N

N

De novo profiling of RN A viruses in Anopheles malaria
vector mosquitoes from forest ecological zones in
Senegal and Cambodia
Eugeni Belda, Ferdinand Nanfack-Minkeu, Karin Eiglmeier, Guillaume D
Carissimo, Inge Holm, Mawlouth Diallo, Diawo Diallo, Amélie Vantaux,

Saorin Kim, Igor V. Sharakhov, et al.

» To cite this version:

Eugeni Belda, Ferdinand Nanfack-Minkeu, Karin Eiglmeier, Guillaume D Carissimo, Inge Holm, et
al.. De novo profiling of RNA viruses in Anopheles malaria vector mosquitoes from forest ecological
zones in Senegal and Cambodia. BMC Genomics, 2019, 20 (1), pp.664. 10.1186/s12864-019-6034-1 .
hal-02289783

HAL Id: hal-02289783
https://hal.sorbonne-universite.fr /hal-02289783
Submitted on 17 Sep 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.sorbonne-universite.fr/hal-02289783
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Belda et al. BMC Genomics (2019) 20:664

https://doi.org/10.1186/512864-019-6034-1 B M C G enom iCS

RESEARCH ARTICLE Open Access

De novo profiling of RNA viruses in ®
Anopheles malaria vector mosquitoes from
forest ecological zones in Senegal and
Cambodia

Fugeni Belda'*?, Ferdinand Nanfack-Minkeu'**, Karin Eiglmeier', Guillaume Carissimo®, Inge Holm'~,
Mawlouth Diallo®, Diawo Diallo®, Amélie Vantaux’, Saorin Kim’, Igor V. Sharakhov® and Kenneth D. Vernick'*"

Check for
updates

Abstract

Background: Mosquitoes are colonized by a large but mostly uncharacterized natural virome of RNA viruses, and
the composition and distribution of the natural RNA virome may influence the biology and immunity of Anopheles
malaria vector populations.

Results: Anopheles mosquitoes were sampled in malaria endemic forest village sites in Senegal and Cambodia,
including Anopheles funestus, Anopheles gambiae group sp., and Anopheles coustani in Senegal, and Anopheles
hyrcanus group sp., Anopheles maculatus group sp, and Anopheles dirus in Cambodia. The most frequent
mosquito species sampled at both study sites are human malaria vectors. Small and long RNA sequences
were depleted of mosquito host sequences, de novo assembled and clustered to yield non-redundant contigs
longer than 500 nucleotides. Analysis of the assemblies by sequence similarity to known virus families yielded
115 novel virus sequences, and evidence supports a functional status for at least 86 of the novel viral contigs.
Important monophyletic virus clades in the Bunyavirales and Mononegavirales orders were found in these
Anopheles from Africa and Asia. The remaining non-host RNA assemblies that were unclassified by sequence
similarity to known viruses were clustered by small RNA profiles, and 39 high-quality independent contigs
strongly matched a pattern of classic RNAi processing of viral replication intermediates, suggesting they are
entirely undescribed viruses. One thousand five hundred sixty-six additional high-quality unclassified contigs
matched a pattern consistent with Piwi-interacting RNAs (piRNAs), suggesting that strand-biased piRNAs are
generated from the natural virome in Anopheles. To functionally query piRNA effect, we analyzed piRNA
expression in Anopheles coluzzii after infection with O'nyong nyong virus (family Togaviridae), and identified
two piRNAs that appear to display specifically altered abundance upon arbovirus infection.

Conclusions: Anopheles vectors of human malaria in Africa and Asia are ubiquitously colonized by RNA
viruses, some of which are monophyletic but clearly diverged from other arthropod viruses. The interplay
between small RNA pathways, immunity, and the virome may represent part of the homeostatic mechanism
maintaining virome members in a commensal or nonpathogenic state, and could potentially influence vector
competence.
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Background

Anopheles mosquitoes are the only vectors of human
malaria, which Kkills at least 400,000 persons and causes
200 million cases per year, with the greatest impact
concentrated in sub-Saharan Africa and South-East Asia
[1]. In addition to malaria, Anopheles mosquitoes also
transmit the alphavirus O’nyong nyong (ONNYV, family
Togaviridae), which is the only arbovirus known to em-
ploy Anopheles mosquitoes as the primary vector [2, 3].
A recent review found reports of at least 51 viruses
naturally associated with Anopheles [2], and Anopheles
mosquitoes harbor a diverse natural virome of RNA
viruses [4—7]. These viruses are comprised mainly of in-
sect specific viruses (ISVs) thought to multiply only in
insects, but also includes relatives of arboviruses that
can replicate in both insects and vertebrate cells.

Anopheles viruses have been discovered by isolation
from cultured cells exposed to mosquito extract, ser-
ology, specific amplification and sequencing, and more
recently, deep sequencing and de novo assembly [2].
Although this work has increased the number of ISVs
discovered in Anopheles, there are probably many still
unknown. Because Amnopheles mosquitoes are not
thought to be important arbovirus vectors, relatively
little research has been done on their viruses. In con-
trast, culicine mosquitoes in the genera Aedes and Culex
transmit multiple arboviruses such as dengue virus
(DENV, family Flaviviridae) Zika virus (ZIKV, family
Flaviviridae), chikungunya virus (CHIKV, family Toga-
viridae) and others, but do not transmit human malaria.

Here, we assembled small and long RNA sequences
from wild Anopheles mosquitoes captured in forest ecol-
ogies in central and northern Cambodia and eastern
Senegal. The collection sites are considered disease
emergence zones, with high levels of fevers and enceph-
alopathies of unknown origin.

It is important to study Anopheles viruses because
persistent exposure to ISVs, rather than the relatively in-
frequent exposure to arboviruses such as ONNV, has
probably been the main evolutionary pressure shaping
Anopheles antiviral immunity. Anopheles resistance
mechanisms against arbovirus infection may be particu-
larly efficient, given their low level of known arbovirus
transmission despite highly anthropophilic feeding be-
havior, including on viremic hosts. Nevertheless, ONNV
transmission indicates that arbovirus transmission by
Anopheles is at least possible, so it is worth asking why
transmission by Anopheles is apparently restricted to a
single known virus. Identifying the complement of
natural viruses inhabiting the Anopheles niche will help
clarify the biology underlying the apparent inefficiency
of arbovirus transmission by Anopheles, and may suggest
new translational tools to decrease arbovirus transmis-
sion by the more efficient Aedes and Culex vectors.
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Results

Mosquito species estimation

Metagenomic sequencing of long and small fractions of
RNA was carried out for four biological replicate pools of
mosquitoes from Ratanakiri and Kampong Chhnang prov-
inces in central and northern Cambodia near the border
with Laos, and four replicate pools from Kedougou in
eastern Senegal near the border with the Republic of
Guinea (Conakry). Mosquito species composition of
sample pools was estimated using sequences of transcripts
from the mitochondrial cytochrome ¢ oxidase subunit 1
(COI) gene, which were compared with Anopheles
sequences from the Barcode of Life COI-5P database
(Fig. 1, Additional file 1: Table S1). In the Senegal samples,
the most frequent mosquito species were Anopheles
rufipes, Anopheles funestus, Anopheles gambiae group sp.,
and Anopheles coustani, which are all human malaria
vectors, including the recently incriminated An. rufipes
[8]. In the Cambodia samples, the most frequent species
were Anopheles hyrcanus group sp., Anopheles maculatus
group sp., Anopheles karwari, Anopheles jeyporeisis,
Anopheles aconitus and Anopheles dirus. All are consid-
ered human malaria vectors [9-12]. Elevated rates of
human blood-feeding by a mosquito species is a pre-
requisite for malaria vectorial capacity [13], and therefore
the main Anopheles species sampled for virome discovery
in this study display consistently high levels of human
contact in nature. In addition, a number of rare mosquito
species calls represent species supported by less than 100
sequence reads and 1% frequency in the sample pool
(Additional file 1: Table S1). These rare calls could result
from sequencing technical artifacts, mutations of COI,
errors in the COI-5P database, and/or undescribed mos-
quito taxa not in the database.

Virus discovery by de novo assembly and classification by
sequence similarity

Small and long RNAseq reads were de novo assembled
after removal of mosquito sequences. Non-redundant
contigs longer than 500 nucleotides from assemblies of
both sampling sites, Cambodia and Senegal, were trans-
lated into predicted peptide sequences and used to
search the GenBank protein sequence database using
BLASTX with an e-value threshold of 1e-10. BLASTX
translates a DNA sequence in all six putative reading
frames and searches against a protein database to iden-
tify peptide homology matches. This analysis pipeline
allowed identification of 115 novel assembled virus
sequences, 37 from the Senegal samples (virus ID suffix
“Dak”, Table 1), and 78 from the Cambodia samples
(virus ID suffix “Camb”, Table 2), possibly pointing to
higher viral diversity in mosquitoes from Cambodia.
Some of the 115 virus sequences showed remote similar-
ity by BLASTX to 24 reference viruses in GenBank that
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Fig. 1 Taxonomic profile of Anopheles sample pools. Relative abundance values of Anopheles species were computed by mapping long RNAseq
reads to mitochondrial cytochrome C oxidase subunit | gene sequences from the Barcode of Life COI-5P Database. Taxa represented by > 100
sequence reads and 1% frequency in the sample pool were plotted in pie charts. White wedges in pie charts represent the combined proportion
of all sequence matches that were individually present at less than 1% frequency in the sample. All data are presented in tabular form in
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include single-stranded RNA (ssRNA)-negative strand
viruses of the families Orthomyxoviridae, Rhabdoviridae
and Phenuiviridae, ssSRNA positive-strand viruses of the
families Virgaviridae, Flaviviridae and Bromoviridae,
dsRNA viruses of the family Reoviridae and multiple
unclassified viruses of both ssRNA and dsRNA types
(Table 3). Most of these remote similarities were with
viruses characterized in a recent virus survey of 70 dif-
ferent arthropod species collected in China [14], which
emphasizes the importance of high throughput surveys
of the arthropod virosphere in the identification of
viruses associated with different arthropod species.

In order to place these 115 novel virus assemblies in an
evolutionary context, phylogenetic trees were constructed
from predicted peptide sequences of conserved regions of
the RNA-dependent RNA polymerase (RARP) gene anno-
tated in the 115 virus sequences, along with RARP peptide
sequences of related virus sequences from GenBank. This
allowed the placement of 44 of the 115 assembled viruses
in phylogenetic trees, revealing clusters of highly related
viruses in the wild Anopheles. Notable examples include
five novel virus assemblies from Cambodian Anopheles
placed near Wuhan Mosquito Virus 1 in a monophyletic
group of the Phasmaviridae family (Bunyavirales) (Fig. 2).
In addition, within the order Mononegavirales, 14 novel
Anopheles virus assemblies (7 from Cambodia and 7 from
Senegal) formed a monophyletic group that includes
Xincheng Mosquito Virus and Shungao Fly Virus. Finally,
10 novel virus assemblies (9 from Cambodia, 1 from
Senegal) formed a monophyletic group that includes

Beaumont Virus and a virus from Culex tritaeniorhynchus
within the Rhabdoviridae family (Fig. 3a).

We characterized the degree of completeness of the virus
assemblies to determine whether they contain full or almost
full viral genome sequences, and whether predicted pep-
tides are likely to be functional. Many of the viral contigs
are too diverged from each other and from reference vi-
ruses in the phylogenetic tree to align informatively at the
nucleotide level, and reliable sequence comparisons were
only possible at the peptide sequence level. We translated
nucleotide sequences for the novel viral contigs and com-
pared them to the translated nucleotide database using
TBLASTX. An example of this analysis is shown for viral
contigs homologous to Xincheng virus (Fig. 3b). Closely-re-
lated viral contigs (for example RARP1.7_XinchengVirDak
and RdRP1.3_XinchengVirDak), with on average 95% nu-
cleotide identity over the full contig length, can thus be
compared with the more divergent viral contigs such as
RdRP1.7_XinchengVirDak, which does not align at the
nucleotide level with the first two, but does align when
translated to peptide sequences.

This combined nucleotide and peptide-based analysis
was applied to the 115 novel viral contigs. A total of 195
open reading frames (ORFs) were annotated among the
115 viral contigs, an average of 1.7 ORFs per viral contig
(Additional file 2: Table S2 and Additional file 3: Table
S3). Based on TBLASTX alignments with the closest
reference viral genomes, 56 of the 195 ORFs, found in
25 of the viral contigs, appear to be fragmented or fra-
meshifted ORF sequences potentially associated with
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Table 3 Similarity of Senegal and Cambodia virus assemblies by BLASTX to 24 reference viruses in GenBank. Ten targets are shared,
nine are Senegal-specific, and five are Cambodia-specific

Reference virus

Viral taxonomy

Senegal Cambodia
libraries libraries

Culex tritaeniorhynchus rhabdovirus RNA,
complete genome
Phasi Charoen-like virus

Uncultured virus isolate acc_1.3

Wellfleet Bay virus isolate 10-280-G segment 4
Wuhan Mosquito Virus 1 strain WT3-15
Wuhan Mosquito Virus 9 strain JX1-13
Xincheng Mosquito Virus strain XC1-6
Xinzhou Mosquito Virus strain XC3-5
Beaumont virus strain 6

Jurona virus

Omono River virus

American dog tick phlebovirus isolate FI3

Daeseongdong virus 1 strain A12.2708/ROK/2012

DsRNA virus environmental sample clone
mill.culi_contig84

Homalodisca vitripennis reovirus segment S3
Ixodes scapularis associated virus 2 isolate AT,
partial genome

Sunn-hemp mosaic virus

Uncultured virus isolate acc_74

Wuhan Spider Virus strain SYZZ-2
Nienokoue virus isolate B51/Cl/2004
Oat golden stripe virus RNA1

Puerto Almendras virus isolate LO-39
Tobacco streak virus isolate pumpkin

segment RNAT

Bivens Arm virus isolate UF 10

Viruses; ssSRNA viruses; ssRNA negative-strand viruses; Mononegavirales;
Rhabdoviridae; unclassified Rhabdoviridae.

Viruses; ssRNA viruses; ssSRNA negative-strand viruses; Bunyavirales; unclassified
Bunyavirales.

Viruses; environmental samples.

Viruses; ssSRNA viruses; ssSRNA negative-strand viruses; Orthomyxoviridae;
Quaranjavirus; unclassified Quaranjavirus.

Viruses; ssSRNA viruses; ssSRNA negative-strand viruses; unclassified ssRNA
negative-strand viruses.

Viruses; ssSRNA viruses; ssSRNA negative-strand viruses; unclassified ssRNA
negative-strand viruses.

Viruses; ssRNA viruses; ssSRNA negative-strand viruses; unclassified ssRNA
negative-strand viruses.

Viruses; ssRNA viruses; ssRNA negative-strand viruses; unclassified ssRNA
negative-strand viruses.

Viruses; ssSRNA viruses; ssRNA negative-strand viruses; Mononegavirales;
Rhabdoviridae; unclassified Rhabdoviridae.

Viruses; ssSRNA viruses; ssSRNA negative-strand viruses; Mononegavirales;
Rhabdoviridae; Vesiculovirus.

Viruses; dsRNA viruses

Viruses; ssSRNA viruses; ssRNA negative-strand viruses; Bunyavirales; Phlebovirus;
unclassified Phlebovirus.

Viruses; unclassified viruses.

Viruses; dsRNA viruses; environmental samples.

Viruses; dsRNA viruses; Reoviridae; Sedoreovirinae; Phytoreovirus; unclassified
Phytoreovirus

Viruses; unclassified viruses.

Viruses; ssRNA viruses; ssRNA positive-strand viruses, no DNA stage; Virgaviridae;
Tobamovirus.

Viruses; environmental samples.

Viruses; ssSRNA viruses; ssSRNA negative-strand viruses; unclassified ssRNA
negative-strand viruses.

Viruses; ssSRNA viruses; ssSRNA positive-strand viruses, no DNA stage;
Flaviviridae

Viruses; ssSRNA viruses; ssSRNA positive-strand viruses, no DNA stage;
Virgaviridae; Furovirus

Viruses; ssSRNA viruses; ssRNA negative-strand viruses; Mononegavirales;
Rhabdoviridae; unclassified Rhabdoviridae.

Viruses; ssSRNA viruses; ssSRNA positive-strand viruses, no DNA stage;
Bromoviridae; llarvirus

Viruses; ssSRNA viruses; ssRNA negative-strand viruses; Mononegavirales;
Rhabdoviridae; Tibrovirus

pseudogenes, as compared to the complete gene present
in the homologous reference virus, indicating a possible
non-functional status for these 25 contigs. Four add-
itional viral contigs contained small ORFs as compared
to the cognate gene in the closest annotated reference
viral genomes. In contrast, 67 of the 195 ORFs were

complete, and 68 ORFs were partial for technical rea-
sons, because of fragmented viral assemblies that do not
cover the entire viral gene (Additional file 3: Table S3).
Thus, peptide comparisons with reference viral ge-
nomes provided evidence supporting a functional status
for 86 of the 115 novel viral contigs, while 29 of the
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contigs displayed a potential non-functional status. The
source of these latter 29 viral contigs is unknown, but
they display equivalent sequence representation and as-
sembly quality as the 86 contigs. They most likely repre-
sent functional viruses that engage in programmed
ribosomal frameshifting or transcriptional slippage [15,
16], which has been reported for at least flavivirus and
alphavirus ISVs [17, 18]. For these otherwise high-qual-
ity viral contigs with frameshifts or short ORFs, further
work would be necessary to distinguish between hypoth-
eses of transcriptional slippage, ORFs under relaxed se-
lection pressure, or technical error. However, overall we
find high levels of collinearity and similarity among
novel viruses at the protein level that are not necessarily
matched by comparable levels of similarity at the nu-
cleotide level. These comparisons revealed potential
populations of closely related but diverged viruses colon-
izing Anopheles from widely separated geographic loca-
tions, in some cases with different degrees of divergence
over the same genomic region.

Quantification of novel virus sequences in mosquito
samples

In order to evaluate the prevalence of novel virus se-
quences across the analyzed mosquito samples, host-fil-
tered small and long RNA reads were mapped over the
115 novel virus sequences identified by de novo se-
quence assembly. Based on long RNAseq reads, the
abundance profiles of the 115 virus assemblies display a
non-overlapping distribution across different sample
pools of 5 or 10 mosquitoes per pool, and virus se-
quences can be localized to particular sample pools from
the abundance profiles (Fig. 4, left panel). This probably
indicates a patchy prevalence and abundance of the dif-
ferent viruses among individual mosquitoes, such that
an individual mosquito highly infected with a given virus
could potentially generate a strong signal for that virus
in the sample pool. The sample pools from Cambodia
share a higher fraction of common viruses, while there is
less overlap in virus abundance distribution across sam-
ple pools from Senegal. The representation of virus dis-
tribution based on small RNA sequence reads displayed
profiles broadly similar to the long RNA-based abun-
dance distribution (Fig. 4, right panel). This observation
is consistent with the expectation that small RNA repre-
sentation is a signature of virus double-stranded RNA
(dsRNA) processing by the mosquito RNA interference
(RNAi) machinery [19], and was examined next.

Small RNA size profiling

The processing of virus sequences by small RNA path-
ways of the insect host generates diagnostic patterns of
small RNA read sizes from different viruses. In order to
evaluate this phenomenon we first imposed a threshold
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of at least 100 small RNA reads mapped to the viral con-
tig, to assure reliable small RNA size profiling, and 82 of
the 115 novel virus assemblies were retained for the ana-
lysis. Small RNA reads that mapped to each of the 82
virus assemblies were extracted, and their size distribu-
tions were normalized with a z-score transformation.
This allowed comparison of the z-score profiles among
virus assemblies by pairwise correlation analysis and
hierarchical clustering. The relationship between the
small RNA profiles of the different viruses could then be
visualized as a heatmap. The results of this analysis re-
vealed the presence of four major groups of virus se-
quences based on small RNA size profiles (Fig. 5).
Cluster 1 consists of 7 virus assemblies generating small
RNAs predominantly in the size range of 23—29 nt map-
ping over the positive, and to a lesser extent negative,
strand. Cluster 2 includes 7 viruses, all from Senegal,
and displays a similar size profile as viruses of Cluster 1
with reads in the 23-29 nt size range, but also with a
higher frequency of 21 nt reads mapping over the posi-
tive and negative strands, emblematic of virus cleavage
through the mosquito host RNAi pathway. Cluster 3 in-
cludes 15 viruses that exhibit the classic pattern of viral
RNA processing by the host RNAi pathway, with reads
predominantly of 21 nt in length mapping over virus
positive and negative strands (small RNA size and cover-
age profiles for this Cluster shown in Additional file 4:
Figure S1). Finally, Cluster 4 includes 52 viruses with
small RNA size profiles dominated by reads of 23-29 nt
mapping predominantly over the negative strand of virus
sequences. Because of the strong strand bias of small
RNAs observed, this pattern could correspond to deg-
radation products of virus RNAs, although alternatively,
there appears to be size enrichment in the 27-28 nt size
peaks characteristic of PIWI-interacting RNAs (piRNAs),
and we examine this possibility below using bioinfor-
matic and functional analyses.

Viral origin of unclassified transcripts by small RNA size
profiling

A major drawback of sequence similarity-based identifi-
cation of novel viruses in de novo sequence assemblies is
the dependence of detection upon existing records of
close relatives in public databases. Aguiar et al. proposed
that the small RNA size profiles of arthropod-derived vi-
ruses detected by sequence similarity could be used as
signature to recruit unclassified contigs from de novo se-
quence assemblies of potential viral origin [19]. We im-
plemented this strategy in order to identify additional
sequences of putative viral origin in the set of 2114 con-
tigs left unclassified by sequence similarity searching but
meeting the same quality criteria as the 115 contigs
(non-redundant and > 500 nucleotides), and with at least
100 small RNA sequence reads.
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(See figure on previous page.)

Fig. 2 Phylogenetic tree of reference and novel virus assemblies from the Bunyavirales order. Maximum-likelihood phylogeny based on RNA-
dependent RNA polymerase (RARP) predicted peptide sequences of viruses from the Bunyavirales order. Novel viruses characterized in the current
study (red name labels) are placed with reference viruses (black name labels) within the Phasmavirus clade and in a basal position of the
Phlebovirus-Tenuivirus clade. Node robustness is indicated by bootstrap values (number of replicates supporting the node), indicated by color of
the dot at the branch base, see key. Protein lengths and functional status of RARP peptide sequences from novel viruses in the current study are
included to distinguish between complete and partial and/or non-functional pseudogenes (indicated by label “pseudogenized”, functional status
also shown in Additional file 2: Table S2 and Additional file 3: Table S3). Average protein size of reference virus RARP genes is 2496 amino acids

Of these unclassified contigs, a likely viral origin is sup-
ported for 4 and 35 contigs that display strong association
by small RNA profile with Cluster 2 and Cluster 3, re-
spectively (Spearman correlation> 0.9, Additional file 5:
Figure S2). These clusters display small RNA size profiles
mapping to both genome strands, which are characteristic
of classic RNAi processing of viral dsRNA replication
intermediates. Thus, in addition to the 115 novel virus
assemblies classified by sequence similarity to known vi-
ruses, 39 unclassified high-quality novel Anopheles virus
assemblies were identified, without sequence similarity to
identified viruses. Further work will be necessary to
characterize the biology of these unclassified novel virus
assemblies.

Of the other assemblies unclassified by sequence simi-
larity, 1566 showed strong associations between their
small RNA size profiles and the small RNA size profiles of
virus contigs detected by sequence similarity (Spearman
correlation> 0.9). Among these, the majority were associ-
ated with Cluster 4 virus assemblies (1219 unclassified
contigs) and to less extent with Cluster 1 (309 unclassified
contigs). Both clusters were characterized by a strong bias
towards reads from a single strand (positive for Cluster 1
and negative for Cluster 4).

To evaluate how specific these latter profiles of 1219
and 309 contigs are for virus-related sequences, we de-
signed a reconstruction control experiment using the
same small RNA size profiling and clustering analysis as
above, but instead using 669 RNA contigs known to
map to the mosquito reference assembly, thus strictly of
host origin. As above, contigs with at least 100 small
RNA sequence reads were used. Five hundred sixty-one
of these mosquito contigs could be grouped with small
RNA size profiles of virus contigs (Spearman correl-
ation>0.9), most of them (98.21%) with Cluster 4
(78.6%) and Cluster 1 (19.6%) profiles.

Anopheles may produce piRNAs from the RNA virome

piRNAs are endogenous small noncoding RNAs that
ensure genome stability by protecting it from invasive
transposable elements such as retrotransposons and
repetitive or selfish sequences [20]. In addition, in Aedes
mosquito cells, piRNAs can probably mediate responses
to arboviruses or ISVs [20-23]. Anopheles mosquitoes
express annotated piRNAs from genomic piRNA clusters

[24, 25]. The small RNAs in Clusters 1 and 4 display a
strand bias, and many somatic piRNAs also map to only
one strand in Drosophila and other arthropods [20, 26].
Notably, many virus-related piRNAs in Aedes, which are
largely ISV-derived, mainly map only to the virus strand
antisense to the viral ORF [22].

In An. coluzzii, about half of annotated piRNAs display
a strong or exclusive strand bias [25], which is a greater
proportion of unidirectional piRNAs than Drosophila.
Until the current study, Anopheles piRNAs have not pre-
viously been examined for relatedness to ISVs. Overall,
these small RNA results are probably most consistent
with an interpretation that RNA profile Cluster 1 and
Cluster 4 detect strand-biased piRNAs derived from the
natural ISV virome of wild Anopheles. On that interpret-
ation, the above 561 contigs mapping to host that share
the Cluster 1 and Cluster 4 RNA profiles are most likely
also piRNAs, but instead derived from endogenous host
RNA templates. Previous results showed that most An.
coluzzii piRNAs are derived from long-terminal repeat
retrotransposons and DNA transposable elements [25].
Our current results add wild ISVs as a possible source of
template for Anopheles piRNA production, and indicate
that further work is warranted on Anopheles piRNA.
Our results also suggest the possibility that piRNAs may be
involved in Anopheles response to viruses, a phenomenon
found for only Aedes among a wide range of arthropods
[20], but Anopheles were not tested.

O’nyong nyong alphavirus infection influences expression
of piRNAs in Anopheles coluzzii

The potential that Anopheles piRNAs could be involved
in response or protection to virus infection has not been
previously examined or reported to our knowledge. To
examine this possibility, we challenged An. coluzzii mos-
quitoes with the alphavirus ONNV by feeding an infec-
tious bloodmeal, and sequenced small RNAs expressed
during the primary infection at 3 d post-bloodmeal.
Mosquitoes fed a normal bloodmeal were used as the
control condition.

The small RNAs were mapped to previously annotated
An. coluzzii candidate piRNA genes located in 187 gen-
omic piRNA clusters [25], and expression levels of the
piRNA genes in response to ONNV infection were
tested using Cuffdiff. The analysis detected 86 piRNA
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Fig. 3 Phylogenetic tree of reference and novel virus assemblies from the Mononegavirales order. a Maximum-likelihood phylogeny based on
RNA-dependent RNA polymerase (RARP) predicted peptide sequences of viruses from Mononegavirales order. Novel virus assemblies characterized
from Cambodia and Senegal Anopheles samples (red name labels) are placed with reference viruses (black name labels), predominantly within the
Dimarhabdovirus clade and as close relative of the Nyamivirus clade. Node robustness is indicated by bootstrap values (number of replicates
supporting the node), indicated by color of the dot at the branch base, see key. Protein lengths and functional status of RdRP peptide sequences
from novel viruses in the current study are included to distinguish between complete and partial and/or non-functional pseudogenes (indicated
by label “pseudo’, functional status indicated in Additional file 2: Table S2 and Additional file 3: Table S3). Average protein size of reference virus
RARP genes is 2098 amino acids. b Genome comparison of novel and reference Xincheng Mosquito Viruses, which are too diverged to align at

the nucleic acid sequence level. Grey blocks represent peptide sequence homology regions between compared sequences. The nucleotide
sequences of the entire viral contigs, and not only of the RdRP gene as in (a), were translated and used to search the translated nucleotide
database with TBLASTX. The viruses display recognizable relatedness over their genomes, despite geographic distance and nucleotide sequence
divergence. Color intensity indicates identity levels from TBLASTX results (values indicated in key)

genes displaying differential abundance levels between
ONNYV infected mosquitoes and normal bloodmeal con-
trols (Additional file 6: Table S4). Filtering these 86
genes on quality criteria of i) length of the contiguous
region expressed in small RNA <40 nt, characteristic of
piRNA size, and ii) normalized read depth in the upper
10% for the most robust signals, highlighted just two an-
notated piRNA candidates, XLOC_012931 and XLOC_
012762. Both candidate piRNAs displayed significantly
lower abundance in small RNA after ONNV infection as
compared to uninfected controls, suggesting that these
two piRNAs were downregulated during ONNV infec-
tion (locus XLOC_012931, Cuffdiff test statistic = 3.23,
p-value = 5e-5, adjusted p-value = 6.7e-3, reference gen-
ome sequence coordinates AgamP4:UNKN:19043685:
19043716; and locus XLOC_012762, Cuffdiff test statis-
tic = 2.39, p-value = 9.5e-4, adjusted p-value = 0.046, ref-
erence genome sequence coordinates AgamP4:UNKN:
13088289:13088321).

Differential abundance was confirmed by quantifying
small RNAs mapping to the two candidate piRNAs
using the Integrative Genomics Viewer. By this test
also, both candidate piRNAs displayed lower normal-
ized read counts in ONNYV infected samples as com-
pared to uninfected controls (Fig. 6; locus XLOC_
012931, Chi-squared =77.36, df =1, p-value< 2.2e-16;
and locus XLOC_012762, Chi-squared =75.78, df =1,
p-value< 2.2e-16).

Discussion

The current study contributes to a growing body of
work defining the deep diversity of the invertebrate viro-
sphere [14, 27, 28]. Because mosquitoes transmit viral
infections of humans and animals, there is particular
interest in discovery of ISVs comprising the mosquito
virome [6, 29-31]. Here, we sampled Anopheles mosqui-
toes from two zones of forest exploitation that are con-
sidered disease emergence zones with likely exposure of
the human and domestic animal populations to sylvan
pathogens. Using assembly quality criteria of non-redun-
dant contigs at least 500 nt in length, we identified 115

novel RNA virus assemblies by sequence similarity to
known virus families, and an additional 39 high-confi-
dence virus assemblies that were unclassified by
sequence similarity, but display characteristic products
of RNAI processing of replication intermediates. Finally,
1566 unclassified contigs possessed comparable assembly
quality, and lacked a strong RNAi processing signature,
but displayed a signature consistent with piRNA origin.
This latter group will require additional work to filter
genuine virus-derived piRNA sequences, which have
been previously reported in Aedes mosquitoes [20-23],
from other potential sources of piRNAs such as retro-
transposons and DNA transposable elements, as well as
possible physical degradation.

Taken together, at least 115 novel and non-redundant
virus assemblies, and possibly many more, were identified
in wild Anopheles mosquitoes in the current report. Small
and long RNAs were sequenced from pools of 5-10 mos-
quitoes. Pooled sample analysis obscures the distribution
and abundance of viruses among individuals in the popu-
lation. Individual mosquito analysis will become a research
priority as sequencing costs drop, and is the best way to
determine ISV distribution and prevalence. However,
some insight on virus distribution can be gained from the
comparison of sample pools collected from the same site,
for example Senegal or Cambodia. The abundance heat-
map shown in Fig. 4 indicates that virus diversity is high
in the Anopheles population, while the distribution of par-
ticular viruses is relatively uneven when comparing across
Anopheles sample pools. This suggests that the number of
viruses per individual is probably also low, leading to a
patchy distribution of particular viruses among individ-
uals. This is consistent with observations in our laboratory
from individual mosquito sequencing and de novo assem-
bly, which typically identifies <5 distinct viruses per indi-
vidual. We cannot exclude the presence of contaminating
environmental viruses in the sequence set, for example ad-
hered to the adult mosquito cuticle. Nevertheless, the
samples were all washed, and if present, environmental
virus contaminants would likely be rare, and would have
been discarded early in the assembly pipeline because they
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Fig. 4 Virus abundance profiles across mosquito sample pools based on long and small RNA sequence mapping. Heatmap of log2-transformed
reads per kilobase per million reads (RPKM) abundance values of novel virus assemblies identified from Cambodia and Senegal sample pools
based on long and small RNA sequence libraries. Broadly similar viral abundance profiles are detected in sample pools by the long and small RNA
sequence data. Representation of particular viruses is uneven among mosquito sample pools, suggesting inter-individual mosquito differences for
virus carriage. X-axis, Anopheles sample pools from Cambodia, Cam, and Senegal, Dak; y-axis, names of 115 assembled virus contigs displaying
sequence similarity to known virus families (Additional file 2: Table S2 and Additional file 3: Table S3)
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threshold of at least 100 small RNA reads mapped to the viral contig, to assure reliable small RNA size profiling. Small RNA reads that mapped to
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Fig. 6 O'nyong nyong arbovirus infection influences expression
of candidate piRNA genes in Anopheles coluzzii. Anopheles coluzzii
mosquitoes were challenged with O'nyong nyong virus (ONNV)
by feeding an infectious bloodmeal or an uninfected control
bloodmeal, and small RNAs expressed during the primary
infection at 3 d post-bloodmeal were sequenced. Analysis using
Cuffdiff highlighted two candidate piRNA genes that displayed
decreased abundance of mapped small RNAs in ONNV infected
samples (see Results, piRNA loci XLOC_012931 and
XLOC_012762). Here, the small RNA sequence reads mapping to
the two candidate piRNA loci were quantified using the
Integrative Genomics Viewer normalized to the library size, and
the difference between ONNV infected and uninfected samples
tested statistically. X-axis indicates candidate piRNA locus, y-axis
indicates percentage of normalized small RNA reads mapping to
the piRNA gene. ONNV-infected mosquitoes, red bar; uninfected
control mosquitoes, black bar. Experiments were done in two
biological replicates, error bars indicate standard deviation. Locus
XLOC_012931, Chi-squared = 77.36, df = 1, p-value< 2.2e-16
(ONNV-infected mean mapped reads =36 + 141,421,356, mean
total reads = 19,193,551 £ 8,555,908.61, ONNV-uninfected mean
mapped reads = 160 + 14,1,421,356, mean total reads =
19,167,336 + 3,962,902.88052); and locus XLOC_012762, Chi-
squared = 75.78, df = 1, p-value< 2.2e-16 (ONNV-infected mean
mapped reads =51+ 19,09, mean total reads = 19,193,551 +
8,555,908.61, ONNV-uninfected, mean mapped reads =184 +
848,528,137, mean total reads = 19,167,336 + 3,962,902.88)

would not contribute enough sequence reads to generate
long assemblies to meet the quality threshold.

The dynamics of the virome may thus be different from
the bacterial microbiome, in which at least tens of taxa are
typically present per individual, and microbial diversity is
thought to lead to homeostasis or resilience of the micro-
biota as an ecosystem within the host [32, 33]. By com-
parison, very little is known about the function of the
mosquito virome within the host. At least three important
topics are worth exploring.

First, unlike the bacterial microbiota, the stability and
resilience over time of the viral assemblage in an individ-
ual mosquito is unknown. Members of the virome could
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persist in individual host populations over time in com-
mensal form, or the uneven and patchy viral distribution
observed among sample pools could be a consequence of
successive waves of epidemic infection peaks passing
through local populations. The commensal or epidemic
models would have distinct biological implications for the
potential influence of the virome, including on host im-
munity and competence for transmission of pathogens.

Second, the individual and population-level effect of
ISV carriage on vector competence for pathogen trans-
mission is a key question. In the current study, the pre-
dominant host species sampled are Anopheles vectors of
human malaria, and in Africa, these species are also
known or likely vectors of ONNV. ISVs have not been
tested for influence on Plasmodium or ONNV infection
in Anopheles, to our knowledge. ISVs could affect host
immunity and malaria susceptibility, or even cause tem-
porary vector population crashes during a putative ISV
epidemic. A similar concept may apply to ISV interactions
with the mosquito host for arbovirus transmission [30].
We identified relatives of Phasi Charoen-like virus (PCLV)
in Anopheles from Senegal and Cambodia. PCLV relatives
also infect Aedes, where they reduced the replication of
ZIKV and DENV arboviruses [34]. Palm Creek virus, an
insect specific flavivirus, caused reduced replication of the
West Nile virus and Murray Valley encephalitis arbovi-
ruses in Aedes cells [35]. Clearly, ISV co-infection of mos-
quito vectors with Plasmodium and/or arboviruses in
nature is probable, because all Anopheles sample pools in
the current work were ISV-positive.

Third, characterization of the arthropod virome may shed
light on the evolution of mosquito antiviral immune mech-
anisms, as well as the evolution of pathogenic arboviruses.
ISV replication is restricted to insect cells, but the potential
of most mosquito-associated viruses for transmission to
humans or other vertebrates is currently unknown, because
few studies of host range and transmission have been done.
Some viruses may have a host range restricted to only
Anopheles. For example, Anopheles cypovirus and Anoph-
eles C virus replicate and are maintained by vertical trans-
mission in An. coluzzii, but were not able to infect Ae.
aegypti in exposure experiments, and infected Anopheles
stephensi only transiently [4]. Thus, Anopheles ISVs may
display fine host restriction to genus or even to particular
Anopheles species and not others.

It is likely that the main evolutionary pressure shaping
mosquito antiviral mechanisms is their persistent expos-
ure in nature to members of the natural virome, rather
than the probably less frequent exposure to vertebrate-
pathogenic arboviruses. Maintenance of bacterial micro-
biome commensals in the non-pathogenic commensal
state requires active policing by basal host immunity
[36]. By analogy, the maintenance of persistent ISVs as
non-pathogenic may also result from a dialog with host
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immunity. Presumably, the same antiviral mechanisms
used in basal maintenance of ISVs are also deployed
against arboviruses when encountered, which are not
novel to the vector because they are often in the same
families as members of the insect virome [2]. Knowledge
of the mechanisms that allow Anopheles to carry a nat-
ural RNA virome, but apparently reject arboviruses, may
provide new tools to raise the barrier to arbovirus trans-
mission by the more efficient Aedes and Culex vectors.
In addition to the canonical immune signaling path-
ways, piRNAs can be involved in antiviral protection,
although this research is just beginning [22, 37]. One
function of genomic piRNA clusters appears to be stor-
age of a molecular archive of genomic threats such as
transposable elements, linked to an effector mechanism
to inactivate them. This is analogous to bacterial mo-
lecular memory mediated by the CRISPR/Cas system.
We identified two candidate piRNA genes that appear to
be downregulated upon ONNV infection in An. coluzzii.
Involvement of piRNAs during viral infection has not
been previously demonstrated in Amnopheles. piRNA
monitoring of the virome may be part of the normal
basal management of ISVs to limit their pathogenicity if
not controlled, and our current results suggest that
piRNA dynamics may also be involved in host response
to an arbovirus. Further work including specific piRNA si-
lencing studies will be required to draw these connections.

Conclusions

The current report shows that the Anopheles virome is
complex and diverse, and can be influenced by the geog-
raphy of mosquito species. This is exemplified by the
fact that some viruses are restricted to Anopheles in
Senegal, and others in Cambodia. Similar results were
seen in Ae. aegypti, where five ISVs were specific to the
Australian host population, while six others were found
only in the Thai host population [38]. Differences in the
Anopheles virome across geography could be explained
by climate, environmental conditions, breeding sites, and
mosquito bloodmeal sources, among other factors. The
presence in this study of such a large number of novel
and unclassified virus assemblies highlights the fact that
the malaria vector virome is understudied. The same
observation has been made during metagenomics sur-
veys in Drosophila, Aedes and Culex [28, 39, 40] among
other arthropods, indicating that the vast majority of
insect viruses are not yet discovered.

Methods

Sample collections

Mosquitoes were collected in Cambodia in Kres village,
Ratanakiri province (sample pools Cam5-02 and
Cam10-02) and Cheav Rov village, Kampong Chhnang
province (sample pools Cam5-01 and Cam10-01). The
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majority of inhabitants are engaged in forest-related
activities (agriculture, logging and hunting) and may
spend the night in forest plots during the harvest period.
Vegetation varies from evergreen forest to scattered for-
est, and the dry season typically runs from November to
May and the rainy season from June to October. In
Senegal, sampling sites were located in the department
of Kedougou in southeastern Senegal. Kedougou lies in a
transition zone between dry tropical forest and the
savanna belt, and includes the richest and most diverse
fauna of Senegal. Recent arbovirus outbreaks include
CHIKYV in 2009-2010, yellow fever virus in 2011, Zika
virus in 2010, and DENV in 2008-2009.

Permission to collect mosquitoes was obtained by Insti-
tut Pasteur Cambodia from authorities of Ratanakiri and
Kampong Chhnang, and by Institut Pasteur Dakar from
authorities of Kedougou. Wild mosquitoes visually identi-
fied as Anopheles spp. at the collection site (non-Anoph-
eles were not retained) were immediately transferred into
RNAlater stabilization reagent kept at 4°C, and then
returned to the laboratory and stored at —80°C until
RNA extraction.

RNA extraction, library construction, and sequencing
Total RNA was extracted from four pools of mosquitoes
from each of Senegal and Cambodia (Senegal sample
pools: 5 mosquitoes, Dak5-03, Dak5-04, 10 mosquitoes,
Dak10-03, Dak10-04; Cambodia sample pools: 5 mosqui-
toes, Cam5-01, Cam5-02, 10 mosquitoes, Cam10-01,
Cam10-02) using the Nucleospin RNA kit (Macherey-
Nagel) following the supplied protocol. Library prepar-
ation and sequencing steps were performed by Fasteris
(Plan-les-Ouates, Switzerland, www.fasteris.com). Long
RNA libraries from the eight mosquito pools were made
from total RNA depleted of ribosomal RNA by treatment
with RiboZero (Illumina, San Diego, CA). Libraries were
multiplexed and sequenced on a single lane of the
[lumina HiSeq 2500 platform (Illumina, San Diego, CA)
by the paired-ends method (2 x 125 bp), generating on
average 36 million high-quality read pairs per library.
Small RNA libraries with insert size 18-30nt were
generated from the same eight mosquito pools as
above, multiplexed and sequenced in duplicate (two
technical replicates per pool) in two lanes of the Illu-
mina HiSeq2500 platform (Illumina, San Diego, CA)
by the single-end method (1 x50 bp) generating on
average 34 million reads of high-quality small RNA
reads per library.

Pre-processing of long and small RNA libraries

Cutadapt 1.13 [41] was used for quality filtering and
adaptor trimming of reads from long and small RNA li-
braries. Low-quality 3" ends of long RNA reads were
trimmed by fixing a phred quality score of 15, and reads
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smaller than 50bp after quality filtering and adaptor
trimming were removed. In the case of small RNA li-
braries, reads shorter than 15bp after quality filtering
and adaptor trimming were removed.

In order to filter sequences originating in the mosquito
host, sequences passing the above quality filter step were
mapped against a custom database consisting of 24
Anopheles genomes available in Vectorbase in February
2016 [42]. Bowtie 1.2.0 [43] was used to map small RNA
libraries with two mismatches allowed, whereas the
BWA-MEM algorithm from BWA-0.7.12 [44] with de-
fault parameters was used to map long RNA libraries.
Sequence reads that did not map against Anopheles
genomes, herein referred to as non-host processed reads,
were retained and used for de novo assembly and subse-
quent binning of virus transcripts.

Estimation of Anopheles species composition of mosquito
sample pools

Quality-filtered long RNA read pairs were mapped with
SortMeRNA [45] against a custom database of Anopheles
sequences of the mitochondrial cytochrome c oxidase
subunit 1 gene (COI-5P database) extracted from the
Barcode of Life database [46]. 98% identity and 98%
alignment coverage thresholds were fixed for the oper-
ational taxonomic unit calling step of SortMeRNA.
Operational taxonomic unit counts were collapsed at
species level and relative abundances of Anopheles spe-
cies with at least 100 reads and 1% frequency in the
sample pool were represented as pie charts using the
ggplots2 R package.

De novo sequence assembly and identification of virus
contigs by sequence similarity

Processed reads from each country (Cambodia and
Senegal) were combined and de novo assembled using
different strategies for long and small RNA libraries.
Small RNA reads were assembled using the Velvet/Oases
pipeline [47] using a range of k-mer values from 13 to
35. Long RNA reads were assembled using both the
Velvet/Oases pipeline with a range of k-mer values from
11 to 67 and Trinity [48].

Contigs produced by parallel assembly of Cambodia
and Senegal processed reads were filtered in order to
remove trans-self chimeric sequences using custom shell
scripts, and the resulting contigs were merged with cd-
hit-est [49] (95% nucleotide identity over 90% alignment
length) in order to generate a final set of non-redundant
contig sequences. Non-redundant contigs longer than
500 nucleotides were compared against the GenBank
protein sequence reference database using BLASTX [50]
with an e-value threshold of le-10, and the results were
imported into MEGANG6 in order to classify contigs
taxonomically using the LCA algorithm [51]. Contigs of
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viral origin were further subjected to manual curation by
pairwise sequence alignments of nucleotide sequences
using BLASTN, and of translated query sequences
searched against the translated nucleotide database using
TBLASTX and the Easyfig genome comparison tool [52]
in order to remove redundancies not detected in previ-
ous steps. Sequence assemblies and annotations are
available in Additional file 7: Classified Virus Sequences
and Additional file 8: Unclassified Virus Sequences.

Structural and functional annotation of virus assemblies
Assembled contigs of viral origin were annotated as follows:
ORFs were predicted with MetaGeneMark [53], and func-
tionally annotated using Prokka [54] with Virus kingdom as
primary core reference database for initial BLASTP
searches and including also as reference Hidden Markov
Models of virus protein families defined in vFam database
[55]. Also, protein sequences of predicted ORFs were proc-
essed with the Blast2GO pipeline [56], which generates
functional annotation of proteins from BLASTP results
against the virus subdivision of GenBank as well as Gene
Ontology annotations from top BLASTP results. Prediction
of InterPro signatures over viral proteins was also carried
out with the InterProScan tool integrated in Blast2GO. The
results of the different strategies of structural and functional
annotation were integrated and manually curated with
Artemis [57].

Phylogenetic analyses

In order to place the new virus sequences characterized in
the present study into an evolutionary context, the peptide
sequences of RARP ORFs detected in the annotation step
were aligned with the corresponding homologs in refer-
ence positive-sense and negative-sense single-strand RNA
viruses (ssSRNA) and double strand RNA (dsRNA) viruses
using MAFFT v7.055b with the E-INS-i algorithm [58].
Independent alignments were generated for all ssSRNA and
dsRNA viruses and for different virus families (Bunya-
Arenavirus, Monenegavirus, Orthomyxovivirus, Flavivirus,
Reovirus). The resulting alignments were trimmed with
TrimAI [59] in order to remove highly variable positions,
keeping the most conserved domains for phylogenetic
reconstruction. Phylogenetic trees were reconstructed by
maximum likelihood with RAXxML [60] with the WAG+-
GAMMA model of amino acid substitution and 100 boot-
strap replicates. Phylogenetic trees were visualized with
the R package Ape [61].

Prediction of unclassified contigs of viral origin by small
RNA size profiling

In order to recruit contigs of potential viral origin from
the pool of unclassified transcripts, we use the approach
of Aguiar [19]. This approach uses the size profiles of
small RNA reads that maps over positive and negative
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strands of viruses detected by sequence similarity as a
signature to identify unclassified transcripts by sequence
similarity of potential viral origin. For this purpose,
processed small RNA reads were re-mapped over virus
contigs and unclassified contigs by sequence similarity
using bowtie 1.2.0 [43] allowing at most one mismatch
and retaining only those contigs with at least 100 small
RNA reads mapped. From the mapped small RNA reads
over each contig, the small RNA size profiles were
defined as the frequency of each small RNA read of size
from 15 to 35 nucleotides that map over the positive
and negative strand of the reference sequence. To com-
pute these small RNA size profiles, reads mapped over
positive and negative strands of each reference sequence
were extracted with Samtools [62], and the size of small
RNA reads were computed with the Infoseq program of
the EMBOSS package [63]. Custom shell scripts were
used to parse Infoseq output to a matrix representing
the frequency of reads of different sizes and polarity
across virus/unclassified contigs. This matrix was further
processed in R (version 3.3.2). In order to normalize the
small RNA size profiles, a z-score transformation is
applied over the read frequencies of each contig (virus/
unclassified). The similarity between small RNA size
profiles of virus and unclassified contigs is computed as
the Pearson correlation coefficient of the corresponding
z-score profiles, and the relationship between small
RNA size profiles of virus/unclassified contigs was
defined from this similarity values using UPGMA as
linkage criterion with the R package Phangorn [64].
These relationships were visualized as heatmaps of the
z-score profiles in R with gplots package (version 3.0.1)
using the UPGMA dendrogram as the clustering pattern
of virus/unclassified sequences. Unclassified contigs with
a Pearson correlation coefficient of at least 0.9 with virus
contigs and coming from the same mosquito sample
pool were regrouped into clusters.

ONNV infection and candidate piRNA gene regulation

Infection of An. coluzzii with ONNV, library prepara-
tions, and sequencing were described [65]. Briefly, small
RNA sequence reads from 2 biological replicate pools of
12 mosquitoes each fed an ONNV-infected bloodmeal
(unfed mosquitoes removed), and 2 replicate control
pools of 12 mosquitoes each fed an uninfected normal
bloodmeal were mapped to the An. gambiae PEST
AgamP4 genome assembly using STAR version 2.5 with
default parameters [66]. The resulting SAM files were
analyzed using the Cuffdiff function in Cufflinks version
2.2.1 to test for differential abundance of small RNAs
mapping to candidate piRNA genes, as compared
between ONNV infected and control uninfected sam-
ples. This analysis yielded 86 candidate piRNA genes
that were differentially represented in the small RNA
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sequences between the ONNV and control treatment
conditions (Additional file 6: Table S4). The candidate
piRNA genes used were previously described in 187 gen-
omic piRNA clusters, and are listed in the annotation
file, GOL21-bonafide-piRNAs-24-29 nt.fastq (from [25],
publicly available from Figshare at doi https://doi.org/1
0.6084/m09.figshare.7308518). The piRNAs of An. coluz-
zii were designated in [25] as either novel genes (de-
noted XLOC loci), and as piRNAs produced from within
existing genes of the PEST genome assembly (denoted
AGAP loci).

Independent confirmation of the Cuffdiff analysis was
obtained using BAM and BAI indices generated using
Bowtie 2 version 2.3.0 from the above small RNA
sequence files of ONNV infected and uninfected sam-
ples. These generated files were analyzed with the An.
gambiae PEST AgamP4 genome assembly in the Integra-
tive Genomics Viewer version 2.5 [67]. We quantified
the small RNA sequence reads mapping to the piRNA
gene candidates, XLOC_012931 and XLOC_012762,
identified as differentially expressed by the Cuffdiff ana-
lysis. Mapped reads to each piRNA candidate gene were
normalized using the library size of each sequence.
Graphpad Prism 7 was used to create graphs from
normalized reads, and statistical tests were performed
using R version 3.5.2 [68].

Additional files

N
Additional file 1: Table S1. Anopheles mosquito taxa represented in the
collections from Senegal and Cambodia, as detected by comparison to
Anopheles sequences from the Barcode of Life COI-5P database. Data
corresponds to pie charts of Anopheles taxa by country and sample pool
depicted in Fig. 1. (XLSX 29 kb)

Additional file 2: Table S2. List of 115 assembled virus contigs
displaying sequence similarity to known virus families. (XLSX 11 kb)

Additional file 3: Table S3. Predicted open reading frames, peptide
annotation and functional status of 115 assembled virus contigs
displaying sequence similarity to known virus families. (XLSX 56 kb)

Additional file 4: Figure S1. Small RNA size profiles (A) and coverage
profiles (B) of 15 novel virus assemblies with classic RNAi processing
pattern. Virus assemblies shown are in Fig. 5, Cluster 3, and belong to the
115 novel viruses classified by sequence similarity to known virus
assemblies. Red vertical bars represent reads mapped over the positive
strand of reference viral sequence, and blue bars represent reads
mapped over the negative strand. (PDF 287 kb)

Additional file 5: Figure S2. Small RNA size profiles of high-quality
assemblies left unclassified by sequence similarity grouping. Thirty-nine
unclassified contigs that meet the same quiality criteria as the 115
classified contigs (non-redundant and > 500 nucleotides), and with at
least 100 small RNA sequence reads. The 39 contigs display strong
association by small RNA profile Cluster 2 and Cluster 3 (Fig. 5), which are
enriched for 21 nucleotide reads mapping over both positive and
negative strands, characteristic of the classical siRNA product size profile.
Red bars represent reads mapped over the positive strand of reference
viral sequence, and blue bars represent reads mapped over the negative
strand. (PDF 29 kb)
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Additional file 6: Table S4. Anopheles coluzzii candidate piRNA genes
differentially represented in small RNA sequence of ONNV infected and
uninfected controls. (XLSX 18 kb)

Additional file 7: Classified Virus Sequences. Sequence assemblies and
annotations for the final 115 novel virus contigs non-redundant contigs
> 500 nucleotides, classified by sequence similarity to known viruses. In
EMBL flat sequence file format. (ZIP 208 kb)

Additional file 8: Unclassified Virus Sequences. Sequence assemblies for
39 non-redundant contigs > 500 nucleotides, unclassified by sequence
similarity to known viruses. The small RNA profile matched a pattern of
classic RNAI processing of viral replication intermediates, suggesting they
are undescribed viruses. In fasta text sequence file format. (FASTA 38 kb)
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