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Abstract

Background Mosquito-specific viruses (MSVs) comprise a variety of different virus families, some of which are known
to interfere with infections of medically important arboviruses. Viruses belonging to the family Mesoniviridae or taxon
Negevirus harbor several insect-specific viruses, including MSVs, which are known for their wide geographical distri-
bution and extensive host ranges. Although these viruses are regularly identified in mosquitoes all over the world,
their presence in mosquitoes in Germany had not yet been reported.

Methods A mix of three MSVs (Yichang virus [Mesoniviridae] and two negeviruses [Daeseongdong virus and Dezi-
dougou virus]) in a sample that contained a pool of Coquillettidia richiardii mosquitoes collected in Germany was used
to investigate the interaction of these viruses with different arboviruses in Culex-derived cells. In addition, small RNA
sequencing and analysis of different mosquito-derived cells infected with this MSV mix were performed.

Results A strain of Yichang virus (Mesoniviridae) and two negeviruses (Daeseongdong virus and Dezidougou virus)
were identified in the Cq. richiardii mosquitoes sampled in Germany, expanding current knowledge of their circula-
tion in central Europe. Infection of mosquito-derived cells with these three viruses revealed that they are targeted
by the small interfering RNA (siRNA) pathway. In Culex-derived cells, co-infection by these three viruses had vary-

ing effects on the representative arboviruses from different virus families (Togaviridae: Semliki forest virus [SFV];
Bunyavirales: Bunyamwera orthobunyavirus [BUNV]; or Flaviviridae: Usutu virus [USUV]). Specifically, persistent MSV
co-infection inhibited BUNV infection, as well as USUV infection (but the latter only at specific time points). However,
the impact on SFV infection was only noticeable at low multiplicity of infection (MOI 0.1) and at specific time points
in combination with the infection status.

Conclusions Taken together, these results are important findings that will lead to a better understanding of the com-
plex interactions of MSVs, mosquitoes and arboviruses.
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Background

Mosquitoes are responsible for the transmission of
human pathogenic arthropod-borne viruses (arbovi-
ruses) but can also be infected with mosquito-specific
viruses (MSVs). In contrast to arboviruses, MSVs can-
not infect vertebrates. MSV is a general term for viruses
that belong to a variety of virus families, including some
important arbovirus families such as Togaviridae and
Flaviviridae [1]. Similar to arboviruses, MSVs infect and
replicate in mosquitoes and derived cells, and the subse-
quent infection is normally persistent, characterized by
continuous virus production but no obvious cytopathic
effect or pathology. Due to this lack of pathology, the dis-
covery of these viruses and knowledge of their distribu-
tion have lacked strongly behind those on arboviruses.
However, over the last decade, next-generation sequenc-
ing and bioinformatic analyses have resulted in a steady
increase in the discovery of and research on MSVs. One
factor increasing interest in MSVs is that some have been
reported to interfere with arbovirus infections; however,
most of these studies focused on MSVs that are closely
related to arboviruses (e.g. Togaviridae, Bunyavirales and
Flaviviridae). In addition, either acute or persistent MSV
infections are generally used in studies, but rarely are
both infection phases directly compared for their effect
on arbovirus infections [reviewed in 1, 2]. Interactions of
MSVs and arboviruses are normally investigated as single
infections; however, data suggest that multiple MSVs co-
infect a single mosquito or derived cells [3-9].

Despite the increase in research on MSV-arbovirus
interactions, little is known about their interactions with
the mosquito host, including the host’s innate immune
response. The sequence-specific RNA breakdown mech-
anism, called RNA interference (RNAi) is the major
antiviral response in mosquitoes. It can be divided into
several pathways, depending on the key proteins and
the produced small RNA (sRNA) molecules. The small
interfering (si)RNA pathway has been found to act in
an antiviral manner against all viruses tested so far. This
pathway is triggered by long double-stranded (ds)RNA,
which in turn is cut into 21-nucleotide (nt) siRNAs by
Dicer-2. Following the incorporation of the siRNAs into
a multiprotein complex, Ago2 protein binds one of the
strands and then uses it as a guide to find complemen-
tary RNA, followed by RNA degradation. In contrast,
the P-element-induced wimpy testis (PIWI)-interact-
ing RNA (piRNA) pathway is independent of Dicer but
includes Ago3 and several PIWI proteins. Hallmarks
of the piRNA pathway are piRNAs in the size range of
24-30 nt, with specific molecular characteristics due to
a ping-pong amplification pathway. Ping-pong-produced
piRNAs have a sequence bias (A10 bias for sense and Ul
bias for antisense piRNA-sized sRNAs), and the sense
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and antisense sSRNAs have an overlap of 10 nt [10, 11].
Production of virus-specific sSRNAs in mosquitoes and
derived cells for a variety of MSVs have been reported in
past studies; however, these focused nearly exclusively on
long-term established persistent MSV infection in mos-
quito cell cultures or field-caught mosquitoes [3, 6, 7, 12,
13]. In addition, the mosquito immune responses have
mostly been investigated in Aedes spp. [14] even though
other mosquito species, specifically Culex spp. have been
shown to harbor a variety of MSVs and are known vec-
tors of several important arboviruses (e.g. West Nile
virus, Usutu virus, Sindbis virus) [15, 16].

In this study, we have isolated viruses from a mosquito
homogenate (derived from a pool of three Coquilletti-
dia richiardii mosquitoes). Next-generation sequencing
showed that the isolate was a mix of three viruses belong-
ing to Mesoniviridae (MesV; Yichang virus [YicV]) and
the taxon Negevirus (NeV; namely Dezidougou virus
[DeziV] and Daeseongdong virus [DaesV]). Given that
we were not able to separate out these viruses and that
they are found in close proximity in nature, we studied
the effects of co-infection by these three MSVs on the
mosquito RNAi response and on arboviruses belonging
to different virus families.

Methods

Cell lines

Hsu and CT cells originally derived from Culex quinque-
fasciatus and Culex tarsalis, respectively, were used as
experimental material (gifts from R. van Rij, Radboud
University, Nijmegen, the Netherlands). These cell lines
are known to harbor several MSV infections [7]. Aag2
and C6/36 cells were received from A. Kohl (University
of Glasgow Centre for Virus Research [CVR], Glasgow,
UK) and are Aedes aegypti- and Aedes albopictus-derived
cells, respectively. Aag2 harbor previously reported
MSVs, in contrast to the C6/36 cells, which are MSV-free
[3, 17]. All mosquito-derived cells (Aag2, C6/36, CT and
Hsu) were grown at 28 °C and no additional CO, in Lei-
bovitz’s L15 medium (PAN-Biotech GmbH, Aidenbach,
Germany) supplemented with 10% FCS (PAN-Biotech
GmbH), 1x penicillin/streptomycin (Gibco® Thermo
Fisher Scientific, Waltham, MA, USA), and 10% tryp-
tose broth (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany). Vero cells (Cercopithecus aethiops; supplied
by the ATCC as Vero CCL-81; ATCC, Manassas, VA,
USA), BHK-21 cells (Mesocricetus auratus; present in
the laboratory for a long time) and BSRT7 cells (BHK-21
cells stably expressing the T7 RNA polymerase [18]) were
maintained at 37 °C in 5% CO,. Vero cells were grown in
DMEM medium (PAN-Biotech GmbH) supplemented
with 10% FCS, 1x penicillin/streptomycin and 10%
tryptose broth. BHK-21 and BSRT7 cells were grown in
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GMEM medium (Life Technologies, Thermo Fisher Sci-
entific) supplemented with 10% FCS, 1x penicillin/strep-
tomycin and 10% tryptose broth.

Hsu and CT cells persistently co-infected with YicV/
DeziV/DaesV were established. Briefly, 1 x 10° cells were
seeded in a 6-well plate and co-inoculated with YicV/
DeziV/DaesV. Cells were checked regularly and passaged
twice a week. Cell lines that showed a lack of viral clear-
ance after three passages were defined as persistently
infected cells. The presence of the viruses was verified
regularly over the course of the experiments (passage 3
to passage 20) as follows: RNA was isolated from cells
using TRIzol (Thermo Fisher Scientific), following the
manufacturer’s protocol; then cDNA was produced from
1.5 pg total RNA, using M-MLV (a recombinant DNA
polymerase; Promega, Madison, W1, USA) with random
hexamers (Promega), and the presence of YicV, DeziV
and DaesV were verified by GoTaq PCR (Promega) using
virus-specific primer pairs (Additional file 1: Table S1).

Virus detection and isolation
The virus mix was isolated from one MeSV generic PCR-
positive mosquito pool (consisting of 3 Cgq. richiardii).
The mosquitoes were collected on the island of Kithkopf
in the state of Hesse in Germany during the 2014 field
season using dry ice-baited EVS traps as well as gravid
traps, BG-Sentinel traps, sweeping nets and hand-held
aspirators. Mosquitoes were pooled together by species
and homogenized in 1 ml of cell culture medium (high-
glucose Dulbecco’s modified Eagles’s medium). RNA was
extracted from the homogenates (400 pl) using the RTP
Pathogen Kit (Stratec Biomedical AG, Birkenfeld, Ger-
many), followed by a generic MeSV PCR using the Super-
Script® III One-Step RT-PCR System with Platinum®
(Life Technologies, Thermo Fisher Scientific) with cor-
responding primers (Additional file 1: Table S1: MeSV-
FW & RV) [19]. The isolation was performed on C6/36
cells, according to established protocols [19, 20]. Briefly,
the 1-ml mosquito pool homogenate was clarified by cen-
trifugation, followed by the addition of the cleared super-
natant onto C6/36 cells and incubation at 28 °C.
Following observation of cytopathic effects (CPE),
the supernatant was passaged again on C6/36 cells to
produce a virus working stock (named 8345), followed
by virus discovery with a next-generation sequencing
approach.

Viruses

Usutu virus (USUV 491; accession number KY426758;
Flaviviridae) [21] working stock was produced in Vero
cells, and the virus titer was determined in Vero cells by
the TCIDy, assay.
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Semliki Forest virus (SFV; Togaviridae) expressing
Nano luciferase (SFV6-2SG-NLuc) was produced in
BHK-21 cells by transfection of the corresponding plas-
mid pCMV-SFV6-2SG-Nluc as previously described [17,
22]. This plasmid contains a cytomegalovirus (CMYV)
promoter expressing reporter virus complementary DNA
(cDNA) based on the SFV6 clone and expresses Nano
luciferase through a duplicate subgenomic promoter.

Similarly, Bunyamwera orthobunyavirus (BUNV; Bun-
yavirales) expressing Nano luciferase (BUNV-Nluc) was
produced in BSRT7 cells by co-transfection of three plas-
mids: pTVT7RBUNM-NL (a part of the BUNV NSm
cytoplasmic domain was replaced by the Nluc sequence
resulting in chimeric NSm-Nluc fusion protein), pT7ri-
boBUNL(+) and pT7riboBUNS(+) encoding the BUNV
antigenome (Additional file 2: Figure S1). Following
observation of CPE, the supernatant was transferred
to produce virus working stocks. Virus titer was deter-
mined, in BHK-21 cells, by the plaque assay with Avicel
as previously described [23].

Next-generation sequencing, virus discovery

and phylogenetic analysis

For next-generation sequencing, RNA was isolated from
infectious C6/36 cell supernatant (8345) using the Mag-
MAX Viral RNA Isolation Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions. This was
followed by next-generation sequencing, as previously
described [24].

The obtained reads were adapter trimmed using Trim
Galore! and mapped against the C6/36 reference tran-
scriptome (GCF_001876365.2) using BWA-MEM2.
Unmapped reads were retained and processed using
the Trinity method [25]. The constructed sequences
were identified using the BLASTN program. To avoid
sequence contamination, the protocol was repeated
with libraries additionally filtered by mapping either
to MeSV or NeVs, respectively. The viral genomes con-
structed using the Trinity method were used to infer
the phylogenetic relation to known MeSV and NeV
viruses, respectively, using MEGA X. For MeSV, the
concatenated amino acid sequences of the conserved
regions of the 3CLpro, RdRp and helicase were used.
The inferred maximum likelihood phylogeny was cre-
ated using the LG +F substitution model (as suggested
by MEGA X Model Selection applying default param-
eters), assuming a gamma distribution and 1000 repli-
cates. Based on this, the paired evolutionary distance
(PED) analysis was also performed. For NeVs, the maxi-
mum likelihood phylogeny was inferred based on the
concatenated amino acid sequences of the conserved
regions of the methyltransferase, helicase and RdRp
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domains, using the LG substitution model and assum-
ing gamma distribution with invariant sites and 1000
replicates.

sRNA sequencing and B-elimination assay

To investigate the production of YicV-, DeziV- and
DaesV-specific sSRNAs in CT and Aag2 cells, 8x10°
cells were seeded in a 6-well plate and co-infected with
YicV/DeziV/DaesV. Total RNA was isolated at 24 h post
infection (hpi) with TRIzol according to the manufac-
turer’s protocol, with glycogen as a carrier. Success-
ful infection was verified by PCR using virus-specific
primers (Additional file 1: Table S1) with cDNA, pro-
duced from 1.5 ug of total RNA with random hexam-
ers and M-MLV. To determine the methylation status
of the sSRNA (in case of persistently infected CT cells,
passage 3), a P-elimination assay was performed, as
previously described [22]. In short, TRIzol-isolated
total RNA samples were equally divided into two por-
tions, following which 5 pl of 20x borate buffer, 12.5 pl
of sodium periodate (or water in the case of the con-
trol sample) and 100 pl RNase-free H,O were added.
After 15 min, 10 pl of glycerol was added and the sam-
ples incubated for a further 15 min at room tempera-
ture. Ethanol precipitation was then performed with
glycogen as a carrier. Subsequently, precipitated, dried
pellets were resuspended in borate buffer followed by
90 min incubation at 45 °C. RNA was purified using the
Monarch RNA Cleanup kit (50 pg) (New England Bio-
labs, Inc., Ipswich, MA, USA) according to the manu-
facturer’s protocol. At least 1 pg of total RNA was sent
for sRNA sequencing using an Illumina-based system
at BGI (BGI-tech solutions, Hong Kong; BGISEQ-500)
as previously described [3].

RNA Workbench 2.0 [26] was used to analyze YicV/
DeziV/DaesV-derived sRNA. First, the reads were
mapped against the respective reference genome using
the BWA software package. Then, uniquely mapped
reads were sorted into three separate libraries. The com-
plete set of all 18- to 31-nt reads were counted and plot-
ted against their respective size. All 26- to 30-nt reads
were included in the nucleotide versus cycle plot to show
nucleotide position biases and used to compute sequence
overlaps using the software signature.py [27]. These and
all 21-nt reads were used to create bed graphs of genome
coverage distribution of reads per base, respectively.

Nucleotide sequences of the identified viruses are avail-
able in the NCBI Genbank under the numbers OP576001
(YicV8345), OP576002 (DaesV8345) and OP576003
(DeziV8345). sRNA sequencing data and fastq files are
available in the NCBI Sequence Read Archive under Bio-
Project ID PRJNA885760.
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YicV/DeziV/DaesV infection in different cells
Corresponding cells (CT, Hsu, Aag2, Vero and BHK-21)
were plated in 24-well plates. To reach approximately 80%
confluency on the day of infection, 1.8 x 10° cells/well
were plated in the case of Vero, BHK-21 and Aag2 cells.
Due to their slower growth, 2.5 x 10° cells/well of CT and
Hsu cells were used. After 24 h, the growth media were
removed, and virus was added (combined multiplicity of
infection [MOI] 1). After 1 h, the medium was removed,
and cells were washed with 1x phosphate buffered saline,
followed by the addition of the corresponding complete
media. Cell pellets were harvested at 72 hpi. RNA was
isolated by TRIzol (Thermo Fisher Scientific) accord-
ing to the manufacturer’s protocol. cDNA was then pro-
duced with random hexamers and the M-MLV reverse
transcriptase, followed by PCR with virus-specific primer
pairs (Additional file 1: Table S1).

YicV/DeziV/ DaesV quantification method

RNA from infected cells were isolated by TRIzol
(Thermo Fisher Scientific) according to the manufactur-
er’s protocol.

For the quantification of the three viruses in the work-
ing stock, RNA was isolated from 140 pl of working stock
with the QIAamp Viral Isolation Kit (QIAGEN, Hilden,
Germany) according to the manufacturer’s protocol.
c¢DNA was synthesized (to be used in quantitative PCR
[qPCR]) using either 1.5 ug of RNA (infected cells) or
14 ul isolated RNA (Qiamp isolation kit), random hexam-
ers and M-MLYV reverse transcriptase (Promega) accord-
ing to the manufacturer’s protocol.

To quantify the relative DeziV, DaesV and YicV load
in the different samples, we performed two-step qPCR
using cDNA samples, virus-specific primers (Additional
file 1: Table S1) and QuantiTect SYBR Green PCR kit
(QIAGEN, Germany) according to the manufacturer’s
protocol.

All PCR reactions were performed in two technical
replicates. The data were analyzed using the LightCy-
cler® 480 PCR platform (Roche Diagnostics, Rotkreuz,
Switzerland) and LightCycler 480 software (version 1.5.0
SP4), using the absolute quantification method. Standard
curves for each virus genome were created using 10-fold
dilutions of the specific PCR products (DNA amplicon),
and relative copy numbers were calculated. CP values
of >30 for DeziV, >28 for DaesV and >31 for YicV were
determined as cut-off values.

Effect of YicV/DeziV/DaesV co-infection on arbovirus
infection

CT cells or CT cells persistently infected by YicV/DeziV/
DaesV were seeded in a 96-well plate with 6x 10* cells/
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well. The following day, CT cells were co-infected with
YicV/DeziV/DaesV and either SFV6-2SG-Nluc (MOI 1
or MOI 0.1) or BUNV-Nluc (MOI 0.1), respectively. Dif-
ferent MOIs were used according to previously reported
susceptibility [28]. As the control, CT cells were sin-
gly infected with SEV6-2SG-Nluc (MOI 1, MOI 0.1) or
BUNV-Nluc (MOI 0.1), respectively. In addition, CT
cells persistently infected with YicV/DeziV/DaesV were
infected with SFV6-2SG-Nluc (MOI 1 or MOI 0.1) or
BUNV-Nluc (MOI 0.1), respectively.

Nanoluciferase activity of the infected CT cells was
determined at different time points. Briefly, cells were
lysed with passive lysis buffer, and Nanoluciferase activ-
ity was measured using the Nano-Glo® Luciferase Assay
System and GloMax luminometer (Promega) accord-
ing to the manufacturer’s protocol. Three independent
experiments in triplicate were performed for each experi-
mental set-up.

For USUV infection, CT cells or CT cells persistently
co-infected with YicV/DeziV/DaesV were seeded in a
12-well plate with 4x10° cells/well. The next day, CT
cells were co-infected with YicV/DeziV/DaesV and
USUV (MOI 10). As a control, CT cells were singly
infected with USUV (MOI 10). In addition, CT cells per-
sistently infected with YicV/DeziV/DaesV were infected
with USUV (MOI 10). The supernatant (200 pl) was col-
lected at different time points (0, 6, 10, 24, 48 and 72 hpi),
and the USUYV titer was determined by the TCID,, assay
in Vero cells. Three independent experiments in triplicate
were performed.

To ensure reproducibility of the results for CT cells
persistently infected with YicV/DeziV/DaesV, independ-
ent biological replicates were performed using cells from
different passages between the 12th to the 20th passage
following virus introduction.

Statistical analysis

Data generated from the MSV-arbovirus infection exper-
iments were analyzed and graphs prepared using Graph-
Pad Prism version 7.00 (GraphPad Software Inc., San
Diego, CA, USA). Statistical analyses were performed
using an unpaired, two-tailed t-test. A P-value <0.05 was
considered to be significant.

Results

Isolation of a mesonivirus and negeviruses mix

from a mosquito homogenate from Germany

A homogenate from a mosquito pool of three Cq. richiar-

dii, captured together at the same collection site during

an earlier study [19], caused a strong CPE in C6/36 cells.
Collected supernatant (referred to as 8345) was used

for in-depth virus discovery analysis by next-generation

sequencing. De novo transcript assembly suggested the
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presence of three positive single-stranded RNA viruses:
one mesonivirus (MeSV) and two negeviruses (NeVs).

The MeSV sequence identified in the pool was identi-
fied as YicV with a global nucleotide sequence identity
of 96.5% to the closest variant (MT070763.1). One of
the NeV was identified as Daeseongdong virus (DaesV),
with a global nucleotide sequence identity of 90.8% to the
closest known strain (KU095841.1). The other was iden-
tified as DeziV, with an identity of 83.1% to the closest
Genbank hit (JQ675604.1). The YicV, DaesV and DeziV
variants identified clustered closely with their known
relatives and were therefore considered to be of the same
species (Fig. 1).

Various attempts to separate the three viruses (YicV,
DaesV, DeziV) by different methods (plaque purification
using Tragacanth, dilution assays or a combination of
both assays) were unsuccessful. Therefore, the following
experiments were performed with a virus working stock
harboring all three virus strains.

Susceptibility of cell lines to YicV/DeziV/DaesV

and production of persistently infected Culex-derived cells
As the YicV/DeziV/DaesV mix derives from the homoge-
nate of the same small mosquito pool, we determined if
YicV/DeziV/DaesV could successfully co-infect different
mosquito-derived cell cultures belonging to Aedes and
Culex species (Aag2, Hsu and CT cells) and mamma-
lian cells (Vero and BHK-21 cells). Infection experiments
were performed, followed by RNA isolation at 72 hpi
and reverse transcription-PCR (RT-PCR). The presence
of all three viruses in the mosquito cells was verified by
RT-PCR (Fig. 2a). The amount of DeziV and DaesV was
similar in Aag2 and CT cells, but the amount of YicV was
found to be at least 600-fold higher in infected Aag2 cells
compared to CT cells (Additional file 3: Table S2). The
presence of YicV in Hsu cells could be detected in two
of the three repeats. In mock-infected Hsu cells, YicV-
specific RT-PCR showed repetitively an unspecific PCR
product (based on Sanger sequencing results; data not
shown).

The lack of any of the three viruses in the tested mam-
malian cells (BHK and Vero) implicates their insect-spe-
cific characteristics.

To determine if YicV/DeziV/DaesV could induce a per-
sistent infection in Culex-derived cells, Hsu and CT cells
were infected and passaged at least 5 times. The CPE was
observed in the initial infection in Hsu and CT cells (at
around 24 hpi), but both cell types successfully recovered
at around 72 hpi. After several passages, the presence of
all three viruses was detected by RT-PCR (Fig. 2b). To
determine possible changes in the ratios of the viruses in
the persistently infected cells, relative viral copy numbers
were determined in several of the passages (Additional
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Fig. 1 Maximum likelihood phylogeny of MeSV and NeV samples. The phylogenetic inference of MeSV was based on a concatenated amino acid
alignment of the conserved regions of the 3CLpro, RdRp and helicase domains (a). The phylogenetic inference of NeV was based on a concatenated
amino acid alignment of the conserved regions of the methyltransferase, helicase and RdRp domains (b). The virus species identified in this

study are marked with a red star. The bootstrap values represent 1000 replicates. The trees are drawn to scale, with branch lengths measured

in the number of substitutions per site. MeSV, Mesoniviridae; NeV, taxon Negevirus

file 4: Table S3). The DeziV to DaesV ratio was < 1 in
selected (CT cells: passage 16 and 20; Hsu cells: passage
4, 5 and 17) and persistently infected cells tested (CT and
Hsu), except for passages 3 and 4 in CT cells.

Effect of YicV/DeziV/DaesV on arbovirus infection

in Culex-derived cells

A growth kinetics study was performed to investi-
gate the effect of YicV/DeziV/DaesV on arboviruses in
Culex-derived cells. Three arboviruses were chosen as
representatives of important arbovirus families/orders
(Flaviviridae, Bunyavirales and Togaviridae) that are also
known to infect Culex mosquitoes: SFV (Togaviridae),

BUNYV (Bunyavirales) and USUV (Flaviviridae). The type
of cells used and MOI were based on previous results
(SFV and BUNYV [29]; USUV, data not shown). CT cells
were co-infected with YicV/DeziV/DaesV and SEV6-2SG-
Nluc or BUNV-Nluc luciferase reporter viruses. Also,
CT cells persistently infected with YicV/DeziV/DaesV
were included and again infected with either SFV6-2SG-
Nluc or BUNV-Nluc, respectively. As a control, CT cells
infected only with the corresponding arbovirus (SFV or
BUNV) were included. Luciferase expression was deter-
mined at different time points. In the case of SFV infec-
tion at high MOI (MOI 1), no increase of luciferase over
time was observed. Generally, there were no differences
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Fig. 2 Mosquito-derived and mammalian cell lines co-infected with YicV/DeziV/DaesV. a Hsu (Culex quinquefasciatus), CT (Culex tarsalis), Aag2
(Aedes aegypti), Vero (Chlorocebus sp.) and BHK (Mesocricetus auratus) cells infected with the YicV/DeziV/DaesV mix (representative data of 2
independent repeats; except for Hsu cells). Right panel shows two additional repeats for Hsu-infected cells (Hsu-1 and Hsu-2, respectively). a,

b The presence of YicV, DeziV and DaesV was detected by reverse transcription and virus-specific primers at 72 hpi (a) or at several passages

for persistently infected CT and Hsu cells (b). The asterisk indicated an unspecific PCR band (verified by Sanger sequencing) in Hsu cells. DaesV,
Daeseongdong virus (taxon Negevirus); DeziV, Dezidougou virus (taxon Negevirus); hpi, hours post infection; P, passage; YicV, Yichang virus (family

Mesoniviridae)

between single infected CT cells and YicV/DeziV/DaesV-
infected CT cells, independent of the acute or persistent
infection status (Fig. 3b). However, in case of SFV infec-
tion at a low MOI (0.1), single and co-infection resulted

in a rapid increase of luciferase and a peak at 18 or 24
hpi, respectively. Afterwards, a decrease in luciferase
was detected for both infections. SFV infection in persis-
tently infected cells showed a slower but steady increase
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Fig.3 Effect of YicV/DeziV/DaesV infection status on Semliki Forest or Bunyamwera orthobunya arbovirus infections in CT (Culex tarsalis)-derived
cells. CT cells were infected with BUNV-NLuc (BUNV expressing NLuc; MOI 0.1) (@) or SFV6-2SG-Nluc (SFV-Nluc, SFV expressing Nluc; MOI 1 or MOI
0.1) (b, €, either single, acutely co-infected with YicV/DeziV/DaesV (YicV/DeziV/DaesV + SFV-Nluc; MOI 1, MOI 0.1 or YicV/DeziV/DaesV + BUNV-NLuc;
MOI0.1) or using cells persistently infected with YicV/DeziV/DaesV (pYicV/DeziV/DaesV + SFV-Nluc; MOI 1, MOI 0.1 or pYicV/DeziV/
DaesV+BUNV-NLuc; MOI 0.1). Cells were lysed at the indicated hours post infection (hpi) and luciferase activity was measured. Results of three
independent experiments performed in technical triplicates are presented. Mean values with standard error of the mean are shown. Significance

was tested via unpaired t-test. BUNV infection: acute infection (24 hpi: t=

2448,*P=0.0263; 72 hpi: t=2.389, *P=0.0296); persistent infection (24 hpi:

t=>5.180, ***P=0.0002; 48 hpi: t=9.981, ****P < 0.0001; 72 hpi: t=11.69, ****P < 0.0001). SFV infection MOI 0.1: acute infection (24 hpi: t=3.143,

**P=0.0063; 72 hpi: t=10.59, ****P < 0.0001); persistent infection (18 hpi

1 t=5.962, ****p <0.0001). BUNV, Bunyamwera orthobunya virus; DaesV,

Daeseongdong virus; DeziV, Dezidougou virus; MOI, multiplicity of infection; Nluc, Nano luciferase; ns, not significant; YicV, Yichang virus; SFV Semliki

forest virus
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over time (Fig. 3c), resulting in lower relative luciferase
activity in persistently infected cells at 18 hpi, but not at
later time points. Depending on the time post infection,
co-infection resulted in higher relative luciferase (24 hpi)
and lower luciferase at 72 hpi. In summary, no general
effect on SFV infection could be detected as the effect of
YicV/DeziV/DaesV infection on SFV depended on the
time point of detection, infection status (acute vs persis-
tent) and initial SFV infection dose.

For BUNV infection, no difference or only a small dif-
ference between the co-infection and single infection was
observed (Fig. 3). In contrast, lower relative luciferase
activity was observed for BUNV in CT cells persistently
infected with YicV/DeziV/DaesV compared with BUNV-
single infected control cells.

Similar effects for SFV (high MOI 1) and BUNV were
observed when Cx. quinquefasciatus-derived Hsu cells
were used instead of CT cells (Additional file 5: Figure
S2).

Taken together, YicV/DeziV/DaesV infection showed
some effect on SFV in the case of low MOI but none at all
at high MOL. In contrast, persistent YicV/DeziV/DaesV
infection had an inhibitory effect on BUNV infection but
not in acutely co-infected cells. The DeziV to DaesV ratio
differed between the persistently and acutely infected
CT cells (Additional file 6: Table S4, DeziV <DaesV in
persistently infected cells and DeziV >DaesV in acutely
infected cells).

To investigate the effect of YicV/DeziV/DaesV on
USUV infection, CT cells were either co-infected with

acute infection

YicV/DeziV/DaesV+USUV
— USuv
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YicV/DeziV/DaesV and USUV or singly infected with
USUV. In addition, CT cells persistently infected with
YicV/DeziV/DaesV were infected with USUV. The titer
of USUV in the supernatant at different time points
was determined by TCIDg,. Reduced USUV titer was
observed in acute co-infections and persistently infected
CT cells, but only at certain time points: 48 and 72 hpi
in co-infections and 24 and 48 hpi in cells persistently
infected with YicV/DeziV/DaesV (Fig. 4).

YicV, DeziV, DaesV are targeted by the RNAi response

in co-infected mosquito-derived cells

To investigate if all three co-infecting viruses (YicV/
DeziV/DaesV) are targeted by the RNAi response in dif-
ferent mosquito cells, we analyzed the sRNAs in YicV/
DeziV/DaesV-infected CT and Aag2 cells. Total RNA
was isolated at 24 hpi, and sRNAs were sequenced and
mapped to the above-established genome sequences of
DaesV (Fig. 5; Additional file 7: Figure S3), DeziV (Fig. 6;
Additional file 7: Figure S3) and YicV 8345 (Fig. 7).

siRNA production

Small RNAs derived from DaesV and DeziV were
detected in both Aag2 and CT cells. YicV-specific
sRNAs were only detectable in Aag2 cells but not in CT
cells. Although YicV RNA was observed by RT-PCR in
both cell lines, the copy numbers of YiCV were at least
600-fold higher in Aag2 cells than in CT cells (Addi-
tional file 3: Table S2). In these cell lines, the viruses
primarily induced the production of 21-nt-long siRNAs

persistent infection

—— pYicV/DeziV/DaesV+USUV
— USuv
108-
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=
102_
100 T T T T T T

0 6 10 24 48 72

Hours post infection (hpi)

Fig. 4 Effect of YicV/DeziV/DaesV infection status on Usutu arbovirus infections in CT (Culex tarsalis)-derived cells. CT cells singly infected

with Usutu virus (USUV, MOI 10) were compared to cells either acutely co-infected with YicV/DeziV/DaesV and USUV (YicV/DeziV/DaesV +USUV;
MOI 10) or to USUV infection in cells persistently infected with YicV/DeziV/DaesV (pYicV/DeziV/DaesV + USUV; MOI 10). Supernatants were collected
for USUV titration via TCIDs; at 0, 6, 10, 24, 48 and 72 hpi for 3 independent experiments in technical triplicates. Mean values with standard

error of the mean are shown. Significance was tested via the unpaired t-test. Acute infection (48 hpi: t=4.507, **p=0.0004; 72 hpi: t=4.706,
***p=0.0002); persistent infection (24 hpi=t=9.487, ****p <0.0001; 48 hpi: t=8.959, ****p < 0.0001). DaesV, Daeseongdong virus; DeziV, Dezidougou
virus; MO, multiplicity of infection; TCIDy,, median tissue culture infectious dose assay; USUV Usutu virus; YicV, Yichang virus



Agboli et al. Parasites & Vectors (2023) 16:361 Page 9 of 15
A Aag2 acute CT acute CT persistent
le6 le5 le5
61 1.5
1.0
- 4 1.01
£ 054
8 21 0.5
T 0.0 —=FpE=————————
[ 0] —=—EHHE—-—————— 00{ —=HyE=————————
= —0.51
L]
° -2 —-0.5
—~1.01
—41 -1.01
_1.5_
18 21 24 27 30 18 21 24 27 30 18 21 24 27 30
Read length (nt)
B le4 le4

Total read count

0 2000 4000 6000 8000 10000 0 2000

4000

6000 8000 10000 0 2000 4000 6000

8000 10000
Genome position (nt)
C 64162 6 lel
= 6 57
c 44
3 41
Q
ER 31
g 2 4 2 1
32
L 14
0 4
0 1 0 4
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000

Genome position (nt)
Fig. 5 Production of DaesV-specific sSRNAs in CT (Culex tarsalis) and Aag2 (Aedes aegypti) cells acutely infected with YicV/DeziV/DaesV or CT cells
persistently infected with YicV/DeziV/DaesV. For acute infection, cell were infected with the DaesV/DeziV/YicV mix, and total RNA was isolated
at 24 h post-infection. RNA of persistently infected CT cells (passage 3) were isolated, followed by 3-elimination treatment (Additional file 8: Figure
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antigenome. b The distribution of 21-nt-long sRNA to the indicated virus genome/antigenome. ¢ The the distribution of 26- to 30-nt-long sSRNAs
(piRNA-sized) to the virus genome/antigenome is shown. Positive values (green) represent sense reads, negative values (purple) represent
antisense reads. Y-scale values give the read counts, with the scale values mentioned above the graph. Representative results of the acute infection
of a duplicate (Additional file 7: Figure S3). DaesV, Daeseongdong virus; DeziV, Dezidougou virus; nt, nucleotide; sRNAs, small RNAs; YicV, Yichang

virus

without pronounced bias toward specific genomic
regions (Figs. 5-7a, b; Additional file 7: Figure S3A,
B) or bias for the virus genome/antigenome (Addi-
tional file 9: Table S5). To investigate if SRNAs derived
from one Negevirus could target the co-infecting other
negeviruses, corresponding analysis was performed.
For this, sSRNAs (18-32 nt) produced in response to
DaesV infection were mapped to the genome and
antigenome of DeziV and vice versa (Additional file 10:
Figure S5). The results show only a handful of cross-tar-
geting sSRNAs.

PiRNA production

DaesV and DeziV also induced piRNA-sized sRNAs
(26-30 nt) in both cell lines, while YicV only induced
a small amount of these piRNA-sized sRNAs in Aag2
cells (Figs. 5-7a, ¢; Additional file 7: Figure S3A, C). For
DeziV, these piRNA-sized sSRNAs showed a slight U1 bias
in both cell lines. DaesV-specific piRNA-sized sRNAs,
only exhibited a U1 bias in Aag2 cells but not in CT cells.
Neither DeziV- nor DaesV-specific piRNA-sized sRNAs
showed an overlap signature of the sense and antisense
sRNAs (Additional file 11: Figure S6; Additional file 12:
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Fig. 6 Production of DeziV-specific sSRNAs in CT (Culex tarsalis) and Aag2 (Aedes aegypti) cells acutely infected with YicV/DeziV/DaesV or CT cells
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Figure S7), thereby lacking several of the ping-pong pro-
duced piRNA specific features. In addition to the YicV/
DeziV/DaesV-specific small RNAs, previously reported
virus-specific small RNAs of the MSVs known to be pre-
sent in the Aag2 cells: Namely Phasi-Charoen-like virus
(PCLV) and cell fusing agent virus (CFAV) [17, 29] as
well as Merida virus (MERDV) [6, 7] in CT cells, were
detected(data not shown).

SRNA production in persistently co-infected cells

Differences in virus-derived sRNAs (vsRNA) produc-
tion and mapping were observed between acute and per-
sistent infection in CT cells. In the persistently infected

cells (passage 3), the majority of the DaesV- and DeziV-
specific siRNAs mapped to the last few hundred nucleo-
tides of the 3" and 5" ends of the genome, with the 5" end
showing an even higher mapping than the 3" end. This
also applies to DeziV- and DaesV-specific piRNA-sized
sRNAs (Figs. 5, 6). The ratio of piRNA-sized to siRNA-
sized sSRNAs was decreased in persistently co-infected
CT cells for DeziV and DaesV-specific small RNAs, com-
pared to the acute infection (Additional file 9: Table S5).

Biological activity of produced siRNAs
Small RNAs that were bound by Ago2 are methylated at
their 3" end. To determine the methylation status of the
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produced vsRNAs in persistently co-infected cells, total
RNA of CT cells persistently infected with YicV/DeziV/
DaesV was isolated. Prior to sRNA sequencing, the
[-elimination assay was performed using one-half of each
sample; the other half was kept as control to analyze the
methylation status of the sSRNAs. With the exception of a
reduction in vsiRNAs in the B-eliminated cells compared
to the control, no major differences could be detected
(Additional file 9: Table S5; Figs. 5 and 6; Additional
file 8: Fig. S4). Only DeziV-specific small RNAs showed
a strong increase in the ratio of genomic to antigenomic
reads of piRNA-sized sRNAs in case of [B-elimination
treatment (Additional file 9: Table S5).

Discussion

In this study, we have characterized a mixture of three
MSVs, consisting of one MeSV (YicV) and two NeVs
belonging to distinct NeV groups (DaesV [Nelopivirus]
and DeziV [Sandewavirus]) [30], isolated from a mos-
quito pool from Germany. Our results expand current
the knowledge of the circulation of these MSVs in central
Europe. The presence and isolation of different MeSVs
have been reported in other countries in a variety of mos-
quito species, proving their wide range of hosts and geo-
graphic range. Similarly, NeVs have been isolated from
various mosquito genera around the world, and both
MeSV and NeV are known to infect important mosquito
vector species for arboviruses [1, 31, 32].

The presence of these three distinct MSVs in the
homogenate of a pool of only three Cq. richiardii mos-
quitoes and current inability to separate them by com-
monly used methods (e.g. plaque purification and
dilution assays) suggests either a positive interaction or at
least a non-inhibitory interaction between these viruses
in the C6/36 cell line used in this study. As no separate
homogenates of the three Cq. richiardii mosquitoes were
available, it is impossible to determine if all three viruses
were initially present in one mosquito. However, the
presence of at least two different MSVs in mosquitoes
or derived cell lines has been repetitively reported in the
past, thereby supporting the notion of the regular occur-
rence of co-infections of MSVs in mosquitoes in nature.
In particular, co-infection of NeVs and other MSV fami-
lies have been repetitively reported from mosquitoes (e.g.
Eilat virus isolated in Israel or Agua Salud virus isolated
in Panama), as have the difficulties or inability to separate
these different MSVs (3, 5-9, 33]. It is not known if the
reported co-infection of NeVs with other MSVs is due to
unknown benefits of NeVs in the case of co-infection or
whether it is just accidental due to their wide distribution
and broad host range.

Previous studies showed that other NeVs [34] and YicV
could inhibit several arboviruses in mosquito-derived
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cells. In particular, YicV isolated in China is highly
homologous to the YicV variant used in our study and
showed a strong effect on several flaviviruses (DENV-2
and ZIKV) but not on another flavivirus (Japanese
encephalitis virus [JEV]) [35]. In contrast, Negev virus,
which is associated with the inhibition of a variety of
arboviral alphaviruses, including SFV [34], shares only
some homology to the two NeVs present in the MSV mix
used in our study.

In our study, some conditions resulted in inhibition
and in others the MSV mix had no effect on the different
arboviruses tested in Culex-derived cells. The persistent
MSV mix inhibited BUNV infection by about four-fold.
At certain time points, an inhibition effect, although
smaller, was also observed for USUV. In contrast, no
effect on SFV infection with a high MOI (1 for CT cells
and 10 for Hsu cells) was observed for any of the tested
conditions. However, the effects on SFV infection were
observed in the case of a low MOI (0.1) for persistently
infected CT cells and co-infection scenarios, but only
at certain time points. This discrepancy in results could
be due to the interactions of MSV with each other (as
previous studies have used only one MSV instead of a
mixture of three MSVs). To be able to verify this possi-
bility, it would be necessary to separate the three viruses.
Theoretically, it should be possible to separate YicV from
the two negeviruses due to their size difference (e.g. by
gradient centrifugation). However, as DaesV and DeziV
are very similar in size and have other similar molecular
properties, the separation of these two viruses is difficult,
especially since the classical plaque isolation method has
been unsuccessful. In addition, several other factors that
differ between our study and previous studies, such as the
virus strains (MSVs and arboviruses), mosquito-derived
cells and experimental set-ups (e.g. acute vs persistent
infection), can also result in differences in virus-virus
interactions. In previously published studies, the experi-
ments were performed in Aedine-derived cells, instead of
Culex-derived cells as used in our study. Until the present
study, the limited research that has been performed in
Culex spp. and derived cells focused only on the interac-
tion of MSVs and arboviruses belonging to the same virus
family [36—41]. As the mechanism of MSV inhibition on
arboviruses is not known for most viruses, differences
between Aedes and Culex could be possible. Further-
more, although we used arboviruses from the same fami-
lies as the above-mentioned studies, the arbovirus strains
we used differ from those in the previous studies. We
focused on arboviruses that are relevant for Culex spp.
(e.g. USUV, BUNYV, SFV). The observed difference in the
effects on arbovirus infection regarding persistently ver-
sus acutely infected cells could be (at least partly) due
to changes in the relative amount of the viruses to each
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other (specifically DeziV/DaesV). Indeed, the DeziV/
DaesV ratio changed from > 1 in acute infection to < 1
in persistently infected cells. However, this is only the
case for CT cells and cannot explain the difference in Hsu
cells, as in these cells both acute and persistently infected
cells had a DeziV/Daes ratio < 1. Associated with this, a
decrease in the relative virus concentration (specifically
for DeziV) in acute versus persistently infected cells as
well as between earlier passages of persistently infected
CT cells (e.g. passage 4 or 5) and late passages (e.g. pas-
sage 17) was observed. For these experiments, various
passages of the persistently infected CT cells were used,
mostly from later passages (e.g. 12—-20). Whether the
lower amount of DeziV explains the observed differ-
ences regarding the interaction with arboviruses of acute
or persistently infected cells cannot be concluded with
certainty, as the decreased viral load of DeziV was only
observed in CT cells and not Hsu cells.

Although CT and Hsu cells are both derived from
Culex spp, they differ in their susceptibility to various
arboviruses such as, for example, USUV (data not shown)
and SFV. This difference has previously been reported for
SFV [29] and again highlighted by the strong difference
in luciferase activity in SFV-infected CT cells versus SFV-
infected Hsu cells.

Viruses can be targeted by two RNAi pathways in mos-
quitoes, the siRNA and the piRNA pathway. All three
viruses in this study only induced a siRNA response,
and no typical ping-pong amplification-based piRNA
response was observed. This is not surprising as all
reported MSV-specific ping-pong-produced piRNAs
are derived from negative-sense RNA viruses, like PCLV
and MERDV [6, 7]. In the case of positive sense RNA
or dsRNA MSVs (e.g. MeSV and NeVs), no produc-
tion of ping-pong-produced piRNAs has been reported
or reported only exclusively in cells, lacking the siRNA
pathway [3, 6, 7, 42]. Interestingly, MeSV-specific SRNAs
produced in aphids also showed a strong production of
22-nt siRNAs (size of siRNAs in aphids), mapping along
the whole genome and antigenome, similar to our results
in infected mosquito cells [43]. Together, these results
suggest that dsRNA molecules (possibly replicate inter-
mediates) are produced during YicV, DaesV and DeziV
infection in mosquito-derived cells that are recognized
and cleaved by Dicer-2. In the case of YicV infection in
CT cells, the lack of YicV-specific siRNA production sug-
gests that either no dsRNA molecules are produced, their
amount is too low (for the used next-generation sequenc-
ing approach) or they are hidden from Dicer-2 recogni-
tion and cleavage.

The over-representation of DeziV- and DaesV-specific
siRNAs from the terminal regions, especially the 5" end
region in persistently infected CT cells, which was not
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observed during acute infections, begs the question of
whether targeting only this region is sufficient to control
the infection to a non-pathogenic level, with still suffi-
cient viral replication. Another possibility could be the
alteration of the accessibility of the virus genomes dur-
ing the course of an infection, such as through selective
transcription from part of the genome. If these findings
can be broadened to other MSVs or are NeV-specific is
not known. However, several insect-specific flaviviruses
(e.g. Cell-fusing agent virus [CFAV] and Calbertado
virus) show an over-representation of the 3’-untrans-
lated region in their produced siRNAs, independently of
the infection status [17, 44, 45]. These produced siRNAs
can potentially interfere with arboviruses if the targeted
region is genetically conserved in both viruses, and future
studies investigating the effect of vsiRNA produced upon
insect-specific virus (ISV) infection might shed light on
the mechanisms of ISV interference with arboviruses.

Conclusions

Taken together, the discovery of a YicV variant and two
NeVs (DeziV and DaesV), belonging to distinct clades,
in a small (three mosquitoes) pool of Cq. richiardii
mosquitoes in Germany expand their occurrence from
previously reported countries worldwide to Germany.
Therefore, these viruses support the wide geographical
distribution and broad species host range of members of
the Mesoniviridae and negeviruses. Production of vsiR-
NAs in Aedes- and Culex-derived cells shows the ability
of these viruses to successfully induce the RNAi response
upon infection. Infection of these MSVs in Culex-derived
cells either has an inhibitory effect to various degrees or
has no effect at all on co-infecting arboviruses. This study
widens our understanding of the complex multipartite
interaction of MSVs, mosquitoes and arboviruses.
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