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A B S T R A C T

RNA interference is a crucial antiviral mechanism in arthropods, including in mosquito vectors of arthropod-
borne viruses (arboviruses). Although the exogenous small interfering RNA (siRNA) pathway constitutes an
efficient antiviral response in mosquitoes, virus-derived P-element induced wimpy testis (PIWI)-interacting
RNAs (piRNAs) have been implicated in the response to alpha-, bunya- and flaviviruses in Aedes spp. mosquitoes.
Culex mosquitoes transmit several medically important viruses including West Nile virus (WNV), but are con-
siderably less well studied than Aedes mosquitoes and little is known about antiviral RNA interference in Culex
mosquitoes. Therefore, we sequenced small RNA (sRNA) libraries from different Culex cell lines and tissues
infected with WNV. The clear majority of virus-derived sRNA reads were 21 nt siRNAs in all cell lines and tissues
tested, with no evidence for a role of WNV-derived piRNAs. Additionally, we aligned sRNA reads from Culex
quinquefasciatus Hsu cells to the insect-specific rhabdovirus, Merida virus, which persistently replicates in these
cells. We found that a significant proportion of the sRNA response to Merida virus consisted of piRNAs. Since
viral DNA forms have been implicated in siRNA and piRNA responses of Aedes spp. mosquitoes, we also tested for
viral DNA forms in WNV infected Culex cells. We detected viral DNA in Culex tarsalis cells infected with WNV
and, to a lesser amount, WNV and Merida virus-derived DNA in Culex quinquefasciatus Hsu cells. In conclusion,
Hsu cells generated Merida virus-derived piRNAs, but our data suggests that the major sRNA response of Culex
cells and mosquitoes to WNV infection is the exogenous siRNA response. It is also evident that sRNA responses
differ significantly between specific virus-mosquito combinations. Future work using additional Culex-borne
viruses may further elucidate how virus-derived piRNAs are generated in Culex cells and what role they may play
in controlling replication of different viruses.

1. Introduction

The emergence and re-emergence of arthropod-borne viruses (ar-
boviruses) (Vasconcelos and Calisher, 2016; Weaver and Reisen, 2010)
such as West Nile virus (WNV) (Centers for Disease and Prevention,
1999; Kilpatrick, 2011), chikungunya virus (CHIKV) (Tsetsarkin et al.,
2016) and Zika virus (ZIKV) (Lazear and Diamond, 2016; Weaver et al.,
2016) demonstrates the significant risk arboviruses pose for global
health. Vaccines are currently unavailable for most of these viruses and
vector control remains a crucial yet problematic component of efforts to

reduce virus transmission (Moyes et al., 2017). A more detailed un-
derstanding of molecular aspects of the virus-vector interaction could
thus prove valuable to inform future strategies for the reduction of virus
transmission, as shown previously with genetically modified mosqui-
toes (Alphey et al., 2013; Olson et al., 1996; Travanty et al., 2004;
Winskill et al., 2015) or Wolbachia infected mosquitoes (Frentiu et al.,
2014; McMeniman et al., 2009). Culex spp. mosquitoes are studied less
than Aedes spp. mosquitoes despite their significance in transmitting
medically important arboviruses such as WNV, St. Louis encephalitis
virus and others currently circulating in the United States (Salimi et al.,
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2016).
In mosquitoes, arboviruses encounter immune responses including

innate immunity signaling pathways and RNA interference (RNAi)
(Rückert et al., 2014). While several signaling pathways have been
implicated in antiviral responses in mosquito midguts and in cell cul-
ture (Carissimo et al., 2015; Fragkoudis et al., 2008; Paradkar et al.,
2012; Ramirez and Dimopoulos, 2010; Souza-Neto et al., 2009; Xi et al.,
2008), RNAi is generally considered the major antiviral defense me-
chanism in mosquitoes (Blair and Olson, 2015). The exogenous siRNA
pathway has been implicated in mosquito antiviral defenses for over a
decade (Adelman et al., 2002; Keene et al., 2004; Sanchez-Vargas et al.,
2004). During virus infection of mosquito cells, the cytoplasmic RNase
III enzyme Dicer-2 (Dcr2) recognizes viral replication intermediates in
the form of long dsRNA molecules and cleaves them into fragments of
predominantly 21bp length. These are incorporated into the RNA-in-
duced silencing complex (RISC), where Argonaute-2 (Ago2) mediates
cleavage of the target RNA using one of the strands (the ‘guide strand’),
while the complimentary strand (the “passenger strand”) is discarded
and degraded (Schwarz et al., 2003). Exogenous 21 nt virus-derived
small interfering RNAs (vsiRNAs) are produced during arbovirus (Blair
and Olson, 2015) and insect-specific virus infections (Carissimo et al.,
2016; van Cleef et al., 2014), and it has been shown that arboviruses
engineered to antagonize the mosquito exogenous RNAi pathway can
cause increased mortality during infection (Cirimotich et al., 2009;
Myles et al., 2008). RNAi is thus clearly critical to mosquito antiviral
defenses. In recent years, the diversity of mosquito small RNA (sRNA)
responses to arbovirus infections has become increasingly evident.
Virus-derived piRNAs (vpiRNAs) are produced by Aedesmosquitoes and
cells during infection with all major groups of arboviruses (Blair and
Olson, 2015); however, of the seven Aedes PIWI proteins, only Piwi4
has been directly implicated in the control of virus replication
(Schnettler et al., 2013) and this antiviral activity appears not to be
mediated by vpiRNAs (Miesen et al., 2015; Schnettler et al., 2013;
Varjak et al., 2017b).

Generally, piRNAs are important repressors of transposable ele-
ments (TEs), protecting the germline of a variety of organisms (Saito
and Siomi, 2010; Senti and Brennecke, 2010; Siomi et al., 2010, 2011).
Endogenous piRNAs originate from two distinct pathways. In the pri-
mary piRNA pathway, piRNAs are processed from single-stranded RNA
precursors that are transcribed from genomic loci known as piRNA
clusters. Primary piRNAs are typically antisense to TEs, exhibit a strong
bias for a 5′-uridine residue (U1), and, in Drosophila, are associated with
the PIWI/Aubergine (Aub) protein complex (Nishida et al., 2007).
Primary piRNAs are then fed into the second pathway, the “ping-pong
dependent” amplification cycle. In this pathway, after binding of the
target transcript, cleavage occurs ten nucleotides upstream from the 5′
end of the primary piRNA, resulting in secondary piRNAs with an
adenine residue in position 10 (A10), which are Argonaute-3 (Ago3)
associated in Drosophila (Brennecke et al., 2007; Gunawardane et al.,
2007). Secondary piRNAs then bind complementary targets resulting in
cleavage at the A-U base-pairing, resulting in piRNAs identical (or very
similar) to the initial primary piRNA, exhibiting a 5′-U1 residue. Clea-
vage of the target transcript occurs via the Slicer activity of Ago3 in
flies, but not mammals (Kim et al., 2009). The observed nucleotide bias
is a hallmark of endogenous piRNAs, and is the basis for the ping-pong
dependent amplification model (Brennecke et al., 2007; Gunawardane
et al., 2007) which is also observed in other arthropods, including
mosquitoes, and vertebrate germ line cells. The main difference in
Aedes mosquitoes compared to Drosophila melanogaster is that mosqui-
toes have numerous PIWI genes (Ago3, Piwi1-7), four of which are also
expressed somatically (Akbari et al., 2013). Piwi5, Piwi6 and Ago3
have been implicated in ping-pong amplification of transposon and
Sindbis virus (SINV)-derived piRNAs in Ae. aegypti cells (Miesen et al.,
2015), but the overall role of individual PIWI proteins in mosquitoes
remains unclear.

In Aedes mosquitoes, vpiRNAs have been found not only in the

ovaries and testes, but also in the mosquito bodies (Dietrich et al., 2017;
Hess et al., 2011; Morazzani et al., 2012; Wang et al., 2018). One
possible hypothesis for the generation of vpiRNAs in mosquitoes is
linked to the control of persistent virus infection and tolerance in
mosquitoes (Goic et al., 2016; Poirier et al., 2018). Recently, it has been
suggested that viral DNA forms are generated by mosquito cells during
virus infection (Goic et al., 2016; Nag et al., 2016a; Nag and Kramer,
2017). These viral DNA forms may serve as templates for vpiRNA
generation, but are also important for generation of vsiRNAs (Goic
et al., 2016; Poirier et al., 2018) as seen previously in persistent virus
infection of Drosophila (Goic et al., 2013). While there are still many
open questions regarding vpiRNA synthesis and their role in antiviral
responses of Aedes spp. mosquitoes, RNAi responses of Culex spp.
mosquitoes are comparatively understudied. Nonetheless, evidence for
an exogenous RNAi response to WNV infection in Culex quinquefasciatus
mosquitoes has been reported previously (Brackney et al., 2009; Fros
et al., 2015; Göertz et al., 2016). Dietrich et al. (2017) further showed
that Cx. quinquefasciatus can generate both vsiRNAs and vpiRNAs in
response to Rift Valley fever virus (RVFV) infection.

In the present study, we characterized the sRNA responses of Culex
mosquitoes and cell lines to WNV and two insect-specific viruses in
order to assess whether vpiRNAs may be involved in antiviral responses
of Culex mosquitoes. We sequenced sRNA libraries generated from
WNV-infected Culex cells, mosquito midguts and salivary glands. As a
comparison, we also sequenced sRNA libraries from midguts of WNV-
infected Ae. aegypti mosquitoes, which are competent to transmit WNV
but are not considered a vector species. We also quantified expression
of putative PIWI pathway components in Cx. quinquefasciatus midguts
and ovaries, as well as Cx. quinquefasciatus Hsu cells. Additionally, since
insect-specific viruses are replicating persistently in both of our Culex
cell lines, the flavivirus Calbertado virus (CLBOV) in Culex tarsalis CT
cells (Aaron Brault, personal communication) and the rhabdovirus
Merida virus (MERDV) in Hsu cells (Weger-Lucarelli et al., 2018), we
also analyzed virus-derived small RNAs (vsRNAs) from these viruses.
While we detected no vpiRNAs to CLBOV in CT cells, we found evidence
for MERDV-derived piRNAs in Hsu cells. To investigate whether viral
DNA forms are generated in Culex cells, we extracted DNA from virus-
infected cell cultures and screened it for the presence of viral DNA. We
found that viral DNA forms were produced by WNV-infected CT cells,
but few WNV or MERDV DNA forms were detected in Cx. quinque-
fasciatus cells. Overall, we have characterized sRNA responses of Culex
mosquitoes and cell lines to WNV, and we have shown that Cx. quin-
quefasciatus Hsu cells produce vpiRNAs derived from the rhabdovirus
MERDV.

2. Materials and methods

2.1. Mosquitoes

Mosquito larvae of lab-colonized Culex tarsalis, strain KR83 (Eberle
and Reisen, 1986), Cx. quinquefasciatus (Ciota et al., 2013) and Ae.
aegypti from Chetumal, Mexico (Lozano-Fuentes et al., 2009), were
raised on a diet of a 1:1 mix of powdered Tetra food and powdered
rodent chow. Pupae were allowed to emerge into containers and adult
mosquitoes were kept at 26–27 °C with a 16:8 light:dark cycle (Culex
spp.) or a 12:12 light:dark cycle (Ae. aegypti) and 70%–80% relative
humidity, with water and sugar provided ad libitum.

2.2. Cell lines

The Cx. quinquefasciatus ovary-derived cell line Hsu (Hsu et al.,
1970) was maintained at 28 °C in DMEM supplemented with 10% FBS,
10% tryptose phosphate broth and antibiotics (100 units/mL penicillin
and 100 μg/mL streptomycin) in a humidified atmosphere of 5% CO2 in
air. The Cx. tarsalis-derived embryonic cell line CT (Chao and Ball,
1976) was maintained at 28 °C in Schneider's Drosophila medium
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supplemented with 10% FBS and antibiotics. The Ae. albopictus-derived
embryonic cell line C6/36 (Singh, 1967) was maintained at 28 °C in
EMEM supplemented with 10% FBS and antibiotics in a humidified
atmosphere of 5% CO2 in air.

2.3. Viruses

WNV was produced from an infectious clone based on the WNVNY99

strain of the virus as described elsewhere (Shi et al., 2002). Re-
combinant infectious-clone derived SINV strain MRE16
(SINV5'dsMRE16icd) (Foy et al., 2004) was provided by Dr. Brian Foy
(Colorado State University) and used to infect C6/36 cells as a positive
control since we expected production of vpiRNAs from this virus-cell
combination. The insect specific virus MERDV was found to infect Hsu
cells by RNAseq (Weger-Lucarelli et al., 2018). The sequence of CLBOV
was kindly provided by Dr. Aaron Brault (CDC, Fort Collins).

2.4. Virus infection of mosquitoes

Adult female mosquitoes 6–8 days post-eclosion were fed an in-
fectious bloodmeal of defibrinated calf blood containing 1× 108 PFU/
mL of WNVNY99icd and a final concentration of 2mM ATP. Engorged
mosquitoes were held for 7 or 14 days in a BSL-3 insectary under the
same conditions as described above, after which they were cold an-
esthetized, and midguts and/or salivary glands were dissected and
stored in miRvana RNA isolation lysis buffer (Ambion) at −80 °C until
RNA isolation.

2.5. Virus infection of cell lines and viral growth curves

Hsu, CT and C6/36 cells were seeded in 24 well plates at a density of
3× 105 cells/well and infected with WNV at MOI 5 or mock-infected by
removal of media and incubation with 200 µL virus dilution in re-
spective culture media supplemented with only 2% FBS. After 1 h, 1mL
regular culture media was added and the cells were incubated at 28 °C.
For the growth curve, supernatant was collected every 24 h and cells
were lysed every 24 h in TNA lysis buffer (Omega Bio-Tek) and stored at
−80 °C. Infectious virus in the supernatant was titrated by standard
plaque assay on Vero cells using an agar overlay. RNA from cell lysates
was extracted using the Mag-Bind Viral DNA/RNA 96 kit (Omega Bio-
Tek) on the KingFisher Flex Magnetic Particle Processor (Thermo Fisher
Scientific). Viral RNA copies were quantified by qRT-PCR as previously
described (Lanciotti et al., 2000).

2.6. Quantification of PIWI gene expression

In order to determine expression of PIWI genes in mosquito tissues
and cell lines, RNA was extracted using the Mag-Bind Viral DNA/RNA
96 kit (Omega Bio-Tek) on the KingFisher Flex Magnetic Particle
Processor (Thermo Fisher Scientific), DNase treated and cDNA was
generated using the high capacity cDNA reverse transcription kit
(Applied Biosystems). For mosquito tissues, PIWI genes and three
house-keeping genes (18S rRNA, GAPDH and chymotrypsin) were then
quantified by qPCR and PIWI expression was normalized to the three
house-keeping genes. Since expression of GAPDH is stable in Hsu cells
before and after infection (our own observation), only GAPDH was used
as a housekeeping gene in qPCRs using Hsu cell cDNAs. All PCR primers
are provided in Table S1.

2.7. Detection of viral DNA forms

DNA from cell lines and mosquito midguts was extracted using the
Quick gDNA Miniprep kit (Zymo) according to the manufacturer's in-
structions. Samples were used directly for PCR or DNase treated using
RQ1 DNase (Promega) for 30min at 37 °C with subsequent DNase in-
activation at 65 °C for 10min. Primers used for the detection of viral

DNA forms are shown in Table S1 and Table S2.

2.8. Preparation of sRNA libraries and sequencing

Total RNA was extracted from homogenized mosquito midguts,
salivary glands and cell lysates using the mirVana miRNA isolation kit
(Ambion, Austin TX) as per manufacturer's instructions. RNA from in-
dividual midguts, salivary glands and cell culture samples were
screened for the presence of WNV genomic RNA by 1-step RT-PCR
(Qiagen, Valencia CA) using 1971-F (5′-TTGCAAAGTTCCTATCTCGT
CAG-3′) and 2928c (5′-CCAAATCCAAAATCCTCCACTTCT-3′) primers.
RNA quality of virus positive samples was determined using a 2100
Bioanalyzer (Agilent, Santa Clara CA). High quality, WNV positive
midguts and salivary glands were then pooled into groups of five by
tissue. Pooled RNA samples (and non-pooled cell culture samples) were
precipitated by adding 3.25 vol of ice-cold ethanol, 0.1 vol 3M NaOAc
(pH 5.5), and 1.5 μL of linear acrylamide (Ambion, 5mg/mL). After
overnight incubation at−20 °C, the pools were centrifuged at 20,000 g,
washed twice with 80% EtOH, and re-suspended in 18uL nuclease-free
water. For midguts and cell culture samples, 1 μg total RNA was used as
the input for sRNA library preparation using the TruSeq Small RNA
Sample Prep Kit (Illumina, San Diego CA) as per manufacturer's sug-
gested protocol. Briefly, small RNAs were preferentially 3′ and 5′
adapter-ligated, reverse transcribed using the Superscript II reverse
transcriptase (Invitrogen, Carlsbad CA), and PCR amplified, during
which time a unique oligonucleotide barcode sequence was added to
each library for multiplexing. Small RNA libraries were size selected on
2% TBE-agarose gels, and purified with MinElute Gel Extraction kits
(Qiagen). Purified cDNA libraries were eluted in water, quality con-
trolled on the 2100 Bioanalyzer, and sequenced on an Illumina HiSeq
2000 instrument (Beckman-Coulter Genomics). Salivary gland samples
had extremely little input RNA (not detectable by Qubit high sensitivity
RNA kit) and we found that library preparation using the Illumina
TruSeq kit resulted in adapter dimer formation. Instead we used the
NEBNext® Small RNA Library Prep Set for Illumina® to prepare libraries
from salivary glands. We followed the manufacturer's instruction, but
we diluted the 3′ and 5′ adapters 1:12 to allow for low input samples.
We increased the number of cycles for the PCR amplification step to 24
cycles (recommended is 12–15) to allow visualization on a 2% agarose
gel. We purified samples as described above and sequenced libraries on
an Illumina NextSeq500 at the Colorado State University IDRC
Genomics Core using 75 cycles of single read high output sequencing.

2.9. Analysis

The generated sRNA sequencing data (FASTQ files) were then
analyzed using a pipeline established in our laboratory. Using the pi-
peline, FASTQ files were trimmed of the 3’ adapter using FASTX Toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/), size selected (initially all
19–32 nt reads; then 19–23 nt and 24–32 nt) and aligned to the re-
spective viral consensus sequence using Bowtie 0.12.8 (Langmead et al.,
2009) allowing for 1-mismatch. The -a –best –strata mode was used,
which instructs Bowtie to report only those alignments in the best
alignment stratum. SAM output files produced by Bowtie were used as
the input for processing through SAMtools (Li et al., 2009). From the
individual read output, histograms were generated to show overall size
and polarity distribution of vsRNA reads. Nucleotide targeting of the
viral genome (i.e the number of vsRNA reads covering each nt position
of the WNV genome) was determined using the mpileup function of
SAMtools for 19–23 nt reads and 24–32 nt reads separately. Nucleotide
bias of specific positions was analyzed and plotted using the R package
viRome (Watson et al., 2013).
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3. Results

3.1. Culex cells produce predominantly 21 nt siRNAs during acute and
persistent WNV infection

We initially wanted to characterize sRNA responses of Culex cell
lines after WNV infection. Accordingly, we established WNV replication
and production kinetics in Hsu cells (Cx. quinquefasciatus), CT cells (Cx.
tarsalis) and C6/36 cells (Ae. albopictus) after infection with MOI 5 (Fig.
S1). From these kinetics, we decided to choose an early (2) and a late
(6) day post infection (dpi) time point for our sRNA sequencing. Hsu
cells, CT cells and C6/36 were either infected with WNV at MOI 5 or
mock-treated and sRNA libraries were prepared from triplicate RNA
samples at 2 and 6 dpi with WNV. C6/36 cells were used as a com-
parison in this experiment since they are derived from a non-Culex
mosquito species (Ae. albopictus). As another technical control, C6/
36 cells infected with SINV were included. Since we expected vpiRNA
production in these cells following infection with SINV based on pre-
vious studies of SINV-derived sRNAs in Aedes cells (Brackney et al.,
2010; Miesen et al., 2015; Vodovar et al., 2012), including them as a
positive control would allow us to ensure that we can detect vpiRNAs
with the methods used here for RNA extraction and library preparation.
We also sequenced sRNA libraries from Hsu cells infected with WNV for
17 and 30 days (including several cell passages) to investigate sRNA
responses during persistent WNV infection. No cytopathic effect (CPE)
was observed in Hsu or CT cells at any point during virus infection. C6/
36 cells showed CPE 6 dpi with WNV and 4 dpi with SINV.

In Hsu and CT cells infected with WNV, a strong vsRNA response
was elicited (Table S2), generating almost exclusively 21 nt vsiRNAs at
2 dpi (Fig. S2A) and 6 dpi (Fig. 1A and B). We detected no obvious peak

at any of the larger sRNA sizes (between 24 and 32 nt) that would be
indicative of vpiRNAs. In order to assess whether vpiRNAs might be
produced at lower levels, 24-32 nt sRNAs were analyzed for any posi-
tional nucleotide bias (such as U1 or A10); however, no strong bias was
observed at any position (Fig. 1A and B). CT cells exhibited some bias
for a U1 (and U2) of the antisense strand (Fig. 1B), but no signature of
ping-pong amplification. No single 24–32 nt WNV-derived sRNA read
was detected more than 74 times in any of the Hsu cell or CT cell
samples. These data suggest that WNV-derived piRNAs are not pro-
duced during acute infection of Culex cells to a significant level.

In addition to acutely infected cells, we were also interested in
vsRNA patterns during persistent infection. We infected Hsu cells with
WNV, passaged infected cells for 17 and 30 dpi, extracted RNA and
sequenced sRNA libraries. WNV RNA levels remained consistent at 17
and 30 dpi (Fig. S3) and we detected mostly 21 nt vsiRNAs with no
evidence for vpiRNA production at 17 dpi (Fig. S2B) and 30 dpi
(Fig. 2A). At 30 dpi, 24–32 nt vsRNAs had a random distribution along
the WNV genome with no apparent strand (Fig. 2B) or nucleotide bias
(Fig. 2A). Overall, WNV-derived sRNA reads from Hsu cells were
comparable across all time points (2, 6, 17 and 30 dpi).

However, to exclude technical issues that may have resulted in this
lack of vpiRNA detection, we next profiled sRNA reads from Ae. albo-
pictus C6/36 cells infected with WNV and SINV. C6/36 cells are defi-
cient in Dcr2 processing (Brackney et al., 2010) and generated pre-
dominantly 24–32 nt vsRNAs upon infection with both WNV (Fig. S4A)
and SINV (Fig. S4B) by 6 dpi. Both WNV and SINV-infected cells had a
vsRNA peak around 28 nt, with sRNA reads mainly derived from the
positive strand; however, for SINV the peak was distinct, while WNV-
infected cells generated a wider spectrum of sRNA of more variable
length. Generally, SINV-infected C6/36 cells produced significantly

Fig. 1. Hsu and CT cells elicit a strong vsiRNA response to WNV infection. Profiling of vsRNAs aligning to WNV produced by Hsu cells (A) and CT cells (B) 6 dpi.
Size distribution plots of sRNA reads are shown in the left panels. The mean from three replicate samples is shown and error bars indicate the range. Nucleotide bias
of 24–32 nt sRNA reads derived from the sense and antisense genome is depicted in the middle and right panels, respectively. Data from one representative sample is
shown.
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more vsRNAs than WNV-infected C6/36 cells by 2 and 6 dpi (Table S3),
with SINV-derived sRNAs making up 22.99% of all sRNA reads by 6 dpi.
In comparison, only 1.55% of total sRNA reads were WNV-derived by
6dpi in WNV-infected C6/36 cells (Table S3). However, this observation
may directly correlate with higher levels of SINV subgenomic RNA
compared to WNV RNA which was not tested here. No signature of
ping-pong amplification was found in 24–32 nt WNV-derived sRNAs,
with no clear bias for a U1 indicative of primary vpiRNAs (Fig. S4A).
SINV-derived 24–32 nt sRNAs had a clear bias for a U1 (T1) in antisense
derived sRNA reads and some bias for an A10 in sense sRNA reads,
suggesting ping-pong amplification (Fig. S4B). WNV-derived 24–32 nt
reads mapped predominantly to two specific loci along the WNV
genome (Fig. S4C) – one in the region encoding NS5 (positions
10115–10142) and one at the very 3′UTR of the genome (positions
10999–11029). These positions were covered mainly by four individual
sRNA reads, only one of which had a U1 (T1) (TGGTGGCTGGTGGTGC
GAGAACACAGGATCT) while the other three had neither a U (T) at
position 1 nor an A at position 10. However, we did not perform β-
elimination assays in this study and cannot exclude that these reads
may be vpiRNAs without the hallmark nucleotide bias as seen pre-
viously for flaviviruses in Aedes cells (Miesen et al., 2016; Scott et al.,
2010; Varjak et al., 2017a). SINV-derived sRNA reads mapped more
broadly along the 5′ end of the genome as well as the subgenomic RNA
encoding the structural proteins (Fig. S4D). Our results from C6/36 cells
provided evidence that our methods are suitable for the detection of
vpiRNAs as shown for SINV-infected C6/36 cells.

3.2. Culex quinquefasciatus mosquito midguts and salivary glands
predominantly generate 21 nt vsiRNAs upon WNV infection

We next wanted to focus on sRNA responses in vivo and analyzed the
sRNA profiles of WNV-infected Cx. quinquefasciatus midguts and sali-
vary glands. We chose these two tissues because they represent

important barriers for virus dissemination and transmission in mos-
quitoes. Similar to our cell line experiment, we also included a non-
vector species, Ae. aegypti, for comparison. We sequenced sRNA li-
braries generated from midguts and salivary glands of Cx. quinque-
fasciatus 7 and 14 dpi with WNV, respectively, as well as from midguts
of Ae. aegypti mosquitoes 14 dpi with WNV. The numbers of 19–32 nt
sRNA sequencing reads aligning to the WNV genome are shown in
Table S3. In all samples, the predominant size of vsRNAs was 21 nt
(Fig. 3, left panels), indicative of an exogenous siRNA response. In Cx.
quinquefasciatus midguts (Fig. 3A) and salivary glands (Fig. 3B), there
was no peak at any other read length that may be indicative of
vpiRNAs.

WNV-infected Ae. aegypti midguts had two very small peaks at 26 nt
and 28 nt length (Fig. 3C), potentially indicative of WNV-derived
piRNA production. To determine whether vpiRNAs were present at low
proportions, we analyzed 24-32 nt vsRNAs for any nucleotide bias in-
dicative of primary (5′-U1) or secondary (A10) piRNAs. We observed no
distinct nucleotide bias indicative of primary WNV-derived piRNAs or
ping-pong amplification in any of the mosquito species/tissues. The
small peaks at 26 and 28 nt length in Ae. aegypti midguts were directly
caused by two dominating reads derived from the same region in NS5,
CTGGCTGGGACACCCGCATCACGAGA(GC). These reads have an ade-
nine at position 10 and may thus represent secondary piRNA reads, but
no primary piRNA counterpart (sRNA beginning with the reverse
complement of the first 10 nucleotides) was found at any read length
(19–32 nt). Other studies of flaviviruses in Aedes mosquitoes and cell
lines have found vpiRNAs derived from only a few regions along the
genome lacking nucleotide bias (Miesen et al., 2016; Varjak et al.,
2017a). One of these regions, highlighted by Varjak et al. (2017a), is
mostly conserved in WNV, but we found no vpiRNA targeting this re-
gion in WNV.

In addition, we wanted to assess whether piRNAs can even be
generated in Cx. quinquefasciatus midguts, and to further exclude the

Fig. 2. WNV-derived sRNA profiles of persistently infected Hsu cells. Hsu cells were infected with WNV sRNA libraries sequenced 30 dpi. Size distribution plots
of sRNA reads are shown in (A), left panel. The mean from three replicate samples is shown and error bars indicate the range. Nucleotide bias of 24–32 nt sRNA reads
derived from the sense and antisense genome is depicted in the middle and right panels (A), respectively. Data from one representative sample is shown. Positional
targeting of the WNV genome by 24–32 nt vsRNAs is shown in (B). Data represents the mean of three replicate samples.
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possibility that we lost piRNAs during library preparation. For this, we
aligned our sRNA reads to two known retrotransposons found in the Cx.
quinquefasciatus genome, Gypsy13 (Fig. S5A) and Gypsy1 (Fig. S5B).
We identified sRNA reads of predominantly 24–28 nt length which
aligned to the two retrotransposons. All sequences aligned to the ne-
gative strand of the retrotransposons and we observed a strong bias for
a U1 (T1; Fig. S5), suggesting that these sequences correspond to pri-
mary piRNAs.

3.3. PIWI gene expression in Culex quinquefasciatus tissues and cells

To determine potential factors responsible for a lack of vpiRNAs in
infected Culex midguts, we characterized PIWI gene expression in
midguts and ovaries of Cx. quinquefasciatus mosquitoes. PIWI gene ex-
pression may indicate which genes are expressed in midguts and if any
genes essential for ping-pong amplification, such as Ago3, are not ex-
pressed. Ovaries were used as a comparison since piRNAs are important
for germ line protection and high expression of PIWI genes was thus
anticipated in ovaries. We quantified relative gene expression of all

PIWI genes and the accessory gene Zucchini (Zuc) in cDNA from three
replicate pools of five midguts or five ovaries by qPCR. Expression was
normalized to three housekeeping genes (GAPDH, chymotrypsin and
18S rRNA). While expression of all PIWI genes was high in ovaries and
similar between genes, expression was generally lower in midguts and
varied significantly between the different PIWI genes (Fig. 4A). Ago3,
Piwi2, Piwi5 and Zuc were expressed at relatively high levels, but ex-
pression of Piwi6 was lower, and Piwi1, 3 and 4 were either below or
just above the limit of detection of our assay (Fig. 4A). We also detected
expression of PIWI genes in Hsu cells (Fig. 4B,C). Since virus infection
often alters expression of selected genes, we were next interested in the
impact of WNV infection on PIWI gene expression in Culex Hsu cells. To
test whether virus infection of Hsu cells changes PIWI gene expression,
cells infected with WNV were lysed at 2 dpi and 6 dpi and PIWI gene
expression was determined by qRT-PCR. We did not detect any sig-
nificant change in PIWI expression after WNV infection (Fig. 4B,C) at
either time point (multiple unpaired t-tests with Holm-Sidak correction
for multiple comparisons).

Fig. 3. WNV-derived sRNA profiles of mosquito midguts and salivary glands. sRNA libraries were sequenced from pools of five Cx. quinquefasciatus midguts 7
dpi with WNV (A) or pools of five Cx. quinquefasciatus salivary glands 14 dpi with WNV (B). sRNA libraries were also sequenced from pools of Ae. aegypti midguts 14
dpi with WNV (C). Mean sRNA read length from three combined replicates is shown in the left panels. Error bars indicate range. Read counts were normalized to the
total number of reads and are shown as percent of total reads. Nucleotide bias of 24–32 nt sense reads (middle panels) and antisense (right panels) reads was analyzed
using viRome (Watson et al., 2013). Data from one representative sample is shown for nucleotide bias analysis.
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3.4. Characterization of sRNAs derived from two insect-specific viruses
replicating in Culex cells

After assessing sRNA profiles upon WNV infection, we were inter-
ested in the sRNA profiles derived from insect-specific viruses present in
our cell lines. Cx. tarsalis CT cells are persistently infected with an in-
sect-specific flavivirus, CLBOV (Aaron Brault, personal communica-
tion). Since we had sequenced sRNAs from mock-infected CT cells, we
aligned sRNA reads from CT cells (2 days post mock-infection) to the
genome of CLBOV to characterize the sRNA profile derived from this
insect-specific flavivirus. Reads were mostly 21 nt in length and no
strong evidence for vpiRNA reads was found (Fig. 5). Overall, the
vsRNA profile was comparable to that of WNV-infected CT cells.

The discovery that MERDV persistently infects Hsu cells (Weger-
Lucarelli et al., 2018) allowed us to further characterize the sRNA re-
sponses to this insect-specific rhabdovirus. We aligned 19–32 nt reads
from mock-infected Hsu cells to the MERDV genome and plotted size
distribution (Fig. 6A), distribution of reads along the genome
(Fig. 6B,C) and nucleotide bias of 24–32 nt reads (Fig. 6D,E). Size dis-
tribution of reads aligning to MERDV was characterized by a distinct
21 nt peak, as well as a peak around 27 nt (Fig. 6A). 21 nt reads aligned

both to the genome and antigenome of the virus, whereas 24-32 nt
reads aligned predominantly to the positive sense RNA (antigenome).
Positional targeting along the MERDV genome showed a striking bias
for 21 nt reads at the 5‘ end of the genome (Fig. 6B), targeting both
strands, whereas 24–32 nt vsRNA reads predominantly aligned to the
positive strand (antigenome) at the 3’ end (Fig. 6C). Large areas of the
viral genome were not targeted by vsRNAs. When we analyzed nu-
cleotide bias in 24–32 nt vsRNAs, we observed a strong bias for an A10

(Fig. 6D) and a U1 (Fig. 6E) (shown as T) of vsRNAs targeting the sense
and antisense, respectively, suggesting ping-pong amplification of
vpiRNAs in this virus-cell pairing. Another interesting observation was
that 17 and 30 days post WNV infection of Hsu cells, no MERDV sRNA
reads were detected above background levels (Table S2) which corre-
lated with a lack of MERDV RNA in these samples (Fig. S3) suggesting
MERDV was cleared during persistent WNV replication.

3.5. Production of viral DNA intermediates in Culex cells

It has been shown that DNA forms of arboviruses are generated in
both Drosophila cells (Goic et al., 2013) and Aedes spp. mosquitoes in
vitro and in vivo (Goic et al., 2016; Nag et al., 2016a; Nag and Kramer,

Fig. 4. PIWI gene expression in Cx. quinquefasciatus tissues and cells. Relative expression of individual key components of the PIWI pathway was determined in
midguts and ovaries from Cx. quinquefasciatus (A) by qPCR and normalization to GAPDH, chymotrypsin and 18S rRNA. Error bars indicate standard deviation of 3
replicate pools of five midguts or five ovaries. The dotted line indicates the limit of detection and accurate quantification of our assay (corresponding to ct 36 in the
qPCR). Expression of PIWI genes was also quantified in the Cx. quinquefasciatus cell line Hsu by qPCR and normalization to GAPDH at 2 dpi (B) and 6 dpi (C) with
WNV. Error bars indicate standard deviation from 3 replicate samples. Statistical significance was calculated using multiple unpaired t-tests with Holm-Sidak
correction for multiple comparisons.

Fig. 5. CLBOV-derived sRNAs in Cx. tarsalis CT cells. sRNA libraries were sequenced from CT cells 2 days post mock-infection. Mean sRNA read length from three
combined replicates is shown in the left panels. Error bars indicate range. Read counts were normalized to the total number of reads and are shown as percent of total
reads. Nucleotide bias of 24–32 nt sense reads (middle panels) and antisense (right panels) reads was analyzed using viRome (Watson et al., 2013). Data from one
representative sample is shown for nucleotide bias analysis.
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2017). Since these DNA forms are important for the generation of
chikungunya virus derived siRNAs and piRNAs and mosquito tolerance
in Ae. albopictus mosquitoes (Goic et al., 2016), we sought to determine
whether Culex cells were also able to generate viral DNA forms. The
Culex cell lines Hsu and CT, as well as the Aedes cell lines C6/36 and
Aag2, were infected with WNV at MOI 1 and DNA was extracted 2 dpi,
4 dpi and for Hsu cells also 17 dpi and 30 dpi. As expected based on
previous literature (Goic et al., 2016; Nag et al., 2016a; Nag and

Kramer, 2017), viral DNA forms were observed in both C6/36 and Aag2
cell lines as early as 2 dpi (Fig. 7A). In CT cells, WNV DNA forms were
also readily detected by 2 dpi. In Cx. quinquefasciatus Hsu cells we in-
itially detected no viral DNA forms even by 30 dpi (Fig. 7A) using the
selected WNV primer set (see Table S1) despite continuing virus re-
plication (Fig. S3). Similarly, no viral DNA forms were detected in Cx.
quinquefasciatus midguts 14 dpi with WNV (Fig. 7A).

To ensure that we did not miss viral DNA forms we next screened

Fig. 6. Hsu cells produce vpiRNAs targeting MERDV. sRNAs isolated from three replicate cultures of Hsu cells persistently infected with MERDV were sequenced
and profiled by size (A) and targeting along the virus genome of 19–23 nt reads (B) and 24–32 nt reads (C). Combined results from three replicate samples are shown.
Nucleotide bias of 24–32 nt reads derived from the sense (D) and antisense (E) strand were analyzed using the R package viRome (Watson et al., 2013) and results
from one representative sample are shown.

Fig. 7. WNV DNA forms are generated in C6/36, Aag2 and CT cells, but not Hsu cells. WNV PCRs were performed using template DNA extracted from C6/36,
Aag2, Hsu and CT cells infected with WNV (A). WNV PCRs were also performed using DNA extracted from Cx. quinquefasciatus midguts 14 dpi with WNV (A). DNA
was also extracted from Hsu and CT cultures which were not infected with WNV. This DNA was used to test for the presence of DNA forms of MERDV and CLBOV in
Hsu and CT cells, respectively (B). A DNase treated negative control was included for all conditions, as well as a GAPDH positive control. PCRs were performed in
triplicate samples; one representative sample is shown. Faint bands in Hsu cells are not of the correct size and represent primer dimers.
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DNA from WNV-infected Aag2 cells (4 dpi), C6/36 cells (4 dpi), CT cells
(4 dpi) and Hsu cells (17 dpi) using 24 primer sets binding along almost
the entire WNV genome (for primers see Table S2). In Aag2, C6/36, and
CT cells most or all regions of the genome were detected as DNA forms
(Table 1). In Hsu cells, detection of WNV DNA was sporadic, but mul-
tiple genome regions were detected in at least one of three replicate
DNA samples at 17 dpi (Table 1; Fig. S6). Only one region along the
WNV genome was detected in all three replicate samples tested (primer
set 21, amplifying a region of NS5).

We were also interested in determining whether viral DNA forms
are generated from persistent insect-specific viruses in Culex cells. We
thus screened DNA extracted from untreated Hsu and CT cells for
MERDV DNA and CLBOV DNA, respectively (Fig. 7B). No MERDV DNA
was detected in our initial screen, but a faint signal of CLBOV DNA was
detected in CT cells. We next used 28 primer sets amplifying along the
MERDV genome to detect if any DNA forms were present (for primers
see Table S2). For any PCR products of roughly the correct size, sanger
sequencing was performed to confirm a viral origin. We found only four
primer sets (Table 1) that amplified a WNV-confirmed PCR product
from at least one replicate Hsu DNA sample. These primers did not
amplify a region with significant vpiRNA production. These data sug-
gest that while Hsu cells can generate viral DNA forms, this may occur
at a lower frequency than in other mosquito cell lines. However, this
lack of abundant viral DNA forms may be associated with relatively low
levels of WNV and MERDV RNA in Hsu cells (Fig. S1 and Fig. S3).
Overall, we found little evidence for viral DNA forms of genome regions
heavily targeted by vpiRNAs (primer sets 1–5).

4. Discussion

In the present study, we characterized vsRNA responses of Culex
mosquito tissues and cell lines to acute infection with WNV and per-
sistent infection with WNV and two insect-specific viruses. Overall, we
found that Culex midguts, salivary glands and cell lines generated a
strong exogenous siRNA response to WNV, but no significant levels of
vpiRNAs were detected. The vsRNA profiles were comparable between
acute and persistent WNV infection in Culex cells, and sRNA size dis-
tribution was comparable in Cx. tarsalis cells infected with the insect-
specific flavivirus CLBOV. In contrast, we detected a peak of 28 nt sRNA
reads in SINV-infected C6/36 cells with the classic hallmark nucleotide
bias (U1/A10) indicative of ping-pong amplification. We also detected a
less distinct peak at 28 nt in WNV-infected C6/36, but without a clear
nucleotide bias as shown previously for flavivirus-derived piRNAs in
Aedes mosquito cells (Miesen et al., 2016; Varjak et al., 2017a). To-
gether these data indicate that piRNAs may not be generated by Culex
cells upon flavivirus infection. While additional viruses and mosquito
tissues should be tested in the future, our inability to detect vpiRNAs in
mosquito midguts and salivary glands indicates that it is unlikely that
vpiRNAs significantly impact flavivirus transmission through antiviral
function. Instead, products of the siRNAs appear to be the only sRNAs
with the potential to impact virus transmission in Culex mosquitoes
under natural conditions.

It may be that vpiRNAs were lost during sRNA library preparation
due to an unidentified technical factor. However, since we detected
piRNAs in samples that were sequenced in parallel and prepared by the
same methods (SINV-infected C6/36 cells, MERDV-infected Hsu cells,
retrotransposons in midguts), this possibility seems unlikely. Another
technical limitation may have been sequencing depth. Sequencing
depth of vsRNA reads was relatively low in WNV-infected Cx. quin-
quefasciatus midguts (Table S3); however, since we had good sequen-
cing depth in our cell line samples and a lack of vpiRNAs in WNV-
infected Culex mosquitoes has previously suggested (Brackney et al.,
2009; Fros et al., 2015; Göertz et al., 2016), we are confident that Culex
mosquitoes do not generate any significant amount of WNV-derived
piRNAs. In comparison, we found only one predominant sRNA se-
quence of 26–28 nt length that may be indicative of a vpiRNA in WNV-
infected Ae. aegyptimidguts. This sRNA had no classic piRNA nucleotide
bias. It has previously been shown that flavivirus-derived piRNAs in Ae.
aegypti cells target few selected regions and have no nucleotide bias, as
seen for DENV (Miesen et al., 2016) and ZIKV (Varjak et al., 2017a).
However, we did not find vpiRNAs derived from same region in NS5 as
for DENV and ZIKV in these studies (highlighted by Varjak et al.,
2017a,b).

While we did not find any strong evidence for WNV-derived piRNAs
in Culex tissues or cells, we did detect piRNAs derived from an insect-
specific rhabdovirus, MERDV, which persistently infects Cx. quinque-
fasciatus Hsu cells. This finding and recent work showing that Cx.
quinquefasciatus mosquitoes generate vpiRNAs targeting RVFV (Dietrich
et al., 2017), indicate that Culex mosquitoes have the capability to
produce vpiRNAs. However, vpiRNAs from these mosquitoes may be
generated from negative sense, but not positive sense RNA viruses.
While further evidence is needed to confirm this observation on a larger
scale, sRNA responses clearly differ among these specific virus-mos-
quito pairings.

We also investigated whether the lack of vpiRNAs in Culex mos-
quitoes may be linked to PIWI gene expression. We detected expression
of all known PIWI genes in Cx. quinquefasciatus ovaries and high ex-
pression of Ago3, Piwi2, Piwi5 and Piwi6 in Cx. quinquefasciatus mid-
guts. However, expression of Piwi1, Piwi3 and Piwi4 was significantly
lower in midguts. This is in accordance with PIWI expression in Ae.
aegypti, where Piwi1-3 are germline specific (Akbari et al., 2013). It is
important to note that there is a discrepancy in labeling between
mosquito PIWI genes - Cx. quinquefasciatus Piwi4 appears to be a direct
orthologue of Ae. aegypti Piwi2, while Cx. quinquefasciatus Piwi2 is most
closely related to Ae. aegypti Piwi6 (Campbell et al., 2008) and appears
to be a paralog of Cx. quinquefasciatus Piwi6. Expression of PIWI genes
was comparable between midgut tissues and Hsu cells, despite the
ovarian origin of Hsu cells. Importantly, we detected piRNAs derived
from MERDV in Hsu cells, despite low level expression of Piwi1, Piwi3
and Piwi4 in these cells. This observation suggests that vpiRNA pro-
duction may be mediated by Ago3, Piwi2, Piwi5 and/or Piwi6 in Culex
cells. Further studies using gene silencing approaches will be necessary
to identify the specific molecules that produce vpiRNAs in Culex mos-
quitoes. Notably, vpiRNA production has been associated with Ago3,

Table 1
Detection of viral DNA forms in mosquito cells using primers along most of the genome.

Primer seta: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

WNV Aag2 + + + + + + + + + - + + + + + + + + + + + + + +
C6/36 + + + + + + + + + + + + + + + + + + + + + + + +
CT + + + + + + + + - - + + + + + + + + + + + + + +
Hsu - - + + - + - + - -b - - + + - + - + + + + + - -b

Primer seta: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

MERDV Hsu - - - - - + + -b -b - - - - - - + - + - - - - b - - - - - -

a For distribution of primer sets along WNV and MERDV genomes, see Table S2.
b Faint bands of a correct/nearly correct size were detected but were found to be cellular Cx. quinquefasciatus genes upon Sanger sequencing.

C. Rückert, et al. Insect Biochemistry and Molecular Biology 109 (2019) 13–23

21



Piwi5 and Piwi6 in Ae. aegypti cells (Miesen et al., 2015, 2016).
Recent research has highlighted the significance of viral DNA forms

generated by Drosophila and Aedes mosquito cells for the establishment
of persistent infections (Goic et al., 2013, 2016). In Aedes mosquito
cells, viral DNA forms of arboviruses are generated rapidly upon in-
fection (Goic et al., 2016; Nag et al., 2016b; Nag and Kramer, 2017).
Both circular and linear viral DNA is generated in a Dicer-2-dependent
manner, presumably from defective genomes (Poirier et al., 2018).
These viral DNA forms seem to serve as templates for vsiRNA and
vpiRNA production in Aedes mosquitoes, as AZT treatment, which
blocks reverse transcription of viral RNA into DNA, reduces overall
numbers of vsiRNA and vpiRNA reads (Goic et al., 2016). AZT treat-
ment also reduced mosquito survival following infection, suggesting
that viral DNA forms are critical mediators of infection tolerance (Goic
et al., 2016). While we observed viral DNA forms in WNV infected Cx.
tarsalis cells (CT) and WNV-infected Cx. quinquefasciatus cells (Hsu), we
found little evidence for MERDV-derived DNA forms in Hsu cells. Only
four short segments of the genome could be detected as DNA forms.
WNV DNA forms in Hsu cells were also harder to detect and only a few
regions of the genome were represented, varying between replicates.
However, since the generation of viral DNA forms in Drosophila has
been shown to be driven by circulating hemocytes in order to mediate a
systemic sRNA response (Tassetto et al., 2017), viral DNA forms may be
produced more readily in other cell types of Cx. quinquefasciatus that we
did not investigate here. The absence of MERDV DNA of regions tar-
geted by MERDV-derived vpiRNAs in Hsu cells, however, may suggest
that viral DNA forms may not be required for the production of
vpiRNAs in these cells. Interestingly, the lack of abundant viral DNA
forms in Cx. quinquefasciatus cells upon virus infection may explain
previous observations that the Cx. quinquefasciatus genome contains
less integrated viral elements than Aedes spp. genomes (Palatini et al.,
2017).

In conclusion, we have characterized sRNA responses of Culex cells
and mosquitoes to acute and persistent WNV infection, as well as to two
insect-specific viruses. We found that the exogenous siRNA response
may be the only sRNA response to WNV infection in Culex cells and
mosquitoes. In contrast, vpiRNAs were generated from the insect-spe-
cific rhabdovirus MERDV in Culex cells. Future work should aim at
elucidating the molecular mechanisms of vpiRNA production in Culex
mosquitoes as it is evident that there are differences compared to Aedes
mosquitoes, which may influence vector competence, virus persistence
and virus-mosquito interactions.
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