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A B S T R A C T

The endosymbiotic bacteriumWolbachia pipientis has been shown to restrict a range of RNA viruses in Drosophila
melanogaster and transinfected dengue mosquito, Aedes aegypti. Here, we show thatWolbachia infection enhances
replication of Aedes albopictus densovirus (AalDNV-1), a single stranded DNA virus, in Aedes cell lines in a
density-dependent manner. Analysis of previously produced small RNAs of Aag2 cells showed that Wolbachia-
infected cells produced greater absolute abundance of virus-derived short interfering RNAs compared to unin-
fected cells. Additionally, we found production of virus-derived PIWI-like RNAs (vpiRNA) produced in response
to AalDNV-1 infection. Nuclear fractions of Aag2 cells produced a primary vpiRNA signature U1 bias whereas the
typical “ping-pong” signature (U1 - A10) was evident in vpiRNAs from the cytoplasmic fractions. This is the first
report of the density-dependent enhancement of DNA viruses byWolbachia. Further, we report the generation of
vpiRNAs in a DNA virus-host interaction for the first time.

1. Introduction

Aedes aegypti densovirus (AaeDNV) and Aedes albopictus denso-
virus (AalDNV) are small non-enveloped, single-stranded DNA viruses
belonging to the monosense Brevidensovirus genus of the Parvoviridae
family (Bergoin and Tijssen, 2010). Brevidensoviruses have a 4-kb
genome with three open reading frames on the same strand encoding
for two non-structural proteins (NS1, NS2) and a capsid protein (VP)
(Bergoin and Tijssen, 2010), as well as a small ORF with unknown
function on the complementary strand (Afanasiev et al., 1991). Unique
palindromic sequences of approximately ~140–160 nt at the 3′ and 5′
ends of the genome fold to form a T-shaped structure (Afanasiev et al.,
1991). Densoviruses replicate and form paracrystalline arrays in the
nuclei of mosquito cells and cause a characteristic nuclear hypertrophy
(densonucleosis) (Carlson et al., 2006).

AaeDNV, AalDNV and also Anopheles gambiae densovirus (AgDNV)
have been extensively studied as transducing vectors and biocontrol
agents (Reviewed by Carlson et al. (2006); Johnson and Rasgon
(2018)). Both Aedes aegypti and Aedes albopictus are vectors of a diverse
range of medically-relevant viruses from the Togaviridae and Flaviviridae
families such as chikungunya virus (CHIKV), dengue virus (DENV) and
Zika virus (ZIKV) (Bhatt et al., 2013; Juliano and Lounibos, 2005).
Aedes densoviruses are attractive biocontrol agents as both AaeDNV

and AalDNV have been demonstrated to be infectious to all life stages of
mosquito hosts and unable to infect other insect or mammalian hosts
(Jousset et al., 1993). Experimental infection of Ae. aegypti and Ae.
albopictus mosquitoes with AaeDNV and AalDNV causes a spectrum of
pathological effects on the mosquito host.

AalDNV has been demonstrated to cause up to 97.6% mortality in
the first instar Ae. aegypti larvae (Barreau et al., 1996), whereas
AaeDNV has been shown to cause 66% and 64% larval and pupal
mortality in Ae. aegypti and Ae. albopictus, respectively (Buchatsky
et al., 1997). Aedes Thailand densonucleosis virus (AThDNV) was de-
monstrated to produce a larval mortality rate of 51% and 82% in Ae.
aegypti and Ae. albopictus, respectively (Kittayapong et al., 1999). Fur-
ther examination of AaeDNV-induced mortality in Ae. aegypti mosqui-
toes by Ledermann et al. suggested that mortality is a dose-dependent
effect with peak mortality of up to 75% (Ledermann et al., 2004).
Horizontal transmission of AalDNV and AaeDNV in the wild aquatic
environments is thought to occur from larvae to larvae, and also ve-
nereal transmission has been demonstrated between adult mosquitoes
(Barreau et al., 1997). Additionally, transovarial transmission has also
been demonstrated in a large cage trial of AaeDNV in Ae. aegypti
mosquitoes (Wise de Valdez et al., 2010).

Wolbachia pipientis is a gram-negative endosymbiotic bacterium
present in 40–65% of insect species, diverse arthropods and nematodes
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(Hilgenboecker et al., 2008; Jeyaprakash and Hoy, 2000). En-
dosymbiotic Wolbachia infections of Drosophila melanogaster have been
demonstrated to reduce viral loads when challenged with dsRNA and
positive sense RNA viruses (Hedges et al., 2008; Teixeira et al., 2008).
Despite the ubiquitous presence of Wolbachia within insect hosts, a
worldwide survey of Ae. aegypti from 27 countries and six continents
showed absence of Wolbachia (Gloria-Soria et al., 2018). Only a single
report of a naturally occurring infection of Wolbachia in Ae. aegypti
mosquitoes has been published, which suggests that a natural Wolba-
chia infection in Ae. aegypti mosquitoes is absent or exceedingly rare
(Coon et al., 2016). In contrast, Ae. albopictus mosquitoes are naturally
infected with two strains of Wolbachia (wAlbA and wAlbB), which can
be single infections or superinfections of both strains (Sinkins et al.,
1995; Zhou et al., 1998).

Stable introduction of Wolbachia wMel and wMelPop from D. mel-
anogaster into Ae. aegypti mosquitoes and cell lines has been shown to
restrict replication and dissemination of medically important single
stranded RNA viruses such as DENV, ZIKV, Yellow fever virus, and West
Nile virus from the family Flaviviridae (Aliota et al., 2016a; Dutra et al.,
2016; Hussain et al., 2013a; Moreira et al., 2009; van den Hurk et al.,
2012; Walker et al., 2011; Ye et al., 2015), as well as members of To-
gaviridae such as CHIKV and Mayaro virus (Aliota et al., 2016b; Moreira
et al., 2009; van den Hurk et al., 2012). Stable transinfection of wMel in
Ae. albopictus has also been demonstrated to restrict DENV and CHIKV
in the mosquito host (Blagrove et al., 2012, 2013). In addition to stable
wMel/wMelPop transinfections, it has also been demonstrated that
stable infection of Wolbachia strain wAlbB from Ae. albopictus into Ae.
aegypti mosquitoes increases Ae. aegypti DENV refractoriness (Ant et al.,
2018; Bian et al., 2010; Joubert and O'Neill, 2017; Joubert et al., 2016).

Efforts to determine interactions between Wolbachia and the insect
host have primarily focused on single-stranded positive-sense RNA
viruses. It has been reported that stable transinfection of wMelPop-CLA
in Ae. aegypti Aag2 cells restricts the single-stranded positive-sense RNA
virus Cell Fusing Agent virus (CFAV, Flaviviridae) (Schnettler et al.,
2016; Zhang et al., 2016) but does not restrict the single-stranded ne-
gative-sense RNA virus Phasi Charoen-like virus (PCLV, Bunyaviridae)
(Schnettler et al., 2016) nor the single-stranded negative-sense RNA
virus Aedes anphevirus (family not assigned) (Parry and Asgari, 2018)
within these cells.

Currently, only two reports have characterised the interaction of
Wolbachia-infected insects with DNA viruses. D. melanogaster infected
with wMel showed an increased mortality when challenged with
Invertebrate iridescent virus 6 (IIV-6, Iridoviridae), compared to the
tetracycline cleared fly line (Teixeira et al., 2008). Titration of IIV-6 in
challenged flies showed a non-significant 1.8-fold increase in the pre-
sence of Wolbachia compared to uninfected flies (Teixeira et al., 2008).
In the second report, the presence of three different Wolbachia strains
wExe1, wExe2, and wExe3 in the African armyworm moth Spodoptera
exempta was positively associated with prevalence of Spodoptera ex-
empta nucleopolyhedrovirus (SpexNPV) related deaths in the moth's
larvae (Graham et al., 2012). Laboratory bioassays also demonstrated
that the presence of Wolbachia increased susceptibility and decreased
survival of S. exempta challenged with SpexNPV (Graham et al., 2012).

A number of Aedes densoviruses have been isolated from persis-
tently infected mosquito cell lines that show no observable cytopathic
effects (Boublik et al., 1994; Chen et al., 2004; O’Neill et al., 1995). To
examine the possibility of persistent densovirus infection in our Aag2
cell line and also the possible interactions between Wolbachia infection
and densovirus, we conducted RNA sequencing and also re-analysed
small RNA profiles of virus-derived RNAs in Aag2 and Aag2.wMelPop-
CLA cells produced previously from the cytoplasmic and nuclear frac-
tions (Mayoral et al., 2014a, 2014b). In addition, we also explored the
effect of a supergroup B Wolbachia strain (wAlbB) on Aedes densovirus
by generating a stably transinfected Aag2 cell line with wAlbB (denoted
Aag2-wAlbB).

2. Methods and materials

2.1. Mosquito cells

Ae. aegypti Aag2 cell line (Peleg, 1968) and Aag2 cells infected with
Wolbachia pipientis wMelPop-CLA (Frentiu et al., 2010), Ae. albopictus
Aa23 cells (O'Neill et al., 1997) and Ae. albopictus C6/36 cells (Singh,
1967) were maintained in 1:1 Mitsuhashi-Maramorosch and Schneider's
insect medium (Invitrogen) supplemented with 5–10% fetal bovine
serum (FBS, Bovogen Biologicals, French origin), while Aa20 cells
(Pudney et al., 1979) were maintained in L15 medium (Invitrogen)
supplemented with 10% tryptose phosphate broth (TPB) and 5% FBS.
All mosquito cell lines were kept at 28 °C and passaged every 3–4 days.
Tetracycline treatment of cell lines was conducted as previously de-
scribed (Asad et al., 2018).

2.2. Production of stably infected Aag2-wAlbB cell line

Wolbachia wAlbB strain from Ae. albopictus Aa23 cells was tran-
sinfected into the Aag2 cell line using a previously described method
(Iturbe-Ormaetxe et al., 2011). Briefly, Aa23 cells were maintained in a
1:1 mixture of Mitsuhashi–Maramorosch and Schneider's insect
medium (Invitrogen), supplemented with 10% FBS, in a 175 cm2 cul-
ture flask until confluent. Cells were then lysed via sonication, and the
lysate filtered through a 2.7 µm filter. The filtrate was centrifuged and
resuspended in 2mL of 1:1 Mitsuhashi–Maramorosch and Schneider's
insect medium, supplemented with 10% FBS. The suspension was
added to 1.5×106 Aag2 cells adhered to one well of a 6-well plate, and
incubated for 24 h at 27 °C. Cells were then resuspended and main-
tained in a 1:1 mixture of Mitsuhashi–Maramorosch and Schneider's
insect medium, supplemented with 10% FBS, and passaged regularly at
high density to increaseWolbachia density. Samples were taken at each
alternate passage and tested for Wolbachia density via qPCR targeting
the Wolbachia Surface Protein gene (wsp) (forward: 5′-ATCTTTTATAG
CTGGTGGTGGT-3′; reverse:5′ GGAGTGATAGGCATATCTTCAAT-3′)
relative to Aa. aegypti Ribosomal Protein Subunit 17 gene (RPS17) copy
numbers (forward: 5-CACTCCCAGGTCCGTGGTAT-3′; reverse 5′-GGAC
ACTTCCGGCACGTAGT-3′). To generate a Wolbachia free Aag2-wAlbB
line (Aag2-wAlbBT), we tetracycline cured the cells using a previously
described method (Asad et al., 2018).

2.3. Experimental inoculation of Aa20 cells with AalDNV-1

Aa20 cells were experimentally infected with AalDNV-1 from per-
sistently infected Aag2 and C6/36 cell lines as follows. 6×106 Aa20
cells were seeded into a 12-well plate and allowed to adhere for 30min.
To prepare AalDNV-1 inoculum from cell lines, C6/36 and Aag2 cells
were spun at 16,000xg for 3min. The supernatant was then filtered
through a 0.22 µm filter. Aa20 medium was removed and replaced with
1mL of inoculation medium. Cells were rocked for 1 h, and the first
time point was designated as day 0. Samples were then taken at 1, 3 and
5 days post infection.

2.4. RNA extraction and sequencing

Total RNA of Aag2 cells was extracted using QIAzol Reagent
(Qiagen). Total RNA was quantified and qualified by Agilent 2100
bioanalyzer (Agilent Technologies, Palo Alto, CA, USA), NanoDrop
(Thermo Fisher Scientific Inc.) and 1% agarose gel. 1 μg total RNA with
RIN value above 7 was used for the following library preparation. Next
generation sequencing library preparations were constructed according
to the manufacturer's protocol using NEBNext First Strand Synthesis
Reaction Buffer and NEBNext Random Primers. First-strand cDNA was
synthesized using ProtoScript II Reverse Transcriptase and the second-
strand cDNA was synthesized using Second Strand Synthesis Enzyme
Mix. The purified double-stranded cDNA (by AxyPrep Mag PCR Clean-
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up, Axygen) was then treated with End Prep Enzyme Mix to repair both
ends and add a dA-tailing in one reaction, followed by a TA ligation to
add adaptors to both ends. Size selection of adapter-ligated DNA was
then performed using AxyPrep Mag PCR Clean-up, and fragments of
~360 bp (approximate insert size of 300 bp) were recovered. Each
sample was then amplified by PCR for 11 cycles using P5 and P7 pri-
mers. Samples were sequenced by Genewiz.

2.5. DNA extraction and PCR amplification

DNA was extracted using a DIY spin column protocol as previously
described (Ridley et al., 2016). A primer was designed to amplify a
298 bp region of the AalDNV-1 NS1 protein (forward: 5′-AGTGAACAT
TCGCCGTGTGA-3′; reverse 5′-CTCTGGAGCCGCTGTGTAAT-3′). Three-
step qPCR with melt curve analysis was undertaken using QuantiFast
SYBR Green PCR Kit (QIAGEN, Germany) and using a Rotor-Gene Q
machine (QIAGEN, Germany) with 200 ng of input DNA (5 μL SYBER
Green, qF/qR primer 0.25 μL, H2O 0.5 μL). Amplification was per-
formed at 95 °C for 1min, followed by 35 cycles of 95 °C for 30 s, 56 °C
for 30 s, 68 °C for 1min and a final extension at 68 °C for 5min. Control
primers for host were the Ae. aegypti RPS17 gene and also the wsp gene
for Wolbachia. All PCR products were individually inspected using melt
curve analysis, run and eluted from a 1% agarose gel and Sanger se-
quenced (AGRF, Brisbane).

2.6. Total and small RNA sequencing analysis

For processing of total RNA-Seq data we used CLC Genomics
Workbench (version 10.1.1) to remove adapter sequences and reads
with low-quality scores from datasets. We applied the quality score of
0.05 as the cut-off for trimming. As described in CLC Genomic
Workbench manual, the program uses the modified-Mott-trimming al-
gorithm for this purpose. For assembly of the CDS regions of densovirus
from Aag2 cells we used the CLC de novo assembler with default word
length and bubble sizes. Assembled contigs were then queried using
BLASTn against the AalDNV-1 strain (Genbank ID: X74945).

For analysis of cytoplasmic and nuclear libraries of both Aag2 and
the Aag2.wMelPop-CLA small RNA (sRNA) libraries, we used the ap-
proach previously described (Mayoral et al., 2014a). For normalization
and comparison between sRNA libraries we used reads per million.
Unmapped reads less than 16 nt and greater than 32 nt were trimmed
from all libraries and sRNAs were then mapped to our assembled contig
using the strict mapping criteria (mismatch, insertion and deletion
costs: 2:3:3, respectively). For analysis of nucleotide frequency and
conservation of AalDNV-1 piRNAs, the RNA-Seq tool on CLC Genomics
Workbench was used to sense and antisense strands with default
mapping parameters. Mapped reads were then extracted, trimmed to
individual nucleotide lengths and visualized using WebLogo (Crooks
et al., 2004).

2.7. Phylogenetic analysis

To determine the relatedness between the assembled CDS region of
Aag2 densovirus and the previously reported densovirus species of
Culicidae mosquitoes, we aligned the CDS regions using the ClustalW
algorithm on CLC Genomics Workbench. A maximum likelihood phy-
logeny (PhyML) was constructed. A hierarchical likelihood ratio test
(hLRT) with a confidence level of 0.01 suggested that the General Time
Reversible (GTR) +G (Rate variation 4 categories) and +T (topology
variation) nucleotide substitution model was the most appropriate.
1000 bootstrap replicates were performed with 95% bootstrap
branching support cut-off.

3. Results

3.1. Presence and assembly of Aedes albopictus densovirus (AalDNV-1)
genome in Ae. aegypti and Ae. albopictus cells

The Ae. aegypti cell line Aag2 (Peleg, 1968) is a robust cell line
known to be persistently infected with PCLV (Aguiar et al., 2015;
Maringer et al., 2017) as well as CFAV (Cammisa-Parks et al., 1992;
Scott et al., 2010). In addition to these viruses, a recent study also as-
sembled a contig with the small RNA fraction of Aag2 cells with high
pairwise nucleotide similarity to Aedes aegypti densovirus 2 (AaeDNV-
2) (Aguiar et al., 2015). We conducted total RNA sequencing and qPCR
analysis to determine the presence and the quantity of densovirus
genomes in our Aag2 cells.

After adapter and quality trimming of sequencing data, a total of
93,137,517 clean reads were used for de novo assembly of contigs.
BLASTn analysis of assembled contigs to the non-redundant nucleotide
National Center for Biotechnology Information (NCBI) database re-
vealed a 3937 bp contig identified as 99% identical with highest pair-
wise nucleotide identity (3680/3721) to Aedes albopictus densovirus
(AalDNV-1) (X74945) (Boublik et al., 1994). While this is listed as
AalDNV-2 on NCBI, the accepted nomenclature for this densovirus
strain is AalDNV-1 (Bergoin and Tijssen, 2010). Assembly was checked
by re-mapping to the contig and manually checking for errors. The
average coverage of the densovirus contig was 600× (Fig. 1A). Pre-
diction of open reading frames from this contig showed that it was
coding-complete with no premature stop truncations and represents a
bona fide DNV genome.

As we have assembled a related strain to AalDNV-1, and the original

Fig. 1. (A) The schematic diagram and mapping coverage of the genome of
Aedes albopictus densovirus (AalDNV-1) assembled from Aag2 cells. (B)
Phylogenetic relationship between the AalDNV-1 strain from our Aag2 cells
(indicated by an arrowhead) and other densoviruses previously reported in
mosquitoes. A star denotes isolation from a mosquito cell line. Maximum
likelihood phylogeny (PhyML) between AalDNV-1 strains using a General Time
Reversible (GTR) + G +T model with 1000 bootstraps. Branch lengths re-
present expected numbers of substitutions per nucleotide site. Genbank acces-
sion numbers are listed in square brackets. + is available from Supplementary
file 1 in (Zakrzewski et al., 2018).
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designation of this virus, Aedes parvovirus (AaPV) (Boublik et al.,
1994), was harvested from Ae. albopictus C6/36 cell lines, and as these
viruses are generally named after host species from which the virus was
isolated from, it may not represent the true origin of the virus (Carlson
et al., 2006). Phylogenetic analysis of this contig was conducted from
published and deposited mosquito DNV strains available in the NCBI nr
database: AaeDNV-1 (M37899) (Afanasiev et al., 1991), AaeDNV-2
(AY095351.2) (Chen et al., 2004), AalDNV-1 (X74945) (Boublik et al.,
1994), AalDNV-3 (AY310877) AalDNV-5 (KX603698.1), MDNV
(BR_07) (Mosimann et al., 2011), Haemagogus equinus densovirus
(HeDNV) (AY605055.1) (Paterson et al., 2005), and Aedes Thailand
densonucleosis virus (AThDNV) (Kittayapong et al., 1999; Roekring
et al., 2006; Zakrzewski et al., 2018). Phylogenetic tree rooted to An-
opheles gambiae densovirus (AgDNV) EU233812.1 (Ren et al., 2008)
and Culex pipiens pallens densovirus (CpDNV) (EF579756.1) (Zhai
et al., 2008) showed that the densovirus persistently infecting Aag2
cells was well supported within a clade from densoviruses previously
found in Culicinae cell lines (Fig. 1B). The evolutionary rate between
the original Aedes parvovirus genome isolated in 1994 from Ae. albo-
pictus C6/36 cells (Boublik et al., 1994) and our contig corresponds to
~5×10-4 subs/site/year. While this is considered a high substitution
rate for a DNA virus, and similar to those of RNA viruses (Jenkins et al.,
2002), it has been shown that other mammalian parvoviruses such as
canine parvovirus have ∼10−4 subs/site/year (Shackelton et al., 2005)
and ssDNA viruses have rates of evolution generally reported between
the range 10−3 and 10−5 subs/site/year (Jenkins et al., 2002).

3.2. Higher AalDNV-1 infection is associated with Wolbachia infection in
Aedes cells

To test the incidence and abundance of AalDNV-1 in our various
Aedes cell lines, qPCR was conducted on genomic DNA extracted and
purified from Ae. aegypti Aag2 cells and different Aag2 derivations:
Aag2.wMelPop-CLA cells (hereafter Aag2-Pop), and Aag2-Pop cells
cleared of Wolbachia with tetracycline treatment (hereafter Aag2-
PopT). A stably infected Aag2-wAlbB line was generated by tran-
sinfection of Aag2 cells with the Wolbachia wAlbB strain from Aa23
cells (O'Neill et al., 1997) as well as a tetracycline cured Aag2-wAlbBT.
Additionally, the Ae. aegypti cell line Aa20 was also tested. We also
analysed Ae. albopictus cell lines C6/36, Aa23, and its tetracycline cured
Aa23-Tet cells. Out of all the cell lines tested, the greatest relative
AalDNV-1 copy number relative to host RPS17 was in C6/36 cells
(x=̅15,633 n=3) (Fig. 2A). This cell line has been demonstrated to be
Dicer-2 deficient and hence it produces high titers of arboviruses
compared with Dicer-2 proficient cell lines (Brackney et al., 2010).

Considering the Aag2 cell line and its derivatives, there was statistically
significantly less AalDNV-1 genome copies in both Aag2 (x=̅207.33,
n=3) and Aag2-PopT (x=̅223, n=3) cells when compared with
Aag2-Pop cells (x=̅5943, n=3) (p≤0.01; Student's t-Test). Similarly,
Aag2-wAlbB cells had a higher abundance of AalDNV-1 copy numbers
(x=̅877, n= 3) compared with tetracycline cured Aag2-wAlbT
(x=̅412, n= 3) and also the Aag2 cells (p≤0.05; Student's t-Test). A
similar trend was also observed for AalDNV-1 copy number in Aa23
(x=̅0.258, n=3) cells and their tetracycline-cured line Aa23-T cells
(x=̅0.0684, n=3) (p≤0.05; Student's t-Test) (Fig. 2A).

We could not amplify any AalDNV-1 from the Aa20 cell line. As
such, we used this cell line as a means to find out if the AalDNV-1
particles from both C6/36 and Aag2 cells were infectious. Purified su-
pernatant from both C6/36 (Fig. 2B) and Aag2 medium (data not
shown) were shown to increase over a 5-day time course, with Aa20
cells showing high permissibility to infection but no obvious cytopathic
effect.

3.3. AalDNV-1 infection is enhanced by Wolbachia in a density-dependent
manner in Ae. aegypti and Ae. albopictus cells

To determine the relative density of Wolbachia in the aforemen-
tioned cells, we conducted qPCR validating the presence of high
Wolbachia genome copies in Aag2-Pop (x=̅18.9, n= 3), Aag2-wAlbB
(x=̅0.69, n=3) and Aa23 (x=̅0.21, n=3) cells compared with their
tetracycline-cured lines (Fig. 3A). To further explore the association
between Wolbachia presence and higher genome copies of AalDNV-1 in
Aedes cells, we generated 32 DNA samples from ten successive tetra-
cycline (5 µ g/mL) treatments of Aag2-Pop cells and plotted the re-
lationship between density of Wolbachia genome copies over genome
copies of AalDNV-1. Linear regression analysis showed there was a
positive relationship between Wolbachia genome copies in these cells
(R2 = 0.5647; p≤0.0001) (Fig. 3B). This trend was also observed
when cross-checking 28 historical samples from 2017 from nine suc-
cessive tetracycline (5 µg/mL) treatments in the production of the
Aag2-Pop-T line (Fig. S1) (R2 =0.6784; p≤0.0001). In addition to
tetracycline treatment of Aag2-Pop cells, the stably infected Aag2-
wAlbB line was monitored every two passages over 30 passages for
Wolbachia density and AalDNV-1 copy number (n= 15). Linear re-
gression analysis showed there was also a positive relationship between
Wolbachia density (R2 =0.6779; p≤0.001) and AalDNV-1 genome
copy number in these cells (Fig. 3C). Taken together,Wolbachia appears
to enhance AalDNV-1 replication and this enhancement is in a density-
dependent manner.

Fig. 2. Ae. aegypti Aag2 and Ae. albo-
pictus Aa23 cells and their derivatives
and Ae. albopictus C6/36 cells are in-
fected with AalDNV-1 with virus den-
sity associated with Wolbachia infec-
tion. (A) AalDNV-1 levels quantified
with qPCR analysis using genomic DNA
extracted from Aag2 and Aag2-Pop,
cells treated with tetracycline Aag2-
PopT, an uninfected control Ae. aegypti
cell line Aa20 and in Ae. albopictus
Aa23 cells stably infected with wAlbB.
RPS17 gene was used as a normalizing
reference. (B) AalDNV-1 particles are
infectious. Aa20 cells that lack
AalDNV-1 were inoculated with
medium from C6/36 cells and collected
for DNA extraction at 0, 1, 3 and 5 days
post-inoculation. Virus DNA levels,
quantified by qPCR, increased over
time. * p≤0.05, ** p≤0.01.
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3.4. AalDNV-1 gene transcripts are targeted by the RNAi response

RNAi response is observed in mosquitoes against disparate RNA
virus infections. This response includes the microRNA (miRNA)
pathway (20–24nt), small interfering RNA (siRNA) pathway (21nt), and
the exogenous PIWI-interacting RNAs (piRNA) (25–30 nt) (Blair and
Olson, 2015; Hussain et al., 2016; Schnettler et al., 2013). Transcripts of
DNA virus genes have been demonstrated to be targeted and modulated
by the RNAi pathway in diverse insect DNA virus interactions
(Bronkhorst et al., 2012; Jayachandran et al., 2012b; Sabin et al.,
2013).

To explore the RNAi response to densoviruses in Aag2 and Aag2-Pop
cells, the small RNA portion of nuclear and cytoplasmic fractions of
Aag2 and Aag2-Pop cells previously sequenced (Mayoral et al., 2014a,
2014b) was adapter trimmed, pooled and mapped to the assembled
AalDNV-1 contig. Analysis of pooled libraries of Aag2 and Aag2-Pop
cells revealed there was not much difference between the number of
18–32nt reads that were derived from AalDNV-1 in Aag2 (n=28,99;
0.34%) and Aag2-Pop (n= 52,693; 0.33%) cells after normalization of
libraries. In both Aag2 and Aag2-Pop cells, more sRNA reads mapped to
the genome of AalDNV-1 (Aag2: 87.45%, Aag2-Pop:80.91%) compared
to the antigenome of AalDNV-1 (Aag2: 12.54%, Aag2-Pop: 19.08%).
The higher proportion of reads mapping to the genome of AalDNV-1 in
Aag2 cells is similar to the 7:1 genome: antigenome ratio previously
reported in Culex pipiens molestus mosquitoes infected with Mosquito
densovirus (MDNV) (Mosimann et al., 2011).

Additionally, the patterns of regions of virus-derived small RNAs
mapping to the AalDNV-1 viral genome were the same between both
Aag2 (Fig. 4A) and Aag2-Pop cells (Fig. 4B). Total sRNA reads mapped
unevenly throughout the AalDNV-1 genome with “hot spot” regions
being highly targeted (regions 400–570nt and 2300–2800nt). In the
RNAi response, 21 nt reads are indicative of virus-derived short inter-
fering RNAs (vsiRNAs). These vsiRNAs are generated by the cleavage of
viral dsRNA by the RNase III enzyme Dicer-2 (Sabin et al., 2013).
Considering AalDNV-1-derived vsiRNAs across all the four individual
libraries, there was a higher abundance of 21 nt vsiRNAs in Aag2-Pop
cells (21.18% in the nuclear fraction and 19.53% in the cytoplasmic
fraction) compared with those in the Aag2 libraries (15.28% of the
nuclear library and 14.89% of the cytoplasmic sRNA library) (Fig. 4C-
D). Individual cytoplasmic and nuclear mapping profiles for all libraries
are available in Fig. S2. This result shows that Wolbachia infection of
Aag2 cells results in a higher absolute abundance of AalDNV-1-derived
vsiRNAs, which is consistent with the qPCR data (Figs. 2 and 3) that
suggested higher replication of AalDNV-1 in the presence of Wolbachia.
It is important to note that these results should not be used to interpret
that there is a greater efficiency of vsiRNA production in Wolbachia-
infected cells. It seems reasonable to suggest that the higher abundance

of vsiRNAs produced in Wolbachia-infected cells could be as a result of
greater transcriptional activity of AalDNV-1 due toWolbachia infection.

While densoviruses do not use dsRNA as a replicative intermediate,
it has been previously reported that parvoviruses produce dsRNA (Son
et al., 2015; Weber et al., 2006). To further examine the biogenesis of
the vsiRNAs in ssDNA virus infection, we trimmed all libraries to 21 nt
fractions and re-mapped the reads to the AalDNV-1 genome (Fig. 5A-B).
With the exception of high “hot spot” coverage of the genome strand by
the sRNAs, we noticed a pattern of “mirroring” of vsiRNA between
genome position ~400–3000 nt which corresponds to the NS1/NS2
transcription and the beginning of the VP gene. This pattern of mapped
reads has been shown in Drosophila cells infected with vaccinia virus
(VACV, Orthopoxvirus) and is due to overlapping transcription of genes
on both strands of the DNA virus genome (Sabin et al., 2013). This
suggests that the biogenesis of these vsiRNAs may be derived through
overlapping transcription of genes on the genome and antigenome
strands.

3.5. Production of AalDNV-1 derived PIWI-interacting RNAs in Aedes cells

In addition to vsiRNAs, another class of sRNAs has been demon-
strated to be produced in response to virus replication called P-element-
induced Wimpy testis gene (PIWI)-interacting RNAs (piRNAs). During
virus replication, single-stranded RNA is enzymatically cleaved into
25–29 nt fragments that bind to PIWI or Argonaute (Ago) proteins.
These virus-derived piRNAs (vpiRNAs) are produced in somatic tissues
against RNA virus infections in Ae. aegypti and Ae. albopictus (Morazzani
et al., 2012; Wang et al., 2018). Primary piRNAs bound to PIWI proteins
have been shown to have a sequence bias for uridine at the first position
(U1). By comparison, Ago-3 associated secondary piRNAs have been
shown to have a bias for adenine at position ten (A10). PIWI and Ago
proteins have been demonstrated to have 10 nt of overlapping com-
plementary bases (U1 - A10)(Vodovar et al., 2012). This is broadly re-
ferred to the “ping-pong” signature of piRNAs.

In an RNAi screen of Ae. aegypti cells infected with Sindbis virus
(SINV, Togaviridae), Piwi5 was identified to associate with primary
vpiRNAs, whereas Ago3 was demonstrated to bind to secondary
vpiRNAs (Miesen et al., 2015). Depletion of Piwi5 and Ago3 proteins in
Aedes cells resulted in a drastic depletion of piRNAs against SINV;
however, this did not translate into a change in virus replication
(Miesen et al., 2016a).

While it has been previously reported that 25–29 nt sRNA reads
were present in C. pipiens molestus mosquitoes infected with MDNV
(Mosimann et al., 2011), the vpiRNA signature of these 25–29 nt reads
were not examined for the presence of primary and secondary piRNAs.
As there has been no previous examination of vpiRNAs in the case of
DNA viruses of insects, we examined the mapping pattern and also the

Fig. 3. Wolbachia enhances AalDNV-1 infection in a density-dependent manner. (A) Density ofWolbachia in cell lines determined by qPCR using the wsp gene relative
to the host RPS17 gene. (B) Linear regression analysis of AalDNV-1 genome copies overWolbachia genome copies in Aag2 cells stably infected with wMelPop-CLA and
sequentially cleared of Wolbachia through tetracycline treatment. (C) Aag2 cells transinfected with wAlbB over 30 passages. * p≤0.05; ** p≤0.01; *** p≤0.001.
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“ping-pong” signature of AalDNV-1-derived 25–29 nt reads in both
Aag2 and Aag2-Pop cells. In comparison to the vsiRNA profile, the
vpiRNAs were most abundantly targeted towards the end of the NS2
and VP genes (Fig. 6A-B). It also appears that there are no clear dif-
ferences between the profile and mapping of vpiRNAs between Aag2
and Aag2-Pop cells suggesting thatWolbachiamay have no effect on the
piRNA pathway in vitro. There were also far more vpiRNAs targeting the
AalDNV-1 genome in both the pooled datasets (Fig. 4A-B) and in-
dividual cytoplasmic and nuclear fractions compared with the anti-
genome (Fig. S2).

In the pooled nuclear and cytoplasmic libraries for both Aag2 and
Aag2-Pop cells, there was a typical “ping-pong” signature (U1 - A10) of
secondary piRNAs in vpiRNAs in all 25–29 nt sRNAs. However, when
we considered just the cytoplasmic and the nuclear fractions of the
Aag2 and Aag2-Pop cells individually, we noticed that there was

exclusive production of primary piRNAs (U1 biased) targeted against
the negative-sense strand and no bias towards an A10 signature in the
nuclear fraction of both Aag2 and Aag2-Pop cells (Fig. 6C). In contrast,
a typical “ping-pong” signature (U1 - A10) was observed in reads from
the cytoplasmic fraction (Fig. 6D).

3.6. A defective AalDNV-1 genome exists in published DNA, RNA and
sRNA Aag2 datasets and exclusively produces vsiRNAs

The Ae. aegypti Aag2 cell line is a heterogenous embryonic cell line
(Peleg, 1968) ubiquitous in arbovirus research laboratories for its ro-
bust immune response (Barletta et al., 2012). The Aag2 cell line was
recently sequenced through long-read Pac-Bio assembly (Whitfield
et al., 2017). To determine if AalDNV-1 was present in the assembly, we
scanned the assembled contigs for the presence of AalDNV-1. One 80 kb

Fig. 4. Profile of total normalized 18–32nt reads mapped to the genome strand (blue) and antigenome strand (red) of AalDNV-1 in combined nuclear and cytoplasmic
libraries of (A) Aag2 cells (A) and (B) Aag2-Pop cells. Composition and profile of virus-derived small RNA reads mapped to AalDNV-1 in (C) Aag2 and (D) Aag2-Pop
cells.

Fig. 5. The host RNAi response to AalDNV-1. Mapping profile of the 21nt virus-derived siRNAs (vsiRNAs) targeting AalDNV-1 in (A) Aag2 and (B) Aag2-Pop cells.
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contig (2140) showed a number of hits to our assembled AalDNV-1
genome (Fig. 7A). Interestingly, it appeared that the contig was as-
sembled in the sense and then antisense orientation for ~80 kb. Due to
the nature of the movie-length PacBIO SMRT Sequencing, if the poly-
merase runs to the end of the insert, it will continue looping back on the
template molecule until the acquisition period ends (Eid et al., 2009).
Analysis of the raw data indicated that this was the case as the forward
and reverse of the genome were shown immediately in the raw data.
Further analysis of the contig showed that it was a partial AalDNV-1
genome assembled by itself, but the VP gene of the genome was dis-
rupted while the terminal hairpins and NS1/2 genes remained intact
(Fig. 7B).

The Aag2 cell line is RNAi proficient and numerous studies have
used the cell line to elucidate components of the siRNA and the piRNA
pathways in virus-host interactions. We were interested to re-analyse
this collective resource to look at determinants of the RNAi response in
Aag2-densovirus interactions. We downloaded RNA sequencing data
from a recent study characterising the role of the PIWI protein 4 in the
antiviral pathway (Varjak et al., 2017). Mapping sRNA reads to our
assembled reference contig from the parental Aag2 cell line (AF5), we
noticed there was also an absence of mapped reads to the VP region of
the densovirus genome (Fig. 7B). This was not due to sequencing depth
as AalDNV-1 reads comprised as many as 1.08% of the total reads
(n=122,398). In addition to this absence of mapped reads towards the
VP gene region, we noticed that vpiRNAs were absent and not produced
against this contig (Fig. 7D). Greater than 80% of the mapped reads are
21 nt in size and mapped equally to the genome and antigenome,
without the 7:1 genome:antigenome strand bias presented here and
previously in mosquitoes infected with DNVs (Mosimann et al., 2011).

We expanded our search to other Aag2 datasets deposited in the
Short Read Archive on NCBI. Subsequent re-mapping of sRNA reads

from Aag2 cells indicated that this portion of AalDNV-1 was “silent” or
potentially defective in every Aag2 dataset except the total RNA and
sRNA data produced from sequencing data from our Aag2 cells.
Parvoviruses in mammals have been shown to generate defective par-
ticles during high-multiplicity infections (Faust and Ward, 1979). The
genome of these defective particles varied in size but always retained
the terminal palindromes. We suspected that the AalDNV-1 denso-
viruses common in Aag2 cells may exist as a defective interfering
genome. We designed a PCR primer set that encompassed the region
which appeared to be absent in other Aag2 data and were able to
amplify an appropriately-sized amplicon in our Aag2 cells (data not
shown).

In addition to the parental Aag2 (AF5) line, sRNA data from a
second Dicer-2 knockout (KO) cell line (AF319) was available for
analysis. Reads from the Dicer-2 KO were mapped against our AalDNV-
1 reference contig. Once again, there were an absence of reads mapping
to the suggested truncated region with only 2485 reads representing
0.01% of the library (Fig. 7C). In addition, 21 nt vsiRNAs were almost
absent against AalDNV-1 in Dicer-2 KO AF319 cells while the vpiRNAs
increased (Fig. 7D). This finding agrees with previous studies in Aedes
cell lines showing that in the absence of an efficient siRNA response,
more piRNA-size sRNAs are produced against RNA virus infection
(Brackney et al., 2010; Scott et al., 2010).

As disruption of the VP gene results in lack of productive AalDNV-1
virion production, and that Ae. aegypti flanking sequences are absent in
the assembled contig from the Aag2 cells used for genome sequencing,
the defective AalDNV-1 genome should not be integrated into the host
genome, but extrachromosomally maintained.

Fig. 6. The host piRNA response to AalDNV-1. Mapping profile of 25–29nt virus-derived PIWI-interacting piRNAs (vpiRNA) to AalDNV-1 in (A) Aag2 and (B) Aag2-
Pop cells. Relative nucleotide frequency and conservation per 28nt vpiRNAs mapped to the AalDNV-1 genome and antigenome in (C) the nuclear and (D) the
cytoplasmic fractions of Aag2 cells. Arrow denotes A10 position absent in the nuclear fraction. Only Aag2 28nt has been shown as a representative.
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4. Discussion

4.1. Wolbachia-DNA virus interactions

Complex interactions between the endosymbiont Wolbachia and its
insect host often contribute to modulation of virus titer within the in-
sect. Much of what we currently understand about Wolbachia-virus in-
teractions has been characterised using Drosophila-Wolbachia models
and single-stranded positive-sense RNA viruses. For example, in
Drosophila simulans challenged with Flock House virus (FHV,
Nodaviridae) and Drosophila C virus (DCV, Dicistroviridae), it was de-
termined that Wolbachia was responsible for 93.6% and 70.9% of var-
iance in viral titer, respectively. Further, it was demonstrated that

Wolbachia density accounted for 86% ofWolbachia-mediated protection
within the host (Martinez et al., 2017). This density-dependent re-
fractoriness to RNA virus infection conferred by Wolbachia has been
demonstrated in a number of in vivo and in vitro studies (Lu et al., 2012;
Martinez et al., 2014; Osborne et al., 2012). In Ae. albopictusmosquitoes
infected with wAlbB, clearance of wAlbB in vivo had no effect on the
transmission of DENV or CHIKV but was shown in cells to restrict DENV
in a density-dependent manner (Lu et al., 2012). Here, we show that
instead of Wolbachia-mediated virus refractoriness, in the presence of
Wolbachia there is a density-dependent enhancement of a ssDNA virus.

One potential explanation for Wolbachia-mediated DNA virus en-
hancement is in the interplay between reactive oxygen species (ROS)
and DNA repair. Increased oxidative stress in various arthropod hosts as

Fig. 7. A defective AalDNV-1 particle exists in other Aag2 cells and is targeted almost exclusively by the vsiRNA pathway. (A) Contig 2140 from the Aag2 cell line
genome project. Arrows denote orientation of the genome. Mapped 18–32nt reads to the AalDNV-1 genome in (B) the parental Aag2 cell line (AF5) and (C) the Dicer-
2 knockout Aag2 cells (AF319). Size distribution of mapped sRNA reads from (D) the parental Aag2 cell line (AF5), and E) Dicer-2 knockout (AF319) Aag2 cell line.
Red dashed portions in (B) and (C) denote the absence of mapped reads to the virus genome.
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a consequence of Wolbachia infection is fairly well-reported (Brennan
et al., 2012; Wong et al., 2015). It is thought that Wolbachia-containing
vacuoles located in the host cell cytoplasm may introduce greater oxi-
dative stress through the higher production of ROS. Disruption of the
redox homeostasis in Ae. albopictus Aa23 cells has been shown to in-
crease the incidence of ROS-induced DNA damage as demonstrated by
increased base 8-oxo-deoxyguanosine in these cells (Brennan et al.,
2012). Densoviruses replicate exclusively in the nucleus and require
DNA polymerase host machinery for replication. Densoviruses and
parvoviruses have also been demonstrated to broadly trigger and re-
quire the DNA damage response (DDR) to recruit DNA polymerase co-
factors machinery for productive DNA replication (Hristov et al., 2010).
It may therefore be possible that the mechanism ofWolbachia-mediated
DNA virus enhancement lies in the association between ROS induction
and the subsequent activation of the DNA damage response (DDR) in
Aedes cells.

The results reported here expand upon previous findings of
Wolbachia-DNA virus interactions in other systems and suggest that
both wMelPop-CLA, which is a supergroup A Wolbachia strain, and
wAlbB, which is a supergroup B Wolbachia strain, can enhance re-
plication of densovirus. As a consequence of this density-dependent
enhancement of DNA virus replication in insect hosts, it would be ad-
vantageous for Wolbachia titers to be low enough to have limited effect
on the host.Wolbachia density has been consistently demonstrated to be
significantly lower in the somatic tissues when compared to testes and
ovaries of Drosophila, Ae. albopictus and transinfected Ae. aegypti (Lu
et al., 2012; Osborne et al., 2012). Additionally, it has been shown in
the transinfected Ae. aegypti WB1 strain, Wolbachia density is sig-
nificantly lower in the Ae. albopictus HOU strain than in the tran-
sinfected Ae. aegypti (Lu et al., 2012). We observed a similar trend in
our Ae. aegypti cells infected with wAlbB. The Ae. aegypti transinfected
cells had a Wolbachia density as high as 3-fold more than Aa23 cells.
How these in vitro findings may translate into potential pathological
consequences in Wolbachia-infected Ae. aegypti mosquitoes requires
further analysis. Currently, we have a limited scope as to the diversity
and incidences of DNA viruses of Ae. aegypti and Ae. albopictus mos-
quitoes. Even in the most widely studied AalDNV-1 and AaeDNV strains
little information on the ecology of these viruses is known. In one report
of wild populations of Ae. aegypti in Thailand, infections with Thai
strain densovirus (AThDNV) were demonstrated to be as high as 44%
(Kittayapong et al., 1999). Experiments with Invertebrate Iridescent
virus type 3 (IIV-3, Chloriridovirus) in Ae. aegypti and Ae. albopictus cells
suggest that cells from both mosquitoes are permissive to infection
(Becnel and Pridgeon, 2011). It has also been demonstrated that la-
boratory colonies of Ae. aegypti can be experimentally infected with
Invertebrate iridescent virus 6 (IIV-6, Iridoviridae) (Marina et al., 1999,
2003). It may be possible that large scale release of Wolbachia-infected
mosquitoes together with MDNVs could synergistically improve the
efficiency of these programs, as has been a recommendation for the
improvement of Sterile Insect Technique release programs (Bouyer
et al., 2016; Bouyer and Lefrançois, 2014).

4.2. Host RNAi response to densovirus

RNAi response, in particular the siRNA pathway, is a powerful anti-
viral response against RNA viruses in insects due to the nature of the
genome and production of dsRNA intermediates during replication.
However, experimental evidence has also shown that the siRNA re-
sponse is exerted by insects towards dsDNA viruses (Bronkhorst et al.,
2012; Jayachandran et al., 2012a; Karamipour et al., 2018; Kemp et al.,
2013), most likely against overlapping RNA transcripts produced
during transcription of the viral genome. Our results showed that the
host siRNA response could also be triggered by a ssDNA virus. In both
the nuclear and cytoplasmic fractions of Aag2-Pop cells there was a
greater absolute abundance of 21 nt vsiRNAs mapping to the AalDNV-1
genome, which correlates with higher replication of the virus in the

cells. While it has been previously demonstrated that Wolbachia
wMelPop-CLA interferes with the localisation of Argonaute-1 within Ae.
aegypti infected cells, there was no evidence for manipulation of the
abundance or localisation of Argonaute-2 when analysed at the protein
level (Hussain et al., 2013b). A recent report showed that in wMel in-
fected Aag2 cells Argonaute-2 transcript levels are significantly upre-
gulated (Terradas et al., 2017) and may contribute in a small way to-
wards Wolbachia-mediated blocking of DENV-2 in these cells by
enhancing RNAi. However, we believe a more likely reason for the
increased vsiRNA production against AalDNV-1 in the presence of
Wolbachia could be the greater abundance of dsRNAs produced by
overlapping transcripts due to enhanced replication of the virus.

In addition to demonstrating that vsiRNAs are produced against
AalDNV-1 in Aedes cells, we have also revealed an interesting aspect of
the RNAi response to DNA viruses, which is the production of 25–29 nt
vpiRNAs, that has been shown when insect cells become infected with a
number of RNA viruses (Reviewed in Miesen et al., 2016b). We show
for the first time that vpiRNAs could also be produced against DNA
viruses. A large number of vpiRNAs were found in AalDNV-1 infected
Aag2 cells mostly towards the end of the genome. Furthermore, these
vpiRNAs displayed the characteristic “ping-pong” signature (U1 - A10),
with the A10 signature being predominantly found in vpiRNAs in the
cytoplasmic fraction. The proteins Piwi5 and Ago3 are the core proteins
of the mosquito ping-pong loop and occur almost exclusively in the
cytoplasm (Miesen et al., 2015). As the replication of densoviruses are
exclusively nuclear, it may be the case that the biogenesis of the pri-
mary U1 piRNAs in the nucleus may not be from Ago3/Piwi5 cleavage
but may in fact be targeted by Zucchini (Zuc).

As the replication of Aedes albopictus densovirus occurs exclusively
in the nucleus, transcripts of genes may be targeted and processed into
functional miRNAs from the host Dicer-1 machinery as is reported in
other DNA viruses (Hussain and Asgari, 2010; Hussain et al., 2008). As
per the previous report of manipulation of the Argonaute-1 protein by
Wolbachia in Aedes cells, it still remains to be elucidated if functional
miRNAs are produced by AalDNV-1 and if this is modulated by Wol-
bachia infection.

4.3. Has the AalDNV-1 defective genome cleared AalDNV-1 from most
Aag2 cells?

There has been considerable interest in virus-derived DNA (vDNA)
intermediates produced in mosquitoes in response to RNA virus infec-
tion (Goic et al., 2016). Work conducted by Poirier and colleagues
showed that defective viral genomes (DVGs) form chimeric forms with
host LTR retrotransposases to produce circular vDNA (Poirier et al.,
2018). These circular vDNA chimeras were then shown to serve to
amplify siRNA-mediated antiviral immunity in insects, as mapping
profiles indicated that they exclusively produced vsiRNAs (Poirier et al.,
2018). Densoviruses are ssDNA viruses until they infect the host. Upon
entry into the nucleus, the ssDNA template is “repaired” into a closed
circular form. All evidence presented here indicate that the most
common and predominant AalDNV-1 in published Aag2 datasets exists
as truncated and defective, as it has been demonstrated that plasmids
that have disrupted VP genes do replicate and express, but they do not
produce virions, and need a “helper” virus with a complete VP gene
(Afanasiev et al., 1999). The defective AalDNV-1 genome produces
equal genome and antigenome vsiRNAs. In contrast, in the only other
report of RNAi response to DNV infection (Mosimann et al., 2011),
there was a 7:1 genome:antigenome bias which is consistent with our
data with a prolific AalDNV-1 replication. The viral profile presented
here in other Aag2 cells appears to mirror the exact same profile of the
RNAi response that was demonstrated in response to defective vDNA
virus genomes as demonstrated previously (Poirier et al., 2018). Also, it
seems unlikely that the vDNA was produced from the canonical LTR
retrotransposase chimerisation events, which has been suggested pre-
viously in RNA virus infection (Poirier et al., 2018) and is more likely to
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be produced through errant DNA genome production.
In Dicer-2 knockout Aag2 cells, the 21 nt vsiRNAs effectively dis-

appeared, but there was an increase in the number of piRNA size sRNAs
against the defective genome. Previous research has shown that in the
absence of an efficient siRNA response, more piRNA-size sRNAs are
produced against viruses (Brackney et al., 2010; Scott et al., 2010).
However, the number of vpiRNAs produced in Dicer-2 knockout cells is
far less than those found in our Aag2 cells. Previous work in Drosophila
suggested that production of piRNAs against nuclear gene transcripts is
controlled by a 100 nt cis-regulatory element that triggers piRNA pro-
duction (Ishizu et al., 2015). The vpiRNAs that are produced in re-
sponse to AalDNV-1 infection in our non-defective Aag2 cell line are
targeted towards the end of the NS2 and VP genes. As the VP gene is
truncated in the defective genome, it may be the case that the lack of
vpiRNA production is reduced by the absence of a cis-regulatory ele-
ment within the genome.

Amazingly, it appears that this defective genome has managed to
predominate in all published Aag2 datasets. The fixation of this de-
fective genome within common Aag2 cells indicates that the vsiRNAs
produced from this viral DNA segment might have been able to suc-
cessfully clear the non-defective forms. This suggests that vDNA forms
of ssDNA viruses may also work to promote tolerance within mosqui-
toes to DNA virus infections, as is suggested in RNA virus infection.
However, this needs to be experimentally explored.

5. Conclusions

In this study, we demonstrate that there are greater levels of
AalDNV-1 in the presence ofWolbachia in Aedes cells. Additionally, this
effect is density-dependent and can be induced by both supergroup A
and supergroup B Wolbachia strains. Further, we revealed that abun-
dant siRNA and piRNA responses are elicited against AalDNV-1. It has
been demonstrated that Ae. aegypti cells infected with different strains
of mosquito densoviruses display different pathologies, with some in-
ducing cytopathic effect and spontaneous induction of apoptosis
(Paterson et al., 2005). As the level of densovirus infection significantly
increases in the presence of Wolbachia, it may be the case that Wolba-
chia-infected Aedes mosquitoes could be more sensitive to DNV patho-
logical effects in the environment. Work presented here also suggests
that there is a heterogeneity between laboratory Aag2 cells in regard to
the presence of complete or defective AalDNV genomes.

As we have demonstrated that Wolbachia enhances replication of
AalDNV-1 in vitro, it seems reasonable to suggest that dual Wolbachia-
DNV biocontrol strategies may be feasible. However, extensive la-
boratory and field testing would have to be carried out. At the very
least, these strategies do not seem to be incompatible with one another,
and may likely work synergistically.
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