdo-like virus 1, and unspecified almendravirus detected in the
blackflies (Figure 9A).
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Figure 9. Phylogenetic relationships and genome structure of rhabdo-like viruses discovered in Simulium
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species. (A) Phylogenetic tree constructed using the amino acid sequences of the L protein (Rhabdoviridae RARp).
Nodes with >90% bootstrap support are marked, 1000 bootstrap replicates were performed. The scale bar
represents the number of amino acid substitutions per site. Phylogenetic tree is rooted on members of genera
Vesiculovirus and Alpharicinrhavirus for clarity only. Discovered viruses are shown in red. Novel branch of
Simulium specific rhabdo-like are in marked in red (B) Genome scheme of discovered viruses and a rhabdo-like

element. ORFs are shown in purple. RdRp-encoding ORF is marked in green. Cellular genes are shown in blue.

Other 3 contigs had also had typical genome organization for rhabdoviruses, and had about 38-
39% identity to the Orius laevigatus rhabdovirus 3. However, L proteins from contigs had 94%
identity, and therefore, according to our criteria, they represented a single novel virus. We named
both contigs Gomselga Simulium Rhabdo-like virus (GSRV). The third contig was named Leksozero
Simulium Rhabdo-like virus 1 (LSRV). Both variants of GSRV, and LSRV, grouped together on the
phylogenetic tree.

All discovered here rhabdo-like viruses has coding-complete genome and can be considered by
the ICTV for classification. Genera Merhavirus, Stangrhavirus,and Almendravirus have six very similar
species demarcation criteria: 10% amino acid sequence divergence in the protein N (5% for
Almendravirus), 10% amino acid sequence divergence in the protein L, 15% amino acid sequence
divergence in the protein G, significant differences in numbers and locations of ORFs, the possibility
to distinguish viruses in the neutralization tests and differences in hosts [50].

We evaluated if our viruses are satisfying ICTV species demarcation criteria, except the
neutralization tests (Supplementary Table 2). According to blastp analysis, ZAM, LAS, and LSA are
sufficiently divergent from the closest blastp hit in L, G, and N to be considered a novel species.
Moreover, LAS and LSA were found in novel hosts, compared to established viral species of the
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genera. However, there are some yet unclassified viruses within genus Almendravirus that were
discovered in Simuliidae species [19]. ZAM is discovered in the Aedes communis, the same species
where Hattula rhabdovirus (Merhavirus hattula) were discovered. Overall, we believe that the
demarcation of a new species for ZAM, LAS, and LSA can be considered.

Our phylogenetic analysis shows, that GSRV and LSRV form a well-supported monophyletic
clade outside of established Rhabdoviridae genera. The closest genus to it is Betathriprhavirus, which
contains viruses that infect trips. According to genus demarcation criteria within family
Rhabdoviridae, novel genus must form a monophyletic clade in well-supported trees using full-length
L sequences, as well as significant differences in genome sequence and architecture, antigenicity and
ecological properties [50]. GSRV and LSRV differs in genome structure from Betathriprhavirus,
because they don’t encode additional ORF in between L and G genes. They are also found in Simulium
blackflies, not in trips, making them ecologically distinct. Thus, after additional analysis, the
demarcation of the genus for the GSRV/LSRYV clade can be considered.

6. Other Virus Groups

In addition to the above-mentioned virus groups, we have discovered multiple RNA viruses
belonging to Negeviruses, Bunyaviricetes, Sobelivirales, Ghabrivirales, Wolframvirales, Nodamuvirales.
We have also assembled a single viral genome belonging to quenyaviruses, from the family
Flaviviridae, and the orders Nidovirales and Martellivirales. Among the discovered viruses several are
of particular interest.

Several negev-like viruses were assembled, with four of them being novel viruses. Three of them
were found in a single Simulium sp. pool (pool 10), and followed general ORF layout of the negev-
like viruses. However, the ORF layout in contig found in Aedes cinereus pool was not typical. First, it
was a partial genome, with gaps estimated to be on both ends of the sequence (Supplementary Figure
S3). Second, its RdRp-encoding ORF was divided in two by UGA codon. It is not common for
negeviruses to express ORFs via stop codon read-through, thus it is possible that this contig
represents not a virus, but a host genetic element.

We assembled a complete coding genome of a noda-like virus in the Simulium sp. pool. This
virus, named Leksozero Simulium noda-like virus (LSNV), was distantly related (58% identity in
RdRp-encoding ORF according to the blastp) to the Sanxia water strider virus 17 and had a similar
OREF layout (Supplementary Figure 3) with it. Curiously, it is the most abundant virus in our study.
The percentage of LSNV reads was 9.34% in the pool. Such high abundance indicates that this virus
is likely to be actively replicating in Simulium blackflies.

In the Simulium sp. pool (pool 15) we assembled genomes of two novel bunya-like viruses. The
first virus, named Leksozero Simulium phenui-like virus (LSPV), was distantly related (26% identity
according to the blastp of the L protein) to the Catch-me-cave virus (Uukuvirus uukuniemiense). We
were able to annotate all three segments of the LSPV. The percentage of LSPV reads was 0.82% in the
pool — one of the highest in the study. This may indicate that LSPV is actively replicating in Simulium
blackflies; however, future research is needed to prove this.

It should be noted, that the assembly quality for this particular virus was lower than average
across this study. First, the second segment was originally assembled in a circular form, and manual
assembly and re-annotation were performed to obtain the final sequence. Second, contig that was
annotated as the third segment of LSPV was very distant from closest relative (33.6% identity with
10 E-value in N protein). However, it exhibited comparable average coverage compared to the
segments 1 and 2. Based on this additional evidence, we concluded that this contig is segment 3 of
the LSPV. If our annotation of the segment 3 is correct, then both putative NSs and putative N
proteins there are coded in the same direction, with putative NSs ORF preceding N ORF (Figure 10).
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Figure 10. Genome structure of Leksozero Simulium phenui-like virus and Leksozero Simulium bunya-like
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grey.

The second novel bunya-like virus, discovered in the Simulium sp. pool (pool 15), was distantly
related to the Buffalo Bayou virus (35% identity according to the blastp of the L protein). This virus
was named Leksozero Simulium bunya-like virus. Interestingly, while only a single conting RdRp-
encoding contig was discovered, we assembled two close contigs, both encoding G protein, as well
as two variants of the segment 3 (Figure 10). The first one was 746 nt in length and contained a single
N protein ORF. The second variant encoded an additional ORF in the reverse orientation.
Unfortunately, without additional data, it is impossible to determine which segment 3 variant belong
to the genomic RNA.

While most discovered here viruses were RNA viruses, we assembled a single complete coding
genome of a DNA virus — Gomselga Aedes draupnir-like virus. It is likely belong to the family
Draupnirviridae with closest relative (according to blastp) being Mosquito circovirus found in Aedes
vexans in Germany.

Discussion

In this work we studied viromes of bloodsucking dipterans collected in Karelia. Several
widespread species of Aedes mosquitoes were studied, due to their importance as vectors for human
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and animal pathogens. Additionally, we analyzed viromes of blackflies (Simulium) and biting midges
(Culicoides). Number of viruses in pool varied from 12 to 26, with 63 unique viruses with complete or
partial genome assembled. Among them, no known human or animal pathogens were found.

Out of 63 unique viruses, 22% were not novel and were mostly related to viruses discovered in
mosquitoes in Finland [10]. The percentage is even higher (41%), if we consider only viruses detected
in mosquitoes, because all partial and complete coding viruses found in blackflies and biting midges
were novel viruses. It was reported, that there is no overlap in viruses between large-scale HTS
virome studies done in Finland and in Sweden [10,51]. However, there is a big overlap in mosquito
viruses found in Finland and Karelia. This can be explained by the fact that insect collection points in
Finland are much closer geographically to the mosquito collection points in our work than to the
mosquito collection points in Sweden. Nevertheless, we were able to discover multiple novel viruses
even in mosquito species already studied in Finland (Aedes communis and Ae. diantaeus).

In our work, several not novel viruses we discovered were detected in mosquitoes where they
had not previously been found. Additionally, novel dinoverna-like GADV1 and PADV were
discovered in two different species of mosquitoes (Figure 2A). Mosquito specific RNA viruses are
often considered vertically transmitted [52]. Discovery of the virus in several mosquito species may
occur via intermediate vertebrate host, making them arboviruses. However, other routes of
horizontal transmission (not involving vertebrate hosts), were also described [52], in particular for
cypoviruses (Reoviridae) [53,54]. Overall, viruses discovered in multiple species of mosquitoes
simultaneously can be a suitable object for future research on possible routes of horizontal
transmission.

The most prevalent viruses in our research were those belonging to the order Durnavirales. In
addition to multiple partiti-like viruses, 4 chaq-like viruses were identified. Chag-like viruses are
hypothesized to be satellites of partitiviruses [42,43,55]. Another hypothesis is that they are optional
partitivirus segments not strictly required for replication [55]. In our study, all chag-like viruses were
detected in pools with other partiti-like viruses, confirming previous studies.

Some novel viruses we found here are of particular interest. GSRV and LSRV form a well-
supported monophyletic clade outside of established Rhabdoviridae genera, have a different ORF
layout compared to closest genus, and were discovered in Simulium blackflies, making them
ecologically distinct. Combined with a determined complete coding sequence for both viruses, it
makes those viruses potential candidates for demarcation of new genus in the family Rhabdoviridae.

LSPV has novel ORF layout in the 3rd segment, compared to the other established viruses in the
family Phenuiviridae. According to the blastp analysis, it is very distantly related to known
phenuiviruses. While we believe that we assembled a complete coding genome, additional
confirmation, involving sequencing of the genome termini, is probably necessary before
classification. In both cases, final decision on virus on nomenclature and classification of the
abovementioned cases can only be made by the ICTV.

Overall, our work significantly expanded known biodiversity of viruses. Among other, we
identified several variants of three dinoverna-like viruses, several new potential species of family
Rhabdoviridae, as well as viruses that may even represent new genera in families Rhabdoviridae and
Phenuiviridae. Given the relatively small number of pools we studied, it shows that despite extensive
research, haemotophagous insects remain a suitable target for the search of novel viruses.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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