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Abstract

The RNA interference pathway functions as an antiviral defense in invertebrates. In order to generate
a phenotypic marker which “senses” the status of the RNAi pathway in Aedes aegypti, transgenic
strains were developed to express EGFP and DSRED marker genes in the eye, as well as double-
stranded RNA homologous to a portion of the EGFP gene. Transgenic “sensor” mosquitoes exhibited
robust eye-specific DSRED expression with little EGFP, indicating RNAi-based silencing. Cloning
and high-throughput sequencing of small RNAs confirmed that the inverted-repeat transgene was
successfully processed into short-interfering RNAs by the mosquito RNAI pathway. When the Ae.
aegypti homologues of the genes DCR-2 or AGO-2 were knocked-down, a clear increase in EGFP
fluorescence was observed in the mosquito eyes. Knockdown of DCR-2 was also associated with an
increase in EGFP mRNA levels, as determined by Northern blot and real-time PCR. Knockdown of
AGO-3, a gene involved in the germline-specific piRNA pathway, did not restore EGFP expression
at either the mRNA or protein level. This transgenic sensor strain can now be used to identify other
components of the mosquito RNAI pathway and has the potential to be used in the identification of
arboviral suppressors of RNAI.
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1. Introduction

Mosquito-borne viruses constitute a worldwide public health problem. Particularly important
examples of arboviruses of concern include members of the family Flaviviridae such as the
dengue (DEN; genus Flavivirus) viruses, serotypes 1-4, and yellow fever virus (YFV; genus
Flavivirus). An estimated 50-100 million dengue fever cases, and several hundred thousand
cases of the more severe dengue hemorrhagic fever and dengue shock syndrome, occur
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annually with more than 2.5 billion people at risk (Halstead, 2007). YFV also causes a severe
viral hemorrhagic fever. Despite the existence of a highly effective vaccine, YFV still affects
as many as 200,000 persons a year (Monath, 2001). Members of the family Togaviridae also
contribute to the worldwide problem of arboviral disease. Chikungunya virus (CHIKV, genus
Alphavirus) has re-emerged in Southeast Asia and India (Kamath et al., 2006) and has recently
been imported to Europe (Rezza et al., 2007). Aedes aegypti is an important epidemic vector
of dengue viruses, yellow fever virus and chikungunya virus. Although several studies have
recently suggested an antiviral role for the RNA interference (RNAI) pathway in mosquitoes
(Adelman et al., 2002b; Keene et al., 2004; Li et al., 2004; Sanchez-Vargas et al., 2004), it
remains unclear if RNAI affects the ability of mosquitoes to serve as disease vectors.

Induction of the RNAI pathway results in specific inhibition of gene expression. RNAI is
triggered by double stranded RNA (dsRNA). dsRNA is processed by Dicer (DCR) into short
RNA sequences ~21-23 nucleotides in length (Bernstein et al., 2001). Short interfering RNA
(SiIRNA) guide sequences derived from the small RNA duplexes are assembled in the RNA-
induced silencing complex (RISC). In addition to the guide sequences, Argonaute (AGO)
proteins are essential components of the RISC, with Ago-2 proteins required for RISC activity
in both Drosophila and mammalian cells (Liu et al., 2004; Rand et al., 2004). Using the guide
strand, active RISC degrades single stranded RNA in a homology dependent manner. SiRNAs
corresponding to a strain of Sindbis virus (SINV, genus Alphavirus) have been detected in
mosquito cells and tissues following virus infection (Sanchez-Vargas et al., 2004). SINV
expression systems also have been shown to generate sSiRNAs corresponding to inserted host
gene sequences following infection of mosquitoes (Tamang et al., 2004). These siRNAs are
functional, as specific silencing of host genes has been observed following infection of
mosquitoes with recombinant SINV expression systems (Attardo et al., 2003; Shiao et al.,
2001; Tamang et al., 2004). These results demonstrate that double-stranded RNA generated
during alphavirus replication is recognized by the RNAI pathway of the mosquito. The
biological significance of this, however, remains unknown.

The discovery that many genes essential for virulence in plant viruses are actually suppressors
of RNA silencing supports an antiviral function for the RNAI pathway (Li and Ding, 2006).
Suppressors of RNAI have also been identified from several animal virus families [reviewed
in (Li and Ding, 2006)], though not yet from any arboviruses. However, it is clear that
arboviruses are targeted by the RNAI pathway (Adelman et al., 2002b; Keene et al., 2004;
Sanchez-Vargas et al., 2004). It seems possible then, that the methods these viruses use to
evade, escape or suppress RNAIi might only be effective in their natural vectors. This might
help explain why most arboviruses are only transmitted efficiently by a handful of vectors.

The Mos1 mariner transposon has been used routinely to insert genetic material into the Ae.
aegypti genome (Coates et al., 1998). Our report describes the generation and successful
validation of two novel Mos1-generated transgenic strains of Ae. aegypti which express EGFP
on a conditional basis. That is, EGFP is only expressed when the RNAI pathway has been
compromised by knock-down of presumed RNAi components. Using these transgenic “sensor”
strains, we confirm that Ae. aegypti dicer-2 (AaDCR-2) and argonaute-2 (AaAGO-2) are
critical for the initiation and maintenance of RNA silencing in this mosquito. These transgenic
strains can now be used to identify novel mosquito genes which contribute to, or regulate the
RNAI response, as well as to identify potential arboviral suppressors of RNAI.

2. Materials and methods

2.1. Cloning of 3xP3-sensor construct

The transformation plasmid pMos3xP3-DsRED-3xP3-EGFP-3xP3-EGFPir (pMos/3xP3-
Sensor) was assembled using standard techniques. The EGFP inverted repeat was generated
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by placing the first 505 nt of the EGFP ORF in sense, followed by antisense orientation. A 68
bp intron from the Ae. aegypti sialokinin gene was used as a spacer as in previous experiments
(Franz et al., 2006). The EGFP inverted repeat was placed downstream of the previously
described eye-specific 3xP3 artificial promoter (Sheng et al., 1997), and was followed by the
83 bp HDV ribozyme (Perrotta and Been, 1991) and SV40 3'UTR. This cassette was transferred
into a vector containing a full length 3xP3-EGFP cassette (Berghammer et al., 1999). The full
length 3xP3-EGFP and 3xP3-EGFPir cassettes were transferred together into the Asc | site of
the previously described modified pMos3xP3-DsRED transformation vector (Adelman et al.,
2007).

2.2. Mosquito rearing and generation of transgenic strains

Aedes aegypti (kh% strain and Liverpool strain) were reared at 28°C and 60-70% humidity with
a photoperiod of 15 h light/9 h dark. Mosquito colonies were maintained entirely on
defibrinated sheep blood (Colorado Serum Company, Denver, CO) offered through a parafilm
membrane feeder. Embryo microinjections were performed as described (Coates et al., 1998)
using a micromanipulator (Leica Microsystems, Bannockburn, IL) and Fempto-Jet
microinjector (Eppendorf, Hamburg, Germany). Progeny of injected embryos were screened
for DSRED expression using a Leica MZ-16FL stereofluorescence microscope.

2.3. DNA extraction and Southern analysis

Genomic DNA was isolated from Liverpool, kh" or transgenic strains as described previously
(Adelman et al., 2007; Adelman et al., 2004). For Southern analysis, DNA from 6 females or
10 males was digested overnight with each restriction enzyme in the buffer recommended by
the manufacturer. Blots were hybridized to a 32P-labeled random-primed probe (GE
Healthcare, Piscataway, NJ) corresponding to a 1.2 kb Hind 111 fragment isolated from
pMos3xP3-DsRED.

2.4. Cloning of RNAIi genes and generation of recombinant Sindbis viruses

A pair of oligonucleotides encoding Asc I, Pac I, Not I, Sph I and Mlu I recognition sites (5'-
ctagaggcgcgccttaattaagcggecgceatgegtttaaacgegte-3' + 5'-
ctaggacgcgtttaaacgcatgcggcecgcttaattaaggegegect-3') were annealed and ligated into the Xba |
site of pTE/3'2J (Hahn et al., 1992), generating pTE/3'2J/mcs. Aedes aegypti gene fragments
were amplified by ONE-STEP RT-PCR (Qiagen, Valencia, CA) using total RNA isolated from
Liverpool strain mosquitoes and the following primers [VectorBase (Lawson et al., 2007) gene
ID numbers or supercontig locations are indicated in parentheses]: AaDCR-2 (AAEL006794)
5'-tttgaattcTGGACTCTGGAAACGACTTTGCCG-3' and 5'-
ttttctagaGAGTCAATGGTTTCATGTAAACAG-3', AaAGO-2 (supercont1.89 387915-
388612) 5'-ttttgaattcGGAACTATCGTTGACCGTTACATC-3' and 5'-
ttttctagaGGTATAGCGGAATCACATTAAACG-3', AaAGO-3 (AAEL007823) 5'-
ttttgcggccgcgAGATAACATTCATTGTCGTCCAGAAGCG-3' and 5'-
ttttttaattaaTCATGTCGCTGATTAACAAGGCACTC-3', where lower case letters indicate
bases added to the native sequence to generate EcoR I, Xba I, Asc | or Pac I restriction enzyme
sites. AaDCR-2 and AaAGO-2 amplification products were digested directly with EcoR 1/
Xba | and ligated into the EcoR 1/Xba I sites of pLitmus28i (NEB, Ipswich, MA). Gene
fragments in pLitmus28i were re-amplified using Pfx high-fidelity DNA polymerase
(Invitrogen, Carlsbad, CA) with primers primers 5'-
ttttttattaaATGCTTCCGGCTCGTATGTTGTGT-3' and 5'-
ttttggcgcgccCTGGCGAAAGGGGGATGTGCT-3'. Re-amplified AaDCR-2 and AaAGO-2
products, and directly amplified AaAGO-3 product were digested with Asc I/Pac | and ligated
into the Asc I/Pac | sites of pTE/3"2J/mcs so that each insert was in the antisense orientation
relative to the viral second subgenomic promoter. All clones were verified by sequencing. All
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pTE/3'2J/mcs clones were linearized with Xho | or PspX | prior to in vitro transcription with
SP6 RNA polymerase (NEB). In vitro transcribed RNA was electroporated into BHK-21 cells
as described previously (Myles et al., 2006). Infectious virus was harvested, titered in Vero
cells by plaque assay, and stored at —80°C until use.

2.5. Intrathoracic inoculation of viruses and scoring of transgenic heads

One to three day old adult transgenic female mosquitoes were anesthetized and injected
intrathoracically with approximately 0.4 pl of recombinant Sindbis virus suspension (~1 x
10* infectious particles/mosquito). Injected mosquitoes were kept under standard conditions
for 17 days, at which time levels of EGFP or DSRED expression were determined using a Leica
MZ-16FL stereofluorescence microscope. All fluorescent-light photos of mosquito heads were
taken in a room with 800 lux of ambient lighting using a Canon Powershot 1S3 digital camera
at a constant shutter speed of 0.8 s at a total magnification of 40X prior to scoring.

2.6. RNA extractions, Northern analysis and Real-time PCR

Total RNA was extracted from heads or whole mosquitoes using the Trizol reagent
(Invitrogen). For Northern analysis, 5 ug of total RNA was electrophoresed in a formaldehyde/
agarose gel and blotted to a nylon membrane using standard procedures. Blots were hybridized
to a 32P-labeled random-primed probe (GE Healthcare) corresponding to the 3' 216 bp of the
EGFP ORF, which is not present in the inverted repeat construct. For real-time PCR, total RNA
was DNase treated, phenol-chloroform extracted and ethanol precipitated prior to first strand
cDNA synthesis using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). Power SYBR® Green PCR Master Mix (Applied Biosystems,
UK) (supplied as 2X) was used for PCR reactions with final primer concentrations at 250nM
and using 0.5 ul cDNA on a 7300 Real Time PCR System (Applied Biosystems) as follows:
95°C (10"), 40 cycles of 95°C (15 s), 54°C (30°s), 72°C (30 s); followed by a dissociation curve
of 95°C (15 s), 60°C (60 s) with a slow ramp to 95°C taking constant fluorescence
measurements (hold at 95 C for 15sec). Real-time PCR was performed in triplicate for each
cDNA using primers for EGFP, a housekeeping gene (AaElav) or a putative RNAI gene
(AaDcr-2, AaAGO-2, AaAGO-3). Primers pairs were as follows: EGFP: F 5'-
AGCTGGACGGCGACGTAAA-3 and R 5-TCGCCGATGGGGGTGTTCTGC-3'; AaElav:
F 5-AAAGAAGCTGAACGTGCCATTG -3’ and R 5'-TCTCCTCCCATCGGTGAAAAG
-3'; AaDcr-2: F 5-AATCATTCCGCCCGAGTGCTAT -3'and R 5'-
GTCCCCCATGGTCTGCTGTGA -3'; AaAgo-2: F 5'-
AGGTAATCAACGCCAAAACGAACG -3'and R 5-AAGCGGCCACTCCCACCACACT
-3'; AaAgo-3: F 5'-TCCCGGAGATTTGCTACCTTACC -3’ and R 5'-
AATTTCCCGGGCTTCCTTGTTT -3'. Data was analyzed using the ddC; method on the 7300
System SDS Software (Applied Biosystems) using the AaElav values as the endogenous
control and the uninjected sample as the Calibrator. The C; threshold was manually set to 0.2
and the baseline was set to cycles 3 to 15.

2.7. Small RNA cloning and identification of EGFP siRNAs

Total RNA was extracted from transgenic sensor strain heads and size fractionated by
polyacrylamide gel electrophoresis (PAGE). Small RNAs (18-30nt) were isolated and ligated
to 5’ and 3’ RNA adapters. A cDNA library was generated from the small RNAs with adapters
by reverse transcription followed by polymerase chain reaction (RT-PCR). The cDNA library
generated was sequenced on an Illumina (San Diego, CA) Genome Analyzer System.
Sequences for the RNA adapters, RT-PCR primers, and the DNA sequencing primer can be
provided upon request. In order to identify small RNAs corresponding to EGFP, the 720 nt
EGFP ORF was used to Query a database (blastn program; e 100) containing all of the
sequences obtained from high-throughput sequencing (~4 million individual reads).
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3. Results

3.1. Generation of transgenic “sensor” strain

In order to generate a phenotypic marker which reflects, or “senses” the status of the RNA
interference pathway in Ae. aegypti, a series of artificial gene cassettes was assembled in a
single Mos1 transformation construct (Fig. 1A). The first two genes encoded for the red and
green fluorescent proteins, DsRED and EGFP. The third cassette was an inverted repeat
sequence designed to express dsRNA derived from a portion of the EGFP coding sequence.
All three cassettes were controlled individually from the eye-specific artificial promoter 3xP3
(Sheng et al., 1997). To generate transgenic Ae. aegypti, embryos (n=1478) of the white-eyed
khW strain were injected with a combination of pMos/3xP3-sensor (donor plasmid) and
pKhsp82-MOS1 (source of transposase) at 0.5 and 0.3 pg/ul, respectively. From these, 142
Gg survivors (9.6% survival) were mated to kh"¥ males or females and combined into 8 male
G families (#1-8) and 1 female G pool (#9). G; progeny were screened as early larvae for
DsRED expression in the eyes. Three DsSRED* G individuals survived to adulthood. Of these,
two males from family #9 were mated separately to kh"W females to establish sublines #9.1 and
#9.6. The final DSRED™ individual was a single female, derived from family #2. Progeny from
lines #2, 9.1 and 9.6 were analyzed by Southern to determine the integration status of the
Mosl transposable element (Fig. 1B). Genomic DNA isolated from lines #2, 9.1 and 9.6 was
digested with EcoR I, Sac | or Pst I. The relative locations of these restriction sites in the pMos/
3xP3-sensor transformation construct are indicated in Figure 1A. Only a single hybridization
signal was detected in EcoR I-digested genomic DNA. As this enzyme does not have a
recognition site within the transformation construct, this result is consistent with the presence
of a single insertion (Fig. 1B). Sac I-digestion was expected to produce two small internal
fragments (not shown), as well as two fragments of variable size containing the left- and right-
hand junction fragments, while Pst I-digestion was expected to produce one internal fragment
(indicated by small arrowhead), as well as two unique junction fragments. As expected, two
hybridization signals were detected in Sac I-digested genomic DNA, with three hybridization
signals in the Pst I-digested DNA (Fig. 1B). The pattern of hybridization signals for
transformed lines #9.1 and #9.6 were identical for all three digestions, indicating that the two
founder males used to establish these lines were both descended from the same initial
transformation event. Thus these two lines were collapsed into a single line, referred to as #9.
These analyses indicate that two independent transformation events were recovered, yielding
an estimated transformation frequency of ~2.8% (Adelman et al., 2002a).

3.2. Sex-linkage of 3xP3-sensor transgene

While expanding each of these transgenic lines for the analyses described below, it was
observed that the transgene insertion in line #2 appeared to be linked to the female-determining
locus. Unlike other Dipterans, Aedes mosquitoes do not have separate sex chromosomes, but
rather a sex-determining locus which maps to chromosome 1 (Craig, 1967). The male-
determining allele (M) is dominant, with the female allele (m) recessive. To confirm the
presumed linkage of the 3xP3-sensor transgene in line #2, three replicate crosses were
performed. Each cross consisted of 75 3xP3-sensor #2 males (hypothetical genotype M/m-
sensor) mated to 300 kh females (genotype m/m). The resulting progeny were scored as adults
for both DSRED fluorescence and sex, with the results presented in Table 1. While the overall
DsRED™:DsRED" and male:female ratios were essentially 1:1, as would be expected of the
inheritance of a single gene, the 3xP3-sensor transgene was inherited by greater than 99% of
female progeny (genotype m/m-sensor). Inversely, the estimated recombination distance
between the 3xP3-sensor transgene and the sex locus (m) was ~0.4%. Thus with experiments
involving transgenic line 3xP3-sensor #2 there is no need to sort individuals based on marker
gene expression prior to experimentation, sorting by sex is sufficient. In Aedes, this is easily
done in the pupal stage, where females are much larger than males. This makes transgenic line
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3xP3-sensor #2 ideal for experiments involving high-throughput analysis. For this reason,
transgenic line #2 is featured in the remaining experiments, which were all conducted using
the heterozygous m/m-sensor genotype.

and analysis of small RNAs from 3xP3-sensor mosquitoes

The 3xP3-sensor inverted repeat transgene is designed to produce dsRNA targeting a portion
of the EGFP gene. Dicer-mediated cleavage of the EGFPir-derived dSRNA would be expected
to result in the accumulation of 21 nt siRNAs corresponding to the double-stranded region. To
determine if this was indeed the case, small RNAs were cloned from total RNA isolated from
transgenic line #2 heads taken from adult females. High-throughput sequencing of these small
RNAs revealed a population of siRNAs with homology to the entire EGFP inverted repeat
(Fig. 2A), which were derived from both the sense and antisense strand. sSiRNAs corresponding
to discreet regions of the inverted repeat sequence were present in higher copy numbers than
those derived from other regions (Fig. 2A). No sequences corresponding to the EGFP gene
region outside of the inverted repeat region were present in the small RNA library (Fig. 2A).
The predominant length of EGFP siRNAs was 21 nt (76%), though longer and shorter EGFP
siRNAs were also recovered (Fig. 2B). No small RNAs with more than 23 nt homology to
EGFP were recovered, and sequences shorter than 18 nt were not included in our analysis to
prevent the inclusion of host material with short stretches of homology to EGFP. No sequences
(>18 nt) matching EGFP were detected following high-throughput sequencing and analysis of
small RNAs from non-transgenic Ae. aegypti (data not shown), confirming that the sequences
we identified were indeed produced as a result of the insertion of the EGFPir transgene. A
complete list of the EGFP-derived siRNAs recovered is presented in Table S1.

3.4. Conditional expression of EGFP in 3xP3-sensor transgenic mosquitoes

Transformed “sensor” mosquitoes from both line #2 and line #9 displayed robust DSRED
expression in the eyes, while EGFP fluorescence was barely detectable. This is consistent with
the presence of EGFP-derived siRNAs acting as part of the RNAI pathway to silence EGFP
expression (Fig. 3A). In order to determine if EGFP expression could be restored, we injected
sensor strain mosquitoes with recombinant double-subgenomic Sindbis viruses designed to
express dsRNA derived from Ae. aegypti genes potentially involved in the RNAI pathway. The
ability of Sindbis virus expression systems to generate knock-down phenotypes of endogenous
mosquito genes has been well documented (Attardo et al., 2003;Shiao et al., 2001; Tamang et
al., 2004). Following intrathoracic inoculation of recombinant double-subgenomic Sindbis
viruses (dsSINV) targeting AaDCR-2, AaAGO-2 or AaAGO-3, 3xP3-sensor mosquitoes from
transgenic line #2 were photographed under EGFP or DSRED filters (Fig. 3B). Similar to
uninfected mosquitoes, 3xP3-sensor transgenic mosquitoes infected with dsSINV-AGO-3
displayed little to no EGFP fluorescence. In contrast, strong EGFP fluorescence was observed
in dsSINV-AaDCR-2 (Fig. 3B) and dsSINV-AaAGO-2 (data not shown) infected 3xP3-sensor
mosquitoes.

It was possible that the reason dsSINV-AGO-3-injected mosquitoes did not exhibit strong
EGFP fluorescence was because the AGO-3 mRNA was not being silenced. To test this, we
performed cDNA synthesis followed by real-time PCR on total RNA isolated from 3xP3-sensor
heads following infection with the AaDCR-2 or AaAGO-3 recombinant viruses (Fig. 4). Our
results show that both genes were knocked-down to the same extent. This suggests that both
AaDCR-2 and AaAGO-2 are important for the continuous silencing of the EGFP transgene,
while AaAGO-3 is not.

3xP3-sensor transgenic line #9 displayed a similar phenotype to line #2 after injection of
recombinant dsSINVs, as dsSINV-AaAGO-3 injected individuals were indistinguishable from
uninjected mosquitoes while dsSINV-AaDCR-2 injected individuals displayed strong EGFP
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expression (data not shown). Thus both 3xP3-sensor transgenic lines function as phenotypic
sensors of the RNAI pathway.

While most of the 3xP3-sensor mosquitoes scored were clearly EGFP* or EGFP-, there did
appear to be some variation within each of the two 3xP3-sensor transgenic lines. To account
for this, a qualitative scale was developed similar to that of Kim et al., (2005). 3xP3-sensor
mosquitoes were scored based on the level of EGFP visible in the eyes, according to the scale
shown in Figure 5A [scale of 1-4, where uniformly dim EGFP =1, weakly mosaic = 2, strongly
mosaic = 3, uniformly strong EGFP = 4]. The distribution of scores, the average score for each
gene, as well as the total number of sensor mosquitoes screened is also presented in Figure 5A.
Scoring of dsSINV-AaAGO-3 individuals followed the same pattern as uninjected 3xP3-sensor
#2 mosquitoes. Both of these groups had small numbers of individuals (<10%) with strong
EGFP expression (scores of 3 or 4), in contrast to the >75% seen in dsSINV-AaDCR-2 and
dsSINV-AaAGO-2 injected individuals (Fig. 5A). Similar results were obtained with line #9.
Greater than 80% of dsSINV-AaDCR-2-injected mosquitoes from line #9 were scored as 3 or
4 (65% were scored as a 4), as compared with 12% for dsSINV-AGO-3-injected mosquitoes
(3% scored as a 4). The average scores were also similar, as averages of 3.50, 1.69 and 1.74
were obtained after scoring dsSINV-AaDCR-2 (n = 74), dsSINV-AGO-3 (n = 93), and
uninjected mosquitoes (n = 42) from 3xP3-sensor transgenic line #9.

Knock-down of AaDCR-2 in both 3xP3-sensor transgenic strains results in an increase in EGFP
protein expression. To confirm that this increase corresponded with an increase in EGFP
MRNA levels, we conducted Northern analysis using total RNA isolated from the heads of
3xP3-sensor mosquitoes. Using a probe sequence based on the last 216 nt of the EGFP ORF
(a region not present in the EGFPir), we observed an increase in EGFP mRNA expression in
dsSINV-AaDCR-2-injected mosquitoes, but not in dsSINV-AaAGO-3 as compared with
uninjected (Fig. 5B). This was further confirmed by using real-time PCR, which showed a 4—
6 fold increase in EGFP mRNA expression when AaDCR-2 was knocked-down, while EGFP
MRNA levels were unaffected by the knockdown of AaAGO-3 (Fig. 5C).

4. Discussion

This paper describes the development and validation of two transformed Ae. aegypti RNAI
“sensor” strains. Southern analysis and subsequent inheritance data both suggest that each of
these strains contains a single transgene insertion. The observation of DSRED and conditional
EGFP fluorescence indicates that all three transgenes were successfully integrated with no
perturbations to gene function. Short-interfering RNAs derived from the EGFP inverted repeat
were successfully recovered from 3xP3-sensor mosquitoes. The overwhelming majority of
EGFP siRNAswere found to be exactly 21 nt, confirming that the observed silencing phenotype
was due to RNAI. While the distribution of sSiRNAs derived from the inverted repeat sequence
did not appear to be random, to date we have been unable to identify any similarities between
siRNAs that might facilitate future predictions of preferred target sequences. More information
inthisarea, such as cloning of siRNAs from other inverted-repeat transgenes or from alternative
EGFPir sequences might be useful and would aid in the design of future dSRNA constructs.

The transformation construct used in this study contains three tandem duplications of the 3xP3
artificial promoter, as well as a tandem duplication of EGFP sequence (in the translatable EGFP
and inverted repeat cassettes). Given these duplications, there was an initial concern on our

part about the potential for recombination which could result in a loss of one or more of the

gene cassettes. However, this turned out not to be a significant danger, as both transgenic lines
#2 and #9 have been reared out to the Gg and Gg generations, respectively, with no evidence
as of yet for any loss of the DsRED, EGFP or EGFPir genes. Even the few outlier 3xP3-sensor
mosquitoes which showed elevated levels of EGFP expression did not come close to rivaling
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that normally seen in mosquitoes transformed with only the 3xP3-EGFP cassette (Adelman et
al., 2004; Horn et al., 2000), indicating that silencing was still occurring to some extent. In
fact, it is worth noting that even AaDCR-2 or AaAGO-2 knockdown did not restore EGFP
expression to levels normally observed with the 3xP3-EGFP cassette. This is not surprising,
however, as we only achieved knock-down of these mRNAs (Fig. 4), not complete knockout.
Also, we only knocked down one RNAi component at a time. Thus even with reduced
AaDCR-2 levels, all the downstream steps (RISC) would be expected to function normally.
The level of redundancy in the mosquito RNAI pathway, including the contributions of such
genesas DCR-1and AGO-1, is also unknown. The critical fact, however, is that the phenotypes
of 3xP3-sensor mosquitoes when RNAI is functioning and when it is compromised are easily
distinguished from each other.

While the majority of 3xP3-sensor mosquitoes displayed similar levels of EGFP activation or
silencing, we consistently observed low numbers of outliers who either did not silence or
activate EGFP effectively. The reasons for this variation are unknown, but may be due to
unknown genetic differences within the colony. Further investigation into this variance might
reveal other genetic loci which are important to the successful initiation or maintenance of
RNA..

Only heterozygous 3xP3-sensor mosquitoes (genotype m/m-sensor) were used in these
experiments. At present, we do not know what the effect would be of having two copies of the
3xP3-sensor transgene, as both the source of dsSRNA and the source of EGFP mRNA would
be expected to be doubled. However, strong negative fitness effects have been observed with
some homozygous transgenes due to the presence of deleterious recessive alleles linked to the
transgene (Irvin et al., 2004), and we cannot predict what effect this might have on the RNA.
pathway.

Initially, we attempted to knockdown putative RNAI genes by intrathoracic inoculation of
dsRNA (Blandin et al., 2002). Using this method, we were unable to induce sufficient gene
knockdown in the eye tissue to test the 3xP3-sensor transgene. Thinking that this may be related
to the ability of the dSRNA to penetrate into the nervous system, specifically the eye tissue,
we performed injections of dsSRNA directly into the eye. Preliminary results were promising,
as we did observe an increase in EGFP expression following intraocular injection of AaAGO-2
dsRNA. However, intraocular injections proved difficult, and were associated with low
survival. Thus, to validate our transgenic strains, we utilized Sindbis virus-based expression
systems, which are easily inoculated into the thorax and infect eye tissue (Higgs et al., 1996).
Boussin et al (2006) found that ten times the standard amount of dSRNA is required to achieve
gene knockdown in the salivary glands of An. gambiae due to low penetrance. Future
investigations may explore the possibility of using non-standard amounts of dSRNA to achieve
strong knockdown of genes in eye tissue of 3xP3-sensor mosquitoes, following intrathoracic
injection.

Using our transgenic “sensor” strain, we have confirmed that AaDCR-2 and AaAGO-2 are
both required for RNA silencing in the yellow fever mosquito, Aedes aegypti. This is not
unexpected, as both the Drosophila and Anopheles homologues of these genes have been shown
to be involved in RNAIi (Hammond et al., 2001; Hoa et al., 2003). However, this validates our
experimental approach, and demonstrates that our transgenic construct was indeed triggering
a reversible silencing phenotype in the mosquito eye. Knockdown of AGO-3, a gene now
known to be involved in the germline-specific piwi-RNA pathway in Drosophila (Brennecke
et al., 2007; Gunawardane et al., 2007), did not restore EGFP expression. In flies, AGO-3 has
been found to be associated with 23-26 nt small RNAs, with 24 nt being the most prominent
(Gunawardane et al., 2007). In our sensor mosquitoes, EGFP-derived small RNAs were found
to be 18-23 nt, with 21 nt being the most prominent. This again supports a role for DCR-2 in
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processing the EGFPir double-stranded RNA, and does not support a role for AGO-3. This
indicates that the phenotypic change we observed from weak to strong expression of EGFP is
specific for the knockdown of genes involved in RNAI (Fig. 3, 5). Previous work in Anopheles
gambiae cell lines suggested that AGAGO-3 might play a role in RNAI (Hoa et al., 2003).
Although results obtained in cultured cells do not always correlate with results obtained in
whole organisms, studies involving 0’nyong-nyong virus in Anopheles gambiae also suggest
that AGAGO-3 plays a role in RNAI (Keene et al., 2004). It is possible that AGO-3 protein is
highly stable, and thus even though we successfully reduced mRNA levels, protein levels might
not have been affected to the point where a phenotype could be detected. Thus, additional
investigations will be necessary to clarify the role of AGO-3 in the mosquito RNAI pathway.
Nevertheless, our results are consistent with a role for AGO-3 recently described in other
Dipterans (Brennecke et al., 2007; Gunawardane et al., 2007; Zamore, 2007).

The data presented here confirm that EGFP expression can be used to differentiate between
mosquitoes possessing a fully functional or a compromised RNAI pathway. Several
applications for this strain are obvious, with many more possible uses likely still waiting to be
discovered. Similar to the studies presented here which tested for the involvement of AaDCR-2,
AaAGO-2 and AaAGO-3, these sensor strains can be used to test the involvement of any Ae.
aegypti gene product in the RNAI pathway. With the recent publication of the Ae. aegypti
genome (Nene et al., 2007), ample targets for such a reverse genetics approach are available.
This is especially relevant for genes already described to play a role in RNAI in non-vector
model organisms. While possible homologues of such genes can be suggested through
bioinformatics means, there is no substitute for functional confirmation in genome annotation.
Therefore, as new components of the RNAI machinery are identified in model organisms, their
counterparts in vector mosquitoes can quickly be tested for functional conservation. In addition,
suspected mosquito genes with no clear homologues in model organisms can be tested for
involvement in RNAI either individually, or through the creative design of forward genetic
screens, such as mutagenesis followed by identification of mutants deficient in RNAI as
described by Lee etal (2004). This should help paint a picture of what is conserved in the RNAI
pathway, and what is unique to vector mosquitoes.

Investigations into arbovirus-vector interactions are naturally biased towards female subjects.
This can present a logistical problem when scaling up experiments which utilize heterozygous
transgenic mosquitoes, as the labor associated with manually separating transgenic from non-
transgenic individuals prior to virus infection can be extensive. The sheer number of individuals
reared also increases, as 75% of progeny are ultimately not used in the experiment (all males
and non-transgenic females). While this can be overcome with automated sorting (Catteruccia
et al., 2005), such technology is costly and not widely available. The fortuitous linkage of our
3xP3-sensor transgene to the female-determining locus makes this transgenic line ideal for
downstream applications such as virus infection where only females are required, as 50% of
progeny will be useful and no additional sorting based on marker gene expression is required.

The RNA interference pathway has been suggested to play a major role in anti-viral innate
immunity (Galiana-Arnoux et al., 2006; Li et al., 2002; Wang et al., 2006). However, detailed
studies of this pathway have only been performed in model organisms such as Drosophila and
C. elegans. Studies designed to understand the role of RNAI in anti-viral defense in natural
virus-vector systems have been lacking. In addition to identifying mosquito components of the
RNAI pathway, the transgenic sensor strains described here can potentially be used to identify
arboviral proteins or sequences which perturb or interfere with the functioning of RNAI. Ae.
aegypti is a natural vector of both flaviviruses (dengue viruses, yellow fever virus) and
alphaviruses (chikungunya virus), and viruses from both of these families show robust
replication in the Ae. aegypti nervous system, including eye tissue (Pierro et al., 2003;
Linthicum et al., 1996). Thus we are now in a position to use these transgenic sensor strains
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to investigate the interactions between these important human pathogens and the arthropod
innate anti-viral RNAI pathway.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Transformation of Ae. aegypti with the pMos3xP3-sensor construct. (A) Schematic
representation of a hypothetical insertion. Block arrows indicate the left (LH) and right (RH)
arms of the Mos1 transposon, dotted line indicates mosquito chromosomal DNA. Small
arrowheads indicate the approximate start of transcription sites for each 3xP3 promoter.
Restriction enzyme recognition sites for EcoR | (R1), Sac I (S1) and Pst | (P) are indicated.
Portions of the 3xP3-sensor construct recognized by the probe during Southern analysis are
indicated with solid bars. (B) Southern analysis of genomic DNA isolated from lines #2, 9.1
and 9.6 or host kh%, digested with restriction enzymes EcoR I, Sac | or Pst I. Approximate
molecular size markers are shown at left (in kbps). Arrowhead indicates the expected size of
common Pst I-generated hybridization fragment.
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Figure 2.

Identification of EGFP siRNAs. (A) Short-interfering RNAs cloned from 3xP3-sensor heads
(line #2) correspond to the EGFP inverted repeat sequence. Each base in the 720 nucleotides
of the EGFP ORF was assigned a score based on the number of times it appeared in an sSiRNA.
Separate scores were calculated for each strand, with sSiRNAs corresponding to the sense (5)
strand plotted in the positive direction and those corresponding to the antisense (as) strand
plotted in the negative direction. The region corresponding to the 505 bp inverted repeat
(EGFPIr) is noted. (B) Length of EGFP siRNA sequence as determined by blastn of SiRNA
library following removal of linker sequences, as described in Materials and Methods.
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Transgenic 3xP3-sensor mosquitoes express EGFP when RNAI is compromised. (A)
Schematic representation of the conditional expression of EGFP in 3xP3-sensor mosquitoes.
(B) Two representative 3xP3-sensor mosquitoes (line #2) photographed under white light (left),
DsRED fluorescence (middle) and EGFP fluorescence (right) following knock-down of either
AaAGO-3 or AaDCR-2.
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Figure 4.

Recombinant dsSINVs induce effective gene knock-down. Real-time PCR was performed on
cDNA derived from 3xP3-sensor transgenic mosquitoes. Levels of AaDCR-2 and AaAGO-3
transcript were normalized with AaElav, an endogenous gene expressed in mosquito head
tissue (Adelman, unpublished). The first two bars represent relative levels of AaDCR-2
transcript in uninjected and dsSINV-AaDCR-2-injected 3xP3-sensor mosquito heads, while
the second two bars represent relative levels of AaAGO-3 transcript in uninjected and dsSINV-
AaAGO-3-injected 3xP3-sensor mosquito heads.
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Figure 5.

Qualitative analysis of 3xP3-sensor mosquitoes following knock-down of putative RNAI
genes. (A) 3xP3-sensor mosquitoes (line #2) were scored based on intensity of EGFP
fluorescence. The percent of total mosquitoes scored at each value (1-4) is plotted, with the
average for each sample and the total number of mosquitoes scored (n) given in parentheses.
Results represent the sum of three replicate experiments performed during the G4-Gg
generations for uninjected, dsSINV-DCR-2 and dsSINV-AGO-3 and two replicates for
dsSINV-AGO-2. Sample photographs below the graph illustrate the approximate scoring
guide. (B) Northern analysis of 3xP3-sensor mosquitoes following knock-down of putative
RNAI genes. RNA from uninjected, dsSINV-AaDCR-2, or dsSINV-AaAGO-3 injected heads
was probed for EGFP mRNA. Gel photograph of rRNA prior to transfer serves as loading
control. (C) Real-time RT-PCR (two-step) to detect EGFP mRNA expression in 3xP3-sensor
#2 heads following knockdown of AaDCR-2 or AaAGO-3. Samples were compared to EGFP
expression in uninjected 3xP3-sensor #2 mosquito heads (-).
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