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Abstract

Background Next generation sequencing (NGS) has expanded virus detection capabilities beyond the limitations
of sequence-specific methods. While mosquito collections in South Africa (SA) have been investigated for the major
arbovirus genera (Alpha-, Orthobunya-, and Orthoflavivirus), research on insect-specific viruses (ISVs) is limited.

Methods Here we used an RNA-sequencing viral-metagenomics approach to investigate arboviruses and ISVs in
mosquitoes collected in SA. Ten archived mosquito pools, representing up to 50 mosquitoes per pool, previously
tested for the major arbovirus genera were investigated for the presence of additional viruses using NGS. These pools
included known arbovirus mosquito vectors from the Aedes, Anopheles, Culex, and Mansonia genera, collected from
wildlife areas in the Kruger National Park (Mpumalanga/Limpopo) and rural areas of Jozini (KwaZulu-Natal). Extracted
RNA was DNA-depleted, subjected to Sequence Independent Single Primer Amplification (SISPA), and sequenced on
the lllumina MiSeq platform.

Results Although no mammalian arboviruses were detected, bioinformatic analysis detected several ISVs in pools of
Aedes aegypti, Ae.ochraceus, and Anopheles squamosus mosquitoes. These ISVs included the cell fusing agent-, Tesano
aedes-, Fako-, formosus-, verdadero-, Aedes partiti-like virus 1 and the Kwale mosquito virus and several novel ISVs
within the Iflavivirus genus as well as some unclassified viruses.

Conclusion This study confirms the value of sequence independent metagenomics approaches to detect novel
viruses in mosquito pools. Such studies provide insight into viral diversity and mosquito-virus interactions, supporting
the future evaluation of ISVs as biological control agents. This in turn can contribute to protecting the health of
animals and humans within a One Health approach.
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Background

With one in six diseases being transmitted by mosqui-
toes, these insects are often considered the deadliest ani-
mals on the planet, indirectly causing the largest number
of human deaths annually [1-3]. Mosquitoes are vec-
tors for arboviruses of public health significance includ-
ing dengue (DENV), Zika (ZIKV), and yellow fever virus
(YFV). Transmission occurs when female mosquitoes
take blood meals, and since many mosquito species feed
on a variety of hosts, they provide opportunities for zoo-
notic spillover. The increase in emerging and re-emerging
infectious diseases in recent decades has highlighted the
importance of monitoring zoonotic pathogens [4, 5].

Knowing which viruses are circulating in mosquitoes
is critical for preparing against potential outbreaks that
could otherwise devastate vulnerable populations. Arbo-
virus detection relies on molecular techniques such as
PCR, virus isolation, or antigen detection methods; how-
ever, these techniques require previous knowledge of
target viruses and may miss unknown viruses [6, 7]. In
contrast, next generation sequencing (NGS) offers the
potential of a more comprehensive virome analysis. The
increased utilization of metagenomic sequencing has
significantly increased the number of mosquito-borne
viruses identified from mosquito vectors without prior
knowledge of specific viruses or mosquito vectors [3, 7].
Additionally, it has also provided insight into the virome
of several mosquito hosts which has revealed a diverse
range of invertebrate RNA viruses [3].

Since the characterization of mosquito viromes, sev-
eral, novel insect-specific viruses (ISVs) have also been
detected the first being, cell fusing agent virus (CFAV) [8,
9]. Although closely related to arboviruses, these viruses
are not known to be pathogenic in vertebrates and are
unable to infect vertebrate cells [10]. The role of many
of these ISVs is uncertain, however several studies have
demonstrated the effect that CFAV has on certain arbovi-
ruses, such as DENV in which CFAV has been shown to
decrease it’s dissemination in Aedes aegypti mosquitoes
[11, 12]. These interactions between CFAV and DENV
highlights the potential of ISVs to be used in biocontrol
in influencing vector competence, emphasizing the role
they could have in reducing the spread of medically-
important arboviruses [11].

Researchers in the Centre for Emerging and Re-Emerg-
ing Arbo- and Respiratory virus (CEARV), University of
Pretoria, previously conducted vector surveillance in the
north-eastern parts of South Africa (SA) to describe the
mosquito density and distribution [13, 14] across areas
where outbreaks of arboviruses in the Alpha-, Orthobu-
nya-, and Orthoflavivirus genera occurred in animals
[15-20] and humans [21-24]. Using genus-specific
PCRs, we described potential mosquito vectors for alpha-
viruses (Sindbis [SINV] and Middelburg virus [MIDV])
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[25], orthobunyaviruses (Shuni virus [SHUV]) [26], and
orthoflaviviruses (West Nile virus [WNV] and Banzi
virus [BANV]) [27]. We also identified insect specific
alpha [28] and orthoflaviviruses [29].

In order to determine if metagenomic approaches
could detect additional viruses in the same mosquito
pools, not identified through conventional genus-specific
PCR screening, we selected known arbovirus mosquito
vector species collected in wildlife and rural areas in the
north-eastern parts of SA with high mosquito species
richness. In this study, we tested ten mosquito pools of
different mosquito genera (Aedes, Anopheles, Culex, and
Mansonia) using Sequence Independent Single Primer
Amplification (SISPA), a non-specific metagenomic
approach, on DNA-depleted RNA followed by Illumina
sequencing. Through this approach we identified several
partial and full genomes of ISVs, not previously reported
in SA as well as novel viruses. These viruses should be
investigated further for their interaction with known
arboviruses, mosquito vectors, and potential to infect
mammalian cells and control programs.

Methods

Study design

Between 2014 and 2018, the CEARV maintained a mos-
quito surveillance program for arboviruses at several
sites in the north-eastern region of SA, as previously
described [13, 25-27, 30, 31]. These collections have
previously been screened for the presence of alpha-,
orthobunya (Simbu serogroup), and orthoflaviviruses,
as described [13, 25-27, 29-31]. To explore if we could
detect additional viruses through metagenomic sequenc-
ing approaches, we selected ten archived mosquito pools
from the Aedes, Anopheles, Culex, and Mansonia gen-
era, collected in the arboviral season (January to June)
in wildlife areas in the Kruger National Park (KNP) in
the Mpumalanga/Limpopo province, and rural areas in
Jozini, in northern KwaZulu-Natal in 2017. One of these
pools previously tested positive for CFAV, while the
remaining nine tested negative for the presence of alpha-,
orthobunya-, and orthoflaviviruses (Table 1).

Sample collection

Mosquito trapping was performed as previously
described [13, 26]. In short, mosquito trapping was done
between 16:00 pm to 8:00 am for one to three consecu-
tive nights per month for each site using several different
carbon dioxide (CO,)-baited traps including net traps,
Centres for Disease Control and Prevention (CDC) min-
iature light traps (Centres for Disease Control and Pre-
vention, United States of America (USA)), and BioGents
(BG)-sentinel traps (BioGents Corporation, Germany).
Mosquitoes which were collected from the traps were
euthanized by placing them on dry ice and subsequently
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Table 1 Mosquito pools selected for metagenomic investigations collected in SA during the arbovirus season in 2017

Sample location Site # mosquitoes  Month of Morphological identifi- Previous
in pool collection cation of mosquitoes  RT-PCR
result
SHIT7MP525 Shingwedzi rest camp KNP 50 February Ae. aegypti Cell fusing
agentvirus
KNP7MP624 Malelane rest camp KNP 33 March Ae. aegypti Negative
SHIT7MP541 Shingwedzi rest camp KNP 29 February Ae. ochraceus Negative
KNP17MP631 Malelane rest camp KNP 27 March Ae. mcintoshi Negative
KNP17MP632 Malelane rest camp KNP 31 March Ae. mcintoshi Negative
KNP17MP70 Satara rest camp KNP 29 March An. squamosus Negative
KNP17MP688 Punda Maria rest camp KNP 25 March Cx. theileri Negative
KZN17MP131 Mamfene KZN 50 March Ae. durbanensis Negative
KZN17MP132 Mamfene KZN 50 March Ae. durbanensis Negative
KZN17MP197 Mamfene KZN 50 April Ma. uniformis Negative

SHI=Shingwedzi, KNP =Kruger National Park, KZN =Jozini (KwaZulu Natal), Ae = Aegypti, An=Anopheles, Cx = Culex, Ma=Mansonia

stored at —80 °C. Mosquitoes had previously been iden-
tified by entomologists in the CEARV using a stereo-
microscope (Nikon SMZ 74ST, Nikon, SA) based on
morphological characteristics using the dichotomous
keys as a guide provided by Jupp (1996) [32], Huang
(2001) [33], and Huang et al. (2014) [34] and were pooled
according to species and sex at a maximum of 50 mosqui-
toes per pool.

RNA extraction

Mosquito pools were homogenized as previously
described [13, 26]. Total RNA extraction was performed
on the resulting homogenate using the Direct-zol RNA
Miniprep kit (Zymo Research, Irvine, USA), including the
DNase step as per the manufacturer’s instructions. The
RNA was purified using the RNA Clean and Concentra-
tor™.5 kit (Zymo Research, Irvine, USA) according to
the manufacturer’s instructions.

SISPA and library preparation

The methods used here were adapted from those
previously described [35, 36]. The master mix for
strand denaturation consisted of 2.00pL of primer
FR-26-RV-N  (10pM)  (5-GCCGGAGCTCTGCA-
GATATCNNNNNN-3), and 0.50pL of Dimethyl sulf-
oxide (DMSO) (50%) (Sigma-Aldrich, St Louis, USA).
The master mix was aliquoted, 2.50 uL. per sample, and
7.50 uL of the sample RNA was added obtaining a reac-
tion volume of 10.00uL. The samples were incubated
(MiniAmp Thermal cycler, Applied Biosystems, Thermo
Fisher Scientific, Waltham, USA) at 65 °C for 5minutes
and 4 °C for 2minutes and placed on ice. The second
master mix for first strand ¢cDNA synthesis using the
SuperScript III First Strand Synthesis kit (Invitrogen,
Thermo Fischer Scientific, Waltham, USA) was made
according to the manufacturer’s instructions. The reac-
tions were incubated for 10 minutes at 25 °C, 50 minutes
at 50 °C, 10 minutes at 85 °C and held at 4 °C.

For Klenow second strand synthesis the master mix
was made as follows: 1.00 pL of RNAse H (Invitrogen,
Thermo Fischer Scientific, Waltham, USA) and 1.00uL
of Klenow 3’-5exo DNA polymerase (Invitrogen, Thermo
Fischer Scientific, Waltham, USA). A volume of 2.00 uL
was added to each reaction and incubated at 37 °C for
60 minutes, 75 °C for 15 minutes, and held at 4 °C.

The Qiagen MinElute PCR purification kit (Qiagen,
Hilden, Germany) was used for cDNA purification, per
the manufacturer’s instructions.

The master mix for random fragment amplification was
made as follows: 25.00 uL of MyTaq red 2X mix (Merid-
ian Bioscience, Cincinnati, USA), 2.00 uL of primer FR-
20-RV (10pM) (5’- GCCGGAGCTCTGCAGATATC-3)
and 13.00pL of nuclease-free water (Sigma-Aldrich, St
Louis, USA). The master mix was aliquoted, 40.00 uL per
reaction together with 10.00uL of cDNA template. The
samples were incubated at 98 °C for 30seconds, (98 °C
for 10seconds, 54 °C for 20seconds, 72 °C for 45 seconds)
x40, 72 °C for 5minutes, and hold at 4 °C.

The second amplification master mix was made as
follows: 12.50 uL of MyTaq red 2X mix (Meridian Bio-
science, Cincinnati, USA), 1.00puL of primer FR-20-RV
(10uM), and 13.50puL of nuclease-free water (Sigma-
Aldrich, St Louis, USA). The master mix was aliquoted,
27.00uL to each sample. The samples were incubated
at 98 °C for 30seconds, (98 °C for 10seconds, 54 °C for
20seconds, 72 °C for 45seconds)x5 and held at 4 °C.
The Qiagen MinElute PCR purification kit was used for
c¢DNA purification as described above. Each sample was
eluted with 12.00 L of elution buffer.

DNA concentration and purity was determined using
the Qubit 1X dsDNA HS Assay Kit on a Qubit 3 Fluo-
rometer (Thermo Fisher Scientific, Waltham, USA)
according to the manufacturer’s instructions. A con-
centration of>4.00 ng/uL was needed to proceed with
library preparation.
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Sequencing libraries were prepared using the Illumina
DNA Prep kit (Illumina, San Diego, USA) as per the man-
ufacturer’s instructions. A final concentration of >4 ng/pl
was required. The prepared libraries were sequenced on
the Illumina MiSeq platform (Illumina, San Diego, USA).

Bioinformatics and quality control

The Illumina MiSeq system demultiplexed sequenc-
ing reads and removed adaptor sequences. Paired-end
sequencing reads were trimmed using the default set-
tings and quality control for sequencing reads was done
on CLC Genomics workbench (CLC Bio, Aarhus, Den-
mark). The Q30 score, which represents the number of
reads which had a base call accuracy of at least 99.90%,
was recorded as a percentage. Galaxy (available at: http
s://usegalaxy.org/) was used for further downstream an-
alysis. Host sequences were removed using Bowtie2 [37,
38]. If available, Galaxy’s built-in host genome indexes
were used, alternatively host sequences were obtained for
corresponding mosquito species from Ensembl Metazoa
(available at: https://metazoa.ensembl.org/index.html)
[39]. Unaligned paired reads were assembled into contigs
using MEGAHIT [40]. Subsequently, CD-HIT was used
to cluster contigs and remove any duplicate sequences
based on a 90.00% similarity [41]. The resulting contigs
were submitted to the National Centre for Biotechnol-
ogy Information (NCBI) nucleotide Basic Local Align-
ment Search Tool (BLASTn) Virus database (https://b
last.ncbi.nlm.nih.gov/Blast.cgi). BLAST hits with an E
value of < 10e™ were considered significant [6]. Bacte-
rial and eukaryotic sequences were eliminated, only viral
sequences were analysed.

Phylogenetics

After BLAST analysis, the returned sequences were
aligned using the Multiple Alignment using Fast Fourier
Transform (MAFFT) program (available at: https://ma
fft.cbrc.jp/alignment/software/) [42] using the default
parameters and edited using BioEdit v7.0.5.3 [43]. Refer-
ence sequences were downloaded from GenBank (avail-
able at: https://www.ncbi.nlm.nih.gov/genbank/) [44].
Upon alignment and editing, the sequences underwent
phylogenetic analysis via the Molecular Evolutionary
Genetics Analysis (MEGA X) program [45]. The best
fit model test analysis was performed using the default
parameters on MEGA X and was applied to the appro-
priate dataset. Subsequently, a maximum likelihood tree
with a bootstrap analysis of 1000 repetitions was gener-
ated. Pairwise-distance indicating the percent nucleotide
and amino acid similarity was generated using MEGA X.

Molecular barcoding of positive mosquito pools
Molecular barcoding was performed as previously
described [29]. Mitochondrial DNA was extracted
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from positive mosquito homogenates using the Qiagen
DNeasy blood and tissue kit (Qiagen, Germany) accord-
ing to the manufacturer’s instructions, specifically for
insects. The molecular barcoding PCR was performed
as previously described [28] using primers targeting the
mitochondrial Cytochrome c oxidase subunit I (COX1)
gene of mosquitoes [46].

Results

A total of ten mosquito pools were selected for NGS
sequencing previously collected from the KNP and
Jozini during the arbovirus season in 2017. These pools
included Ae.aegypti (2 pools), Ae.ochraceus (1 pool), Ae.
mcintoshi (2), Ae.durbanensis (2 pools), An.squamosus
(1 pool), Cx.theileri (1 pool), and Ma.uniformis (1 pool)
(Table 1).

All samples met quality control requirements for library
preparation (Table 2). Following Illumina sequencing, all
the samples had a Q30 score over 80.00%, passing qual-
ity control (Table 2). Viral reads were detected in 40.00%
(4/10) of the pools using BLASTn. All viruses detected
were ISVs and belonged to the Flavi-, Iflavi- Spinareo-,
Rhabdo-, and Partitiviridae families (Table 2). Several
unclassified viruses were also detected. Phylogenetic
analysis of each detected virus is described below. Acces-
sion numbers can be seen in the supplementary material
(Supplementary material 1, Table 1).

Molecular barcoding was performed for pools in which
viruses were detected. CFAV was previously detected in
SHI17MP525, therefore molecular barcoding had previ-
ously been done, confirming the morphological iden-
tification as Ae.aegypti (GenBank accession number:
http://MW077855) [29]. Unfortunately, molecular bar-
coding was unsuccessful for the remaining three pools
(KNP17MP624, KNP17MP70, and SHI17MP541). This
could potentially be due to the degradation or low con-
centration of the respective target regions.

Flaviviridae

CFAV was detected in one pool of Ae.aegypti mos-
quitoes (SHI17MP525). Phylogenetic analysis (Fig.
1) showed that the CFAV identified here (designated
ZA(Ar)SHI17MP525) clustered most closely with a
strain isolated from Ae.aegypti mosquitoes from Zam-
bia (LC770212.1) (bootstrap 96.00%). P-distance analy-
sis (Supplementary material 1, Table 2) indicated 98.63%
nucleotide identity and 96.71% amino acid identity to the
Zambian strain. Due to the significant number of ambig-
uous bases (“N”) across the partial genome detected here,
it was not submitted to GenBank.

Iflaviviridae
Three Iflaviviruses were identified in the two Ae.aegypti
pools collected in the KNP: two detections in pool
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Table 2 Insect-specific viruses identified in mosquito samples through metagenomic sequencing

Mosquito pool | Species Concentration | # of Q30 Closest viral hit (Family, Genus) Depth of Total Genome Visual representation of the genome coverage
following trimmed | score coverage | Sequence coverage (%)
NGSlibrary | reads | (%) x) length (%)
preparation obtained (nt)
(ng/ul)
SHI17MP525 | Ae. aegypti 28.80 782416 | 84.83 Cell fusing agent virus (Flaviviridae, 1.19 4677 44.00 % , s
Orthoflavivirus) T T I—
‘Armigeres ilavivirus (iflaviviridae, 411 7660 8390 % f— =
Iflavivirus)
Tesano aedes virus (Ifaviviridae, 68.18 9502 99.00 % [ —
unclassified)
Fako virus Segment1 | 9.40 1702 63.00 % 0 =
(Spinareoviridae, Segment2 | 1.72 1049 50.00 % o e ww
Di
Segment 3 273 1365 65.00 % [' R J‘
Segment 4 7.01 1753 65.00 % I‘ =t S — )
Segment 5 3.37 1993 74.00 % ‘__—.;:]
Segment6 | 4.77 1288 81.00 % L ]
Formosus virus (Rhabdoviridae, 28.50 12164 100.00 % d
unclassified)
Kwale mosquito virus Segment 1 178.37 3228 100.00 % _“'
(unclassified) Segment 2 22.36 1054 84.00 % ":_"’
KNP17MP624 | Ae. aegypti 30.00 984532 | 89.00 Tesano aedes virus (/flaviviridae, 29.53 9440 99.00 % [_“”“
unclassified)
Fako virus Segment 1 13.43. 2569 84.00 % E_j-:-:_“’]
g Segment 2 18.42 3769 99.00 % 22
D
Segment 3 6.41 3102 92.00 % I.- "”]
Segment4 | 7.40 3144 89.00 % [ - =
Segment5 | 6.26 3417 99.00 % . )
Segment6 | 7.87 1623 90.00 % —}
Segment7 | 0.67 614 45.00 % L o]
Segment 8 5.51 970 95.00 % i i)
Segment9 | 3.55 773 85.00 % r — —
Formosus virus (Rhabdoviridae, 3.83 5988 49.00 % i =
unclassified)
Kwale mosquito virus Segment 1 12.23 2775 93.00 %
(Riboviria realm) Segment2 | 151 633 20.00 %
Verdadero virus Segment 1 1.15 736 45.00 %
Segment 2 2473 1494 100.00 % d
Aedes partiti-like virus 1 Segment 1 62.36 1477 99.00 % Ll_“‘”]
Segment 2 94.67 1273 97.00 % _“"
SHI17MP541 48.60 606432 | 95.09 Segment 1 92.39 1673 61.00 % l':—""
Ae. Kwale-/Guadeloupe Segment2 | 0.46 55 29.00 % L - - —
ochraceus mosquito virus (Riboviria
realm)
KNP17MP70 | An. 55.20 989048 | 88.46 Hubei mosquito virus 1 (Riboviria realm) 68.90 9075 94.40% L =)
squamosus
KNP17MP631 | Ae. mcintoshi | 185.00 703126 | 97.21 No significant viral reads
KNP17MP632 | Ae. meintoshi | 134.00 613060 | 97.43 No significant viral reads
KNP17MP688 | Cx.theileri 44.10 75939 | 97.07 No significant viral reads
KZN17MP131 | Ae. 28.50 608218 | 94.70 No significant viral reads
durbanensis
KZN17MP132 | Ae. 34.40 522700 | 95.84 No significant viral reads
durbanensis
KZN17MP197 | Ma. uniformis | 53.00 518820 | 97.95 No significant viral reads

SHI17MP525, referred to as ZA(Ar)SHI17MP525.1/.2
and one detection in pool KNP17MP624, referred to as
ZA(Ar)KNP17MP624. The phylogenetic tree in Figure
2 indicates that ZA(Ar)SHI17MP525.1 groups with the
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Sassandra and Armigeres iflavivirus, with a bootstrap
of 71.00% and 78.00%, respectively, but in its own clade.
P-distance analysis (Supplementary material 1, Table 3)
indicated the highest nucleotide identity of 70.25% and
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9# LR694074.1 Cell fusing agent virus isolate Bangkok
72|' LR596014.1 Cell fusing agent virus isolate KPP
- LR694075.1 Cell fusing agent virus isolate Cairns

- A ZA(Ar)SHI17MP525

9% | .c770212.1 Cell fusing agent virus zmg15Lus2-2
+ MZ972994.1 Cell fusing agent virus strain Macapa 02
- LR694076.1 Cell fusing agent virus isolate Zik

9z

L LC496857.1 Cell fusing agent virus 16GH83

100 OR479689.1 Cell fusing agent virus strain Ae10

7

D

LR694077.1 Cell fusing agent virus isolate KC

- LR694079.1 Cell fusing agent virus isolate mosq395

100" OL700075.1 MAG: Mosquito flavivirus isolate XY 107097

—— NC 012671.1 Quang Binh virus

MZ202252.1 Tafomo virus strain TV/B22-C|-2004

76 { MH827522.1 Culex flavivirus isolate GD13124/China/2013

100L_ N 040682.1 Culex theileri flavivirus

0,20

Fig. 1 Maximum likelihood phylogenetic analysis of cell fusing agent virus. Evolutionary analyses were conducted in MEGA X [42]. The evolutionary his-
tory was inferred by using the Maximum Likelihood method and Kimura 2-parameter model [47]. The tree with the highest log likelihood is shown. The
trees were run under 1000 bootstrap replicates and the bootstrap values above 70.00% are shown next to the branches. Phylogenetic groupings with
nodal support >70.00% are considered statistically significant. The tree is drawn to scale, with branch lengths measured in the number of substitutions
per site. There were a total of 1439 positions in the final dataset. GenBank accession numbers are indicated for reference sequences. Samples that were
a part of this study are marked with a triangle



Kacnik et al. One Health Outlook (2025) 7:62

93

78

Page 7 of 18

MN784072.1 Perrin Park virus strain PPKV 205641
LC310707.1 Armigeres iflavirus

A ZA(A)SHI7MP525.1

MZ202266.1 Sassandra virus strain C93-CI-2004

79

ON949933.1 MAG: Hanko iflavirus 1 isolate FIN/L-2018/27

MK440624.1 Jotan virus isolate OTU7

100

98

0,50

100LEMH703056.1 Yongsan iflavirus 1 strain A16.2875/ROK/2016

PP066165.1 Culex Iflavi-like virus 1 isolate mosNWmo

— MN314969.1 Aedes vexans iflavirus strain Barked;]i Village

—— LC496784.1 Tesano Aedes virus 16GH47

A ZAANSHI17TMP525.2
100[ A ZAANKNP17MP624

Fig.2 Maximum likelihood phylogenetic tree for iflavivirus. Evolutionary analyses were conducted in MEGA X [42]. The evolutionary history was inferred
by using the Maximum Likelihood method and General Time Reversible model [48]. The tree with the highest log likelihood is shown. The trees were run
under 1000 bootstrap replicates and the values above 70% are shown next to the branches. Phylogenetic groupings with nodal support >70% are con-
sidered statistically significant. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. There was a total of 8896
positions in the final dataset. GenBank accession numbers are indicated for reference sequences. Samples that were a part of this study are marked with
a triangle. GenBank accession numbers for newly sequenced viruses: PV776881 (ZA(Ar)SHIT7MP525.1), PV658503 (ZA(Ar)SHIT7MP525.2), and PV658504

(ZA(ANKNP17MP624)

amino acid identity of 72.84% with Armigeres iflavivi-
rus. The two other isolates, ZA(Ar)SHI17MP525.2 and
ZA(Ar)KNP17MP624 grouped with the Tesano aedes
virus (TeAV) with a bootstrap of 98%. These two samples
shared a nucleotide identity of 78.40% and an amino acid
identity of 94.00% with TeAV.

Spinareoviridae

The Fako virus (FAKV) was identified in the two Ae.
aegypti pools, referred to as ZA(Ar)SHI17MP525 and
ZA(Ar)KNP17MP624. The FAKV has a segmented
genome consisting of nine genome segments. Nine seg-
ments were identified in pool KNP17MP624, however,
only six were identified in SHI17MP525. Individual
phylogenetic trees were drawn for each segment. Seg-
ments 1-6, with ZA(Ar)SHI17MP525 and ZA(Ar)
KNP17MP624, are displayed in Fig. 3. Segments 7-9
are displayed in Fig. 4. Similar clustering patterns are
observed across the segments in which the two isolates
identified here group with the FAKV isolate KLF FAKV
21, which was originally isolated from Ae.aegypti mosqui-
toes in Kenya [49]. P-distance analysis (Supplementary
material 1, Table 4A to 41I) supported the trees displayed
in Figs. 3 and 4. The highest identities were between the
samples or with FAKV isolate KLF FAKV 21.

Rhabdoviridae

The formosus virus (FORMYV) was detected in both Ae.
aegypti pools, SHI17MP525 and KNP17MP624, referred
to as ZA(Ar)SHI17MP525 and ZA(Ar)KNP17MP624. As
seen in Fig. 5, isolates ZA(Ar)SHI17MP525 and ZA(Ar)
KNP17MP624 group together with FORMV with a
bootstrap of 100.00%. The FORMV was identified in
laboratory colonies established from wild Ae. aegypti
mosquitoes from Bundibugyo, Uganda [51]. Between
the samples and FORMY, the nucleotide identity ranged
between 92.10% and 92.62%. P-distance analysis for
amino acid identity for each protein encoded can be seen
in the Supplementary material (Supplementary material
1, Tables 5A to 5F). The amino acid identity between the
samples and representative FORMYV sequences were all
above 90.00% (91.04%-99.41%).

Partitiviridae

Two partitiviruses were identified in KNP17MP624
made up of Ae.aegypti mosquitoes, referred to as ZA(Ar)
KNP17MP624.1 and ZA(Ar)KNP17MP624.2. Phyloge-
netic analysis was possible for Segment 1, however, due
to a lack of sequences for segment 2 available on Gen-
Bank, phylogenetic analysis was not possible. As seen in
Fig. 6, KNP17MP624.1 groups with the verdadero virus
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Fig. 3 Maximum likelihood phylogenetic trees for Fako virus segments 1 to 6. The phylogenetic trees for genome segments 1-6 are represented by Fig.
3a-f, respectively. Evolutionary analyses were conducted in MEGA X [42]. The evolutionary history was inferred by using the Maximum Likelihood method
and Tamura 3-parameter model [50]. The trees with the highest log likelihood are shown. The trees were run under 1000 bootstrap replicates and the
bootstrap values above 70.00% are shown next to the branches. Phylogenetic groupings with nodal support >70.00% are considered statistically signifi-
cant. The trees were drawn to scale, with branch lengths measured in the number of substitutions per site. There was a total of 3828, 3711, 3685, 1758,
3192, and 1735 positions in the final dataset for a—f, respectively. GenBank accession numbers are indicated for reference sequences. Samples that were
a part of this study are marked with a triangle. GenBank accession numbers for newly sequenced viruses (in order of segment 1 to 6): ZA(Ar)SHIT7MP525

(PV730236, PV730253, PV730235, PV730239, PV730237, PV730238), and ZA(ANKNP17M

P624 (PV730240- PV730245)
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OR270157.1 MAG: Fako virus isolate KLF FAKV 21 segment 8

NC 007673.1 Aedes pseudoscutellaris reovirus segment 8

LC496855.1 Aedes pseudoscutellaris reovirus 15AC18 RNA segment 8

Fig. 4 Maximum likelihood phylogenetic trees for Fako virus segments 7 to 9. The phylogenetic trees for genome segments 7-9 are represented by
Fig. 4a—c, respectively. Evolutionary analyses were conducted in MEGA X [42]. The evolutionary history was inferred by using the Maximum Likelihood
method and Tamura 3-parameter model [50]. The trees with the highest log likelihood are shown. The trees were run under 1000 bootstrap replicates
and the bootstrap values above 70.00% are shown next to the branches. Phylogenetic groupings with nodal support >70.00% are considered statistically
significant. The trees were drawn to scale, with branch lengths measured in the number of substitutions per site. There was a total of 432, 573, and 636
positions in the final dataset for a—c, respectively. GenBank accession numbers are indicated for reference sequences. Samples that were a part of this
study are marked with a triangle. GenBank accession numbers for newly sequenced viruses (in order of segment 7 to 9): ZA(ANKNP17MP624 (PV730252,
PV730246, PV730247)
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Fig. 5 Maximum likelihood phylogenetic tree for rhabdovirus. Evolutionary analyses were conducted in MEGA X [42]. The evolutionary history was
inferred by using the Maximum Likelihood method and General Time Reversible model [48]. The tree with the highest log likelihood is shown. The trees
were run under 1000 bootstrap replicates and the bootstrap values above 70.00% are shown next to the branches. Phylogenetic groupings with nodal
support >70.00% are considered statistically significant. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site
there were a total of 14614 positions in the final dataset. GenBank accession numbers are indicated for reference sequences. Samples that were a part of
this study are marked with a triangle. GenBank accession numbers for newly sequenced viruses: PV730233 (ZA(Ar)SHIT7MP525) and PV730234 (ZA(Ar)

KNP17MP624)

(VdV) (bootstrap of 99.00%), whereas KNP17MP624.2
groups with Aedes partiti-like virus 1 (APLV-1) (boot-
strap <70.00%). The VdV was originally isolated from
a colony of Ae.aegypti mosquitoes in Mexico [52]. The
same study that identified the FORMYV, identified the
APLV-1 in Ae.aegypti colonies located worldwide [51].
Segment 1 P-distance analysis (Supplementary mate-
rial 1, Table 6A) supported the tree in Fig. 6. For ZA(Ar)
KNP17MP624.1, P-distance analysis indicated the high-
est nucleotide identity of 97.88% and amino acid iden-
tity of 97.83% with VdV. For KNP17MP624.2, P-distance

analysis indicated the highest nucleotide identity of
97.49% to 99.37% and amino acid identity of 100.00%
with APLV-1.

P-distance analysis (Supplementary material 1, Table
6B) for segment 2 indicated that ZA(Ar)KNP17MP624.1
(GenBank: PV730256) had a nucleotide identity of
98.63% and amino acid identity of 100% with VdV.
KNP17MP624.2 (GenBank: PV730258) had a nucleotide
identity of 96.72% to 97.79% and amino acid identity of
97.03% to 98.29% with APLV-1.
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Fig. 6 Maximum likelihood phylogenetic tree for partitivirus. Evolutionary analyses were conducted in MEGA X [42]. The evolutionary history was in-
ferred by using the Maximum Likelihood method and Kimura 2-parameter model [47]. The tree with the highest log likelihood is shown. The trees were
run under 1000 bootstrap replicates and the bootstrap values above 70.00% are shown next to the branches. Phylogenetic groupings with nodal sup-
port >70.00% are considered statistically significant. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.
There was a total of 344 positions in the final dataset. GenBank accession numbers are indicated for reference sequences. Samples that were a part of
this study are marked with a triangle. GenBank accession numbers for newly sequenced viruses: PV730255 (ZA(Ar)SHIT7MP525) and PV730257 (ZA(Ar)
KNP17MP624)
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Unclassified viruses

Kwale-/Guadeloupe mosquito-like viruses

The Kwale mosquito virus (KMV) was identified in sam-
ple SHI17MP525 (ZA(Ar)SHI17MP525) (Ae.aegypti) and
KNP17MP624 (ZA(Ar)KNP17MP624) (Ae.aegypti), and
a virus similar to the KMV and Guadeloupe mosquito
virus (GMV) was detected in SHI17MP541 (ZA(Ar)
SHI17MP541) (Ae.ochraceus). Both the KMV and GMYV,
are unclassified viruses in the Riboviria realm, and were
isolated in Ae.aegypti mosquitoes from Kenya and Gua-
deloupe, respectively [53, 54]. Phylogenetic trees were
drawn for segment 1 (Fig. 7) and segment 2 (Fig. 8). The
trees in Figs. 7 and 8 display similar relationships, with
ZA(Ar)SHI17MP525 and ZA(Ar)KNP17MP624 grouping
most closely with KMV, and ZA(Ar)SHI17MP541 group-
ing with the KMV and GMYV, but in its own separate
clade. P-distance analysis for segment 1 (Supplementary
material 1, Table 7A) indicated that ZA(Ar)SHI17MP525
had the highest nucleotide identity of 97.19% with KMV.
ZA(Ar)KNP17MP624 had a nucleotide identity of 94.38%
with the KMV. Nucleotide identities between ZA(Ar)
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SHI17MP541 and the KMV and GMV ranged between
82.48% and 83.23%, the highest with KMV. P-distance
analysis for segment 1 (Supplementary material 1, Table
7B) indicated that ZA(Ar)SHI17MP525 and ZA(Ar)
KNP17MP624 had the highest amino acid identity of
98.58% and 95.41% with the KMV for ORF 1, respec-
tively. For ORF 2, both ZA(Ar)SHI17MP525 and ZA(Ar)
KNP17MP624 shared the highest amino acid identity of
99.55% with the KMV. ZA(Ar)SHI17MP541 shared the
highest amino acid identity of 74.18% with GMYV isolate
PB-AAF 1-3 for ORF 1, and 93.20% with the KMV and
GMYV isolates CMS002 017a and 018a for ORF 2.
P-distance analysis for segment 2 (Supplementary
material 1, Table 7C) indicated that ZA(Ar)SHI17MP525
had the highest nucleotide identity of 97.37% with
ZA(Ar)KNP17MP624, followed by 95.99% with the KMV.
ZA(Ar)KNP17MP624 had a nucleotide identity of 93.46%
with KMV. The nucleotide identity between ZA(Ar)
SHI17MP541 and the KMV and GMV ranged between
79.56% and 81.76%, the highest with the KMV. P-distance
analysis for segment 2 (Supplementary material 1, Table

MNO053787.1 Guadeloupe mosquito virus strain Ab-AAF-1-1 segment 1

99

MNO053795.1 Guadeloupe mosquito virus strain PB-AAF-1-3 segment 1

100

A ZAAKNP17MP624

99 99 - A ZA(Ar)SHI17MP525
100 L
- MT361065.1 Kwale mosquito virus
89
A ZA(A)SHI17MP541
0,10

MW434817.1 MAG: Guadeloupe mosquito virus isolate CMS002 017a SAND segment RNA1

1010)0 MW434816.1 MAG: Guadeloupe mosquito virus isolate CMS002 018a SAND segment RNA1

MW434821.1 MAG: Kellev virus isolate CMS002 020a SAND segment RNA1
OP369313.1 Wenzhou sobemo-like virus 4 isolate pool 99 segment 1

PP066166.1 Aedes vigilax sobemo-like virus 1 isolate mosPPEE segment 1

Fig. 7 Maximum likelihood phylogenetic tree for segment 1 of Kwale-/Guadeloupe mosquito like virus. Evolutionary analyses were conducted in MEGA
X [42]. The evolutionary history was inferred by using the Maximum Likelihood method and Tamura 3-parameter model [50]. The tree with the highest
log likelihood is shown. The trees were run under 1000 bootstrap replicates and the bootstrap values above 70.00% are shown next to the branches.
Phylogenetic groupings with nodal support >70.00% are considered statistically significant. The tree is drawn to scale, with branch lengths measured
in the number of substitutions per site. There were a total of 3156 positions in the final dataset. GenBank accession numbers are indicated for reference
sequences. Samples that were a part of this study are marked with a triangle. GenBank accession numbers for newly sequenced viruses: PV730248 (ZA(Ar)
SHIT7MP525), PV730250 (ZA(ANKNP17MP624), and PV730254 (ZA(ANSHIT7MP541)
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MNO053788.1 Guadeloupe mosquito virus strain Ab-AAF-1-1 segment 2
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MW434805.1 MAG: Guadeloupe mosquito virus isolate CMS002 018a SAND segment RNA2

MW434820.1 MAG: Kellev virus isolate CMS002 020a SAND segment RNA2

PP066167.1 Aedes vigilax sobemo-like virus 1 isolate mosPPEE segment 2

MW434905.1 MAG: Wenzhou sobemo-like virus 4 isolate CMS002 045¢c WVAL segment RNA2

Fig. 8 Maximum likelihood phylogenetic tree for segment 2 of Kwale-/Guadeloupe mosquito like virus. Evolutionary analyses were conducted in MEGA
X [42]. The evolutionary history was inferred by using the Maximum Likelihood method and Tamura 3-parameter model [50]. The tree with the highest
log likelihood is shown. The trees were run under 1000 bootstrap replicates and the bootstrap values above 70.00% are shown next to the branches.
Phylogenetic groupings with nodal support >70.00% are considered statistically significant. The tree is drawn to scale, with branch lengths measured
in the number of substitutions per site. There was a total of 3156 positions in the final dataset. GenBank accession numbers are indicated for reference
sequences. Samples that were a part of this study are marked with a triangle. GenBank accession numbers for newly sequenced viruses: PV730249 (ZA(Ar)
SHIT7MP525), PV730251 (ZA(AKNP17MP624), and PV776883 (ZA(ASHIT17MP541)

7D) indicated that ZA(Ar)SHI17MP525 had the highest
amino acid identity of 100.00% and 98.20% with the KMV
for ORF 1 and ORF 2, respectively. Unfortunately, the
coding sequence for ORF 1 for ZA(Ar)KNP17MP624 was
not obtained, however the highest amino acid identity for
ORF 2 was 94.06% with ZA(Ar)SHI17MP525 followed
by 92.38% with the KMV. ZA(Ar)SHI17MP541 shared
the highest amino acid identity of 94.74% with the KMV
for ORF 1, and 79.87% with the KMV and GMYV isolates
CMS002 017a and 018a for ORF 2.

Malelane mosquito virus 1, (novel Hubei mosquito-like virus
1in Riboviria realm)

According to the BLAST analysis, a virus most simi-
lar to the Hubei mosquito virus-1 was identified in
KNP17MP70 (referred to as ZA(Ar)KNP17MP70), in a
pool of An.squamosus mosquitoes. The full length of this
virus’s genome was obtained, (>9000bp), but the BLAST
search only returned 3 hits all of which were smaller
areas of the Hubei mosquito-like virus 1. The virus
detected here was named, Riboviria sp. isolate Malelane
mosquito virus 1 isolate ZA(Ar)KNP17MP70 (GenBank:
http://PV776882). The genome structure is indicated in
the supplementary material (Supplementary material
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1, Fig. 1). However, due to the lack of relevant genome
sequences available on GenBank for this virus, a phylo-
genetic tree could not be drawn. The P-distance matrix
(Supplementary material 1, Table 8) illustrates that the
nucleotide identity with Hubei mosquito virus-1 was
between 70.71% and 70.83%, whereas amino acid identity
was between 79.80% and 79.85.

Discussion
Historically, studies looking at arbovirus surveillance
in mosquitoes typically used a targeted PCR-based
approach, however, several recent studies have uti-
lized a metagenomics approach to identify viruses
from mosquitoes in Africa [3, 9, 55, 56]. To explore if
we could identify additional viruses in mosquito pools
which were previously screened for alpha-, orthobunya
(Simbu serogroup)-, and orthoflaviviruses we used a
viral metagenomics approach. We selected ten pools of
mosquitoes belonging to the Ae.aegypti, Ae.ochraceus,
Ae.mcintoshi, Ae.durbanensis, An.squamosus, Cx.theileri,
and Ma.uniformis species, collected in the KNP (Shin-
gwedzi and Malelane rest camps) and Jozini, representing
wildlife and rural sites in warmer and sub-tropical areas,
respectively. These mosquito species are commonly
found in SA and have previously shown to be arbovirus
vectors [25-27, 57-60]. While no known arboviruses
were identified, numerous different ISVs, which have
not previously been reported in SA were identified, pre-
dominantly in Aedes and Amnopheles species. Viruses
were identified in 40% (4/10) of pools: SHI17MP525
(Ae.aegypti), KNP17MP624 (Ae.aegypti), SHI17MP541
(Ae.ochraceus), and KNP17MP70 (An.squamosus), all
of which were collected from the KNP. Several of these
pools had more than one ISV identified. As these pools
have previously undergone cycles of freeze-thawing and
have been stored for several years, we did not attempt
virus isolation in this project, although this will be fol-
lowed up in future research

Through metagenomic approaches, we were able to
obtain 44.00% of the CFAV genome whereas previously,
a small region of the NS5 gene was identified through a
targeted PCR [29]. This shows that the SISPA method fol-
lowed by Illumina NGS sequencing on the MiSeq could
accurately identify this virus and allowed basic phylo-
genetic analysis despite missing areas of the genome.
The CFAV belongs to the Orthoflavivirus genus which
contains several medically important arboviruses such
as WNV, DENV, and YFV [8, 11]. It was originally iso-
lated from an Ae.aegypti cell line after it was found to
cause cell fusion of Ae.albopictus cells and has since
been found in wild mosquito populations, specifically Ae.
aegypti mosquitoes [8, 11, 61]. CFAV is one of the most
well-described ISV, especially its interactions with other
medically important arboviruses such as DENV and
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ZIKV, however, contrasting results have been observed
[11, 12]. In the presence of CFAYV, replication of DENV
was inhibited in Ae.albopictus C6/36 cells, whereas it’s
replication was enhanced in Ae.aegypti Aa20 cells [11]. It
has been suggested that these contrasting results may be
due to the use of different viral strains or cell types [11].
Furthermore, CFAV has also shown to hinder the dissem-
ination of ZIKV and DENV-1 in Ae.aegypti mosquitoes
[11]. Phylogenetic analysis of the CFAV strain (ZA(Ar)
SHI17MP525) identified here in an Ae.aegypti mos-
quito pool, grouped closely with a CFAV strain isolated
from Ae.aegypti mosquitoes in Zambia. The incidence of
CFAV in Ae. aegypti in SA should be evaluated to deter-
mine if it may have an inhibiting action on virus infection
in the local mosquito population.

Iflaviviruses (Iflaviviridae family) were detected in
two pools collected in the KNP, two in a single pool of
Ae.aegypti mosquitoes (SHI17MP525) and one in an
Ae.aegypti pool (KNP17MP624). The Iflavivirus genus
is made up of RNA viruses that only infect arthropods
[62]. The TeAV was identified in both pools (TeAV iso-
late ZA(Ar)SHI17MP525/ZA(Ar)KNP17MP624). The
TeAV was originally found in female and male Ae.
aegypti and female Culex mosquitoes in Ghana and has
since also been identified in Ae.aegypti mosquitoes from
Nigeria [3, 9]. A previous study has shown that TeAV
may increase the growth of DENV-1 in a concentration-
dependent manner [3, 9]. The second iflavivirus detected
in SHI17MP525 (ZA(Ar)SHI17MP525.1) grouped with
the Perrin park-, Sassandra-, and Armigeres iflaviviruses,
but in its own clade. The Sassandra virus, an unclassi-
fied iflavivirus, was initially detected in a pool of Culex
mosquitoes collected in Cote d’'Ivoire, whereas the Armi-
geres iflavivirus was isolated from Armigeres mosquitoes
collected in the Philippines [63, 64]. Perrin park virus
was identified in mosquito excreta in Australia [7]. This
iflavivirus had the highest amino acid identity of 72.84%
with the Armigeres iflavivirus and based on the guide-
lines provided by the International Committee on the
Taxonomy of Viruses (ICTV) (amino acid identity >90%
represents the same species) [65] based on the partial
genome isolated (83.90%), this iflavivirus represents a
novel iflavivirus.

The FAKV was originally isolated from Aedes spp. and
Eretmapodites spp. mosquitoes during a surveillance
study in the Fako region of Cameroon in 2010 [66]. Placed
within the Reovirales order, this reovirus is made up of
nine segments [66]. In the Reovirales order, members of
the same genus typically have the same number of seg-
ments, therefore FAKV was tentatively placed within the
Dinovernavirus genus alongside Aedes pseudoscutellaris
reovirus, neither of which have previously been identified
in SA [66, 67]. Here we identified six of the nine segments
in SHI17MP525 (ZA(Ar)SHI17MP525) and all nine
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segments in KNP17MP624 (ZA(Ar)KNP17MP624). Phy-
logenetic analysis across the different segments indicated
similar clustering patterns in that the samples group with
each other and isolate KLF FAKV 21 which was also iso-
lated from Ae.aegypti mosquitoes in Kenya [49]. Nine
segments were identified for KNP17MP624, placing it
within the Dinovernavirus genus. Although only six seg-
ments were identified for ZA(Ar)SHI17MP525, no other
genus within the Spinareoviridae family is made up of six
segments of genomic material and taking into account
the high nucleotide and amino acid identity between the
respective segments of ZA(Ar)SHI17MP525 and ZA(Ar)
KNP17MP624, we also propose that this virus is within
the Dinovernavirus genus. Species demarcation accord-
ing to the ICTV, is based on sequence similarity, sero-
logical comparisons, analysis of electropherotypes, and
identification of conserved terminal regions [67]. How-
ever, based on the amino acid similarity of segment 2
(the RNA-dependent RNA polymerase) which is above
90.00% (91%-93%) between the isolates and FAKV ref-
erence strains, it’s likely that these isolates belong to the
FAKYV species.

The FORMV (Rhabdoviridae family, Merhavirus
genus) was identified in SHI17MP525 and KNP17MP624.
The FORMV was identified in a study which analysed
RNA sequencing libraries deposited in the Sequence
Read Archive (SRA) hosted by NCBI [47]. FORMYV was
found in laboratory colonies established from wild Ae.
aegypti mosquitoes from Bundibugyo, Uganda [51]. This
is in line with our study where it was identified in Ae.
aegypti mosquitoes collected from the KNP. To our cur-
rent knowledge, these Merhaviruses have not previously
been identified in SA.

Two partitiviruses were detected in KNP17MP624:
the VAV and the APLV-1. Partitiviruses are double-
segmented viruses which until recently were thought to
only infect fungi, plant, and protozoan hosts [52]. These
viruses have now also been identified in arthropod hosts
[52, 68]. The VdV was originally isolated from a colony
of Ae.aegypti mosquitoes in Mexico [52]. The same study
that identified the FORMY, identified the APLV-1 in Ae.
aegypti colonies located worldwide [51].

Three pools of Aedes mosquitoes SHI17MP525
(Ae.aegypti), KNP17MP624 (Ae.aegypti), and
SHI17MP541(Ae.ochraceus) contained viruses that
grouped most closely with the KMV and GMV. Both the
KMV and GMYV, were originally isolated in Ae.aegypti
mosquitoes from Kenya and Guadeloupe, respectively
[53, 54]. These double-segmented viruses have also been
found in several Ae.aegypti and Ae.albopictus pools in
different studies [53, 69]. These viruses are unclassified in
the Riboviria realm, hence no species demarcation exists.
However, if following the trend that species demarcation
is typically based on a minimum amino acid sequence
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divergence of 95.00% and taking into account the phylo-
genetic relationships displayed, we can tentatively say that
ZA(Ar)SHI17MP525 and ZA(Ar)KNNP17MP624 belong
to the KMV species, whereas ZA(Ar)SHI17MP541 is
a novel virus as the amino acid similarities were below
95.00% and it was placed separately from both the KMV
and GMV.

Lastly, in a pool of Ansquamosus mosquitoes
(KNP17MP70) collected from the KNP, we identified
a novel virus, which through BLAST analysis was most
similar to Hubei mosquito virus 1 (70% nucleotide iden-
tity), an ISV isolated from a pool of mosquitoes in China
[70]. Based on amino acid similarity (<80.00%), it is likely
that this is a novel virus, tentatively named Malelane
mosquito virus 1 (unclassified in the Riboviria realm).

Several studies have identified the same ISVs in the
same mosquito species from different geographical loca-
tions [3, 61, 71]. Interestingly, several of the viruses iden-
tified here are found in the same mosquito species i.e.
Ae.aegypti, potentially indicating that these viruses are
part of this species’ innate virome. Furthermore, sev-
eral studies have shown that ISVs are capable of vertical
transmission, maintaining their presence in mosquitoes
which also makes ISVs ideal as biological control agents
in arbovirus transmission, in that they will be maintained
in mosquito populations [10]. With the exception of the
ISV identified in the An.squamosus mosquitoes, all the
ISVs identified here were identified in Aedes mosquitoes,
a trend observed in several studies with Aedes mosqui-
toes having diverse viromes. No ISVs were detected in
the Culex or Mansonia mosquitoes although only one
pool of each was included in this study and we can there-
fore not make a conclusion on the presence of ISVs in
these species. Although not commonly detected in Culex
and Mansonia mosquitoes, a few such as the Culex flavi-
virus and the Atrato partiti-like virus 5 have been found
in these species, respectively [29, 68, 72]. While we were
able to detect partial and full genomes of both known and
novel ISVs in important arbovirus vector species in SA
including Ae.aegypti, Ae.ochraceus, and An.squamosus,
future studies could benefit from high-capacity sequenc-
ing platforms (which will allow for more reads), capture
probes for RNA enrichment or improved host RNA/DNA
depletion techniques to maximize detection of viruses
that may be present in the mosquitoes. Additionally,
while we sequenced only ten mosquito pools, which may
have lacked arboviruses, increasing sequencing depth
might enhance detection of these pathogens. Despite this
limitation, SISPA followed by Illumina NGS sequenc-
ing allowed us to identify several viruses not previously
reported in SA. Considering that certain ISVs may have
co-evolved with arboviruses, and that several ISVs are
not necessarily found in arbovirus-containing families,
looking into whether these seemingly non-pathogenic
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viruses have potential in adapting to infect vertebrates
could be of importance [72]. Therefore, the importance of
these viruses not only lies in their potential to control the
circulation of arboviruses without infecting mammalian
hosts but by understanding how arboviruses evolve and
adapt may allow for the implementation of new interven-
tion strategies within a One Health approach [72].

Conclusion

Viral metagenomics was used to determine whether
arboviruses not detected by PCR could be identified.
Given that PCRs target specific regions of the genome,
viral metagenomics was crucial for capturing a broader
spectrum of viruses. While no arboviruses were identi-
fied, several known and novel ISVs were detected. Sev-
eral ISVs have shown to influence the transmission of
arboviruses, therefore understanding the virome of key
mosquito species, such as Aedes aegypti, is crucial for
assessing the risk of arboviruses becoming endemic. This
knowledge may contribute to vector control strategies
and prevention of arbovirus infection.
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