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Abstract of Dissertation

“RNA interference as an antiviral response to alphavirus infection in the mosquitoes

Anopheles gambiae and Aedes aegypti”’

Mosquito-borne viruses remain a serious threat to public heath worldwide. A lack
of effective vaccines and vector control programs have led to the geographical expansion
of the vectors and their associated agents, thereby increasing the percent of the global
population that are affected. The studies described here are designed to determine
whether RNA interference occurs in the mosquito and functions to naturally target
replicating viruses in the mosquito. The results will provide information that will lead to
the development of new strategies to control arbovirus transmission.

First, potential genes in the mosquito RNAi pathway were identified in the
Anopheles gambiae genome. Genes in the dicer and argonaute gene families were tested
for their involvement in the RNAi pathway in An. gambiae cells using a dual-luciferase
assay and dsRNA knockdown techniques. These experiments identified the Dcr2, Ago2,
and Ago3 genes from An. gambiae as genes involved in the RNAi pathway.

To test the hypothesis that the RNAi pathway is a part of the mosquitoe’s innate
defenses against virus infection, genes in the pathway were targeted using RNA1
techniques to reduce gene expression. Simultaneous injection of dSRNA with sequences
homologous to dcr and ago genes and infection with o’nyong-nyong virus (ONNV)
(dlphavirus; Togaviridae) in An. gambiae resulted in a significant increase in viral titers

and increased dissemination of the virus in those mosquitoes. Additionally, injection of
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the virus along with dsRNA targeting a viral gene resulted in decreased viral replication
in the mosquito. These studies confirmed that ONNYV replication in An. gambiae is
naturally targeted by the RNAi pathway.

To test the hypothesis that the RNAi response would interfere with Sindbis virus
replication in Aedes aegypti, dSSRNA with sequence homologous to a gene from the
TR339 strain was injected into mosquitoes three days prior to the infectious bloodfeed.
This demonstrated that RNA interference could be used to prevent TR339 infection of the
midgut. In addition, dsSRNA homologous to Ae. aegypti argonaute-2 injected into the
mosquito prior to an infectious bloodfeed resulted in increased virus replication in the
midgut, as well as increased dissemination from midgut tissues.

This work, in conjunction with previous work based on RNA-mediated
interference o virus replication in mosquitoes, provides a basis for additional studies that

could lead to generating RNAi-based arbovirus resistance in mosquitoes.

Kimberly Marie Keene

Department of Microbiology, Immunology, and Pathology
Colorado State University

Fort Collins, CO 80523

Spring 2006
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Introduction

Mosquito-borne diseases represent a serious threat to global health. Many of
these diseases are considered emerging or re-emerging. Diseases such as malaria,
filariasis, and dengue fever cause significant morbidity and mortality each year. It is
estimated that over 300 million people are infected with malaria each year worldwide,
resulting in over one million deaths (WHO 2004). Arboviruses (arthropod-borne viruses)
account for a large percentage of the agents transmitted by mosquitoes, and are
responsible for severe morbidity and mortality in human and animal populations around
the world. The last 30 years have seen a dramatic increase in the emergence and re-
emergence of arboviruses. Increases in urbanization, global travel, and a lack of effective
vaccines and control measures have allowed for an unchecked geographic expansion of

the vectors and their associated agents.

Alphaviruses

The Alphavirus genus (family Togaviridae) is composed of 29 viruses, all of
which are mosquito-borne (International Committee on Taxonomy of Viruses-
www.ncbi.nlm.nih.gov/ICTVdb/ICTV/index.htm). Alphaviruses are worldwide in
distribution; however, the geographical distribution of each virus is limited, following the
distribution of the vector (Calisher and Karabatsos, 1988). Mosquitoes are the primary
arthropod vectors for alphaviruses, although a few viruses have been isolated from mites
and ticks. Alphaviruses are generally maintained in a mosquito-bird/small mammal
transmission cycle. In general, larger mammals such as horses or humans are incidental

or dead-end hosts and are not involved in the maintenance of the virus. Some viruses,
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however, such as Venezuelan equine encephalitis (VEE) can be amplified in horses and
subsequently transmitted to mosquitoes during epidemics (Weaver et al., 2004).

Alphaviruses represent a serious threat to human health. Those that cause human
disease are generally divided into two groups: New World and Old World. New World
alphaviruses such as eastern equine encephalitis virus (EEE), western equine encephalitis
virus (WEE), and Venezuelan equine encephalitis virus (VEE) are capable of causing
fatal encephalitis in humans. Other members, including the Old World alphaviruses
chikungunya (CHIK) and o’nyong-nyong viruses (ONN), cause febrile illnesses although
little mortality is associated with infection. Ross River virus (RR) causes epidemic
polyarthritis and the symptoms of this disease may persist for years (Strauss and Strauss,
1994). The distinction between the groups is based on geographic location and genetic
and antigenic determinants (Calisher et al., 1980). Alphaviruses are categorized based on
serologic cross-reactivity (Strauss and Strauss, 1994; Calisher and Karabatsos, 1988).

Antigenic groups of alphavirus are based on the reactivity of viruses to antibodies
generated against a specific virus. Eight antigenic complexes exist for grouping
alphaviruses (Calisher et al., 1980; Powers et al., 2001). Genetic evidence for
relationships between alphaviruses is based on nucleotide sequence homologies. RNA-
RNA hybridization and RNase T1 mapping techniques, and sequence analysis of viral
genomes have been employed for determining these relationships (Olson and Trent,
1985; Weaver et al., 1992; Wengler and Filipe, 1977). Nucleotide sequence information
is available for a number of alphavirus genomes, including VEE, RR, Semliki Forest

virus (SF), Sindbis virus (SIN), ONN, EEE, and WEE (Faragher et al., 1988; Garoff et
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al., 1980; Kinney et al., 1989; Levinson et al., 1990; Strauss et al., 1984; Takkinen,

1986).

Alphavirus Biology:

Alphaviruses are single-stranded, positive sense RNA viruses with genomes of
~11.8 kB in length. The viral RNA is packaged in an icosahedral capsid and surrounded
by a lipid bilayer envelope that contains two prominent viral glycoproteins. The 5' two-
thirds of the genome encodes the non-structural proteins nsP1-4, and the 3’ one-third of
the genome encodes the structural proteins: the capsid, two envelope glycoproteins (E1
and E2), E3 and 6K. Viral RNAs contain a 5' 7-methylguanosine cap and the 3’ end is
polyadenylated. The structural proteins are expressed from a subgenomic mRNA (26S
RNA) that is produced from the full-length negative-sense RNA template in infected cells
during replication.

Alphavirus capsids have an icosahedral symmetry of T=4 (Choi et al., 1991;
Coombs and Brown, 1987). The interactions of the glycoproteins E1 and E2 with the
capsid protein allows for the formation of a stable heterodimer. Three E1-E2
heterodimers interact to form the glycoprotein spike on the viral envelope (Rice and
Strauss, 1982). The E2 glycoprotein is formed from the precursor PE2. The precursor is
cleaved into E2, E3 and a small hydrophobic protein 6k (Strauss and Strauss, 1994). The
specific function of E3 is currently unknown. E3 remains associated with the virion in
some instances, as with SFV, but not with others (SINV) (Heidner et al., 1996; Strauss
and Strauss, 1994). PE2 and E1 are glycosylated and pass through the endoplasmic
reticulum (ER) and the Golgi to the plasma membrane, where virus assembly occurs.

Cleavage of PE2 occurs in the Golgi complex (de Curtis and Simons, 1988; Naim and
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Koblet, 1990). The capsid protein contains a serine protease activity that
autocatalytically cleaves itself from the polyprotein (Strauss and Strauss, 1994). The
capsid binds specifically to both newly made viral RNA as well as to the large subunit of
ribosomes (Weiss et al., 1989).

Alphavirus replication occurs in the cytoplasm of infected cells. The virus gains
entry into the cell by receptor-mediated endocytosis (RME) following attachment to the
cellular receptor. The virus is then trafficked to cellular compartments in endosomal
vesicles. The endosomes containing the viral particles become acidified, leading to
conformational changes in E1 and E2, and fusion of the viral and cell membranes,
facilitating the release of the viral capsids into the cytoplasm. Once the genomic RNA is
released into the cytoplasm, it serves as a mRNA and the non-structural proteins are
directly translated as a polyprotein. Non-structural proteins are translated from genomic
RNA to form two polyproteins, nsP123 and nsP1234. Some alphaviruses, such as SIN,
contain a leaky opal termination codon that allows for both polyproteins to be produced
(Feng et al., 1990; Shirako and Strauss, 1994). ONN does not contain an opal codon
(Levinson et al., 1990; Takkinen, 1986). Both 5’ and 3’ untranslated regions (UTRs) are
important for replication and the regulation of viral RNA synthesis (Strauss and Strauss,
1994).

The alphavirus nsP1 protein has 3 known functions. nsP1 is required for the
initiation of synthesis of the negative strand RNA after infection (Hahn et al., 1989;
Wang et al., 1991). nsP1 also contains the enzyme activity required for capping the viral

RNAs for translation (Mi et al., 1989). Both the genomic and subgenomic RNAs can be
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capped by nsP1. Finally, nsP1 plays a role in modulating the proteinase activity of nsP2
(de Groot et al., 1990).

The N-terminus of the nsP2 protein has RNA helicase activity and is functional
during RNA replication and transcription, regulating minus-strand RNA synthesis
(Strauss and Strauss, 1994). nsP2 is also required at the initiation step for the synthesis of
26S RNA (Suopanki et al., 1998). The role of nsP3 during alphavirus infection is not
well understood. Experiments performed with temperature sensitive mutants of nsP3
have shown that the protein is required for RNA syntheses (LaStarza et al., 1994). The
viral polymerase is encoded by nsP4. The concentration of nsP4 is highly regulated in
infected cells (Strauss and Strauss, 1994).

Once the non-structural proteins are produced, synthesis of the minus-strand RNA
begins utilizing the minus-strand replicase, which consists of the polyprotein P123. The
minus-strand RNA is a template for the synthesis of more genomic positive strand RNAs,
formed by the plus-strand replicase, which includes nsP1-4. The negative strand RNA is
also a template for the transcription of the 26S subgenomic mRNA. Structural proteins
are translated from this subgenomic RNA as a polyprotein. The polyprotein including the
structural proteins is proteolytically processed in the endoplasmic reticulum (ER) and the
Golgi complex to form the mature proteins. In vertebrate cells, the E1 and E2
glycoproteins remain associated after translocation as a heterodimer and are inserted into
the plasma membrane to be incorporated into the virus as it buds from the cell.
Alphaviruses also bud into cytoplasmic vacuoles, and intracellular budding may be the
primary mode of virus maturation in mosquito cells (Miller and Brown, 1992; Raghow et

al., 1973a; Raghow et al., 1973b).
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After alphavirus infection, RNA replicase complexes assemble on membranes
within the cell (Barton et al., 1991). Cellular proteins are thought to be involved with
virus replication and one such protein, the La autoantigen, has been identified. La protein
binds to the 3’ end of RNA transcripts and can facilitate multiple rounds of transcription
reinitiation (Gottlieb and Steitz, 1989). Human La protein interacts with the 3’ end of
other viral RNAs, including adenovirus and HIV mRNAs. Purified La protein has been
demonstrated to bind to RNA sequences contained in the 3' end of Sindbis virus minus-
strand RNA, which are believed to contain a promoter for virus RNA replication
(Pardigon and Strauss, 1996). These findings indicate La protein may play an important
role in Sindbis virus replication.

Alphaviruses regulate negative-strand RNA synthesis (Sawicki et al., 1981).
Negative-strand RNAs are produced until 3 to 6 hours post infection, when positive-
strand RNA synthesis begins. In order for negative-strand synthesis to proceed, the P123
complex must remain intact and interact with the polymerase. Cleavage of P123 into
nsP1, nsP2, and nsP3 by the protease activity in nsP2 prevents negative strand synthesis
from occurring and is necessary for the commencement of positive strand RNA synthesis
(Strauss and Strauss, 1994).

Alphavirus genomic RNA is encapsidated into virions using the encapsidation
signal found in the 5’ region of the genome (Geigenmuller-Gnirke et al., 1991). The
newly formed capsids interact with the vertebrate host-cell plasma membrane in regions
where E1 and E2 have been inserted to bud from the cell, acquiring both the envelope

and its embedded glycoproteins (Cadd et al., 1997, Frolov et al., 1996).
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O’nyong nyong virus (4lphavirus; Togaviridae)

O’nyong-nyong virus (ONNV) (family Togaviridae, genus Alphavirus) is a
member of the Semliki Forest antigenic complex (Karabatsos, 1975). This virus is
unique among alphaviruses in that it appears to be transmitted by anopheline mosquitoes
(Anopheles gambiae and An. funestus). No vertebrate reservoir has yet been identified
for this virus, leading to the hypothesis that this virus may be maintained in a mosquito-
human transmission cycle (Lanciotti et al., 1998). Few other arboviruses are known to
infect An. gambiae (Karabatsos, 1985). ONNV is closely related to another alphavirus,
chikungunya virus (CHIKV), which is transmitted by Aedes aegypti. Serologic studies
have shown that CHIKV antibodies react strongly to CHIK and ONN viruses, while
antibodies to ONNYV react strongly with ONNV and weakly with CHIKV (Blackburn et
al., 1995; Lee et al., 1997). Furthermore, phylogenetic analysis of the E1 gene sequence
from CHIKYV and ONNYV isolates shows that the two viruses are genetically distinct with
approximately 28% divergence at the nucleotide level (Powers et al., 2000).

ONNYV has been responsible for three major documented outbreaks of disease in
Central Africa. The first, during 1959-1962, caused an epidemic that involved over two
million people (Williams et al., 1965). Serologic evidence showed that the virus
continued to be transmitted to humans at a low level until the late 1960°s (Lutwama et al.,
1999). A second outbreak, recorded from 1996-1997 in Uganda, was also caused by
ONNYV but was not as extensive as the earlier outbreak. A third outbreak during the fall
0f 2003 in Cote d’Ivoire was recently reported (Posey et al., 2005). The ONNYV strain
isolated in northern Uganda 1959 is known as Gulu. The Igbo Ora strain, isolated in

Uganda in 1969 was originally thought to be a distinct alphavirus, but sequence analysis
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has shown it is a strain of ONNV (Lanciotti et al., 1998). The strain isolated from the
1996-97 outbreak has been designated SG650.

The clinical criteria for ONNV infection during the 1996-1997 outbreak were an
acute febrile illness with polyarthralgia, rash and lymphadenopathy, along with
serological evidence of infection or direct virus isolation from human sera (Kiwanuka et
al., 1999). While the infection can result in an acute febrile disease, no deaths have been

associated with ONNYV infection (Haddow et al., 1960).

Sindbis virus

Sindbis virus (SINV) is the prototype for the Alphavirus genus. The first SINV,
the AR339 strain, was isolated from a pool of Culex univittatus mosquitoes in the village
of Sindbis, Egypt, in 1952 (Taylor et al., 1955). SINV is maintained in a transmission
cycle that involves Culex and Culiseta spp. mosquitoes and wild birds (Mackenzie et al.,
1994). SINV has one of the largest geographical distributions among alphaviruses, and
has been isolated from both mosquitoes and vertebrates on several continents, including
Europe, Africa, Asia, and Australia. SINV are grouped based on antigenic and genetic
analyses (Olson and Trent, 1985) and fall into two distinct groups: the
Paleoarctic/Ethiopian and the Oriental/Australian. The majority of human infections with
SINV result in subclinical or very mild diseases. The clinical features of SINV infection

include fever, joint pain and rash (Skogh and Espmark, 1982).
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Infectious cDNA clones

The first cDNA clone from an RNA virus was produced by Taniguchi et al
(Taniguchi et al., 1978). Bacteriophage Qf RNA was reverse-transcribed and the
resulting DNA was cloned into a plasmid. The plasmid was introduced into E. coli,
where the phage RNA was transcribed and infectious bacteriophage was produced. The
first cDNA clone of an animal RNA virus was generated from poliovirus RNA in 1981
(Racaniello and Baltimore, 1981). Since then, infectious cDNA clones have been
generated for many plant and animal viruses. These clones benefit the study of RNA
viruses by allowing site-directed mutagenesis for the study host-virus interactions,
identifying potential translation products, and identifying cis-acting sequences involved
with replication and transcription (Rice et al., 1987).

Infectious clone technology is available for many arboviruses with positive-sense
RNA genomes, including SINV and ONNV. Generating DNA clones of viruses with
RNA genomes allows for easy manipulation of the genetic sequence of the virus. The
virus is self-replicating and self-packaging, and foreign sequences can be introduced and
expressed as part of the viral genome. Prior to the development of infectious clone
technology for SINV, most of the genetic analysis was performed using temperature
sensitive mutants (Rice et al., 1987).

The first infectious clone of an alphavirus was generated by Rice et al (1987).
Since the original construction, additional constructs and adaptations to the constructs
have been made to produce viruses that are better suited for mosquito-virus interaction
studies. The use of alphaviruses for transient expression systems has a number of

benefits, including the ability to infect many different species, including birds, mammals

11
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and insects, and high levels of RNA and protein expression in infected cells (Frolov et al.,
1996). The two predominant strategies for employing alphavirus expression are through
infectious clones and replicon systems (Frolov et al., 1996). Infectious clones have now
been constructed for a number of alphaviruses, including SINV (Rice et al., 1987),
ONNYV (Brault et al., 2004), SFV (Liljestrom et al., 1991), VEE (Davis et al., 1989),
RRYV (Kuhn et al., 1991), and CHIKV (Vanlandingham et al., 2005).

Sindbis viruses derived from double-subgenomic infectious clones have greatly
facilitated the study of virus-vector interactions. Double-subgenomic SINV (dsSINV)
contain a duplicated subgenomic mRNA promoter that can express foreign genetic
material (Kamrud et al., 1997). This material is expressed at an abundant level and
persists in the mosquito cell for many days (Kamrud et al., 1997). Viruses have been
engineered to express reporter genes, which make visualization of the expression patterns
in the mosquito possible (Davis et al., 1989; Kuhn et al., 1991; Liljestrom et al., 1991,
Myles et al., 2003; Olson et al., 2000; Pierro et al., 2003; Rice, 1996; Rice et al., 1987,
Seabaugh et al., 1998; Strauss and Strauss, 1994). The first double subgenomic SIN
(dsSIN) viruses developed for use in mosquitoes expressed chloramphenicol
acetyltransferase (CAT) as a marker of infection visualized by immunofluorescence assay
(Kamrud et al., 1997; Olson et al., 1994). A second generation of dsSIN viruses was
engineered to express green fluorescent protein (GFP), which allows real time profiling
of virus infection when viewed under UV light (Olson et al., 2000; Pierro et al., 2003).

SINV expression systems are excellent alternatives for expression of exogenous
gene material in mosquitoes without the time and technical difficulty of developing a

transgenic mosquito. Sindbis viruses have been engineered to express proteins, anti-
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pathogen molecules, such as antisense and hairpin RNAs, as well as single chain
antibodies (Cheng et al., 2001; de Lara Capurro et al., 2000; Gaines et al., 1996; Powers
et al., 1996; Powers et al., 1994). Cheng and colleagues (Cheng et al., 2001) developed
dsSIN viruses that contained the coding sequence for Ae. aegypti defensin, and showed
that the full protein was expressed in de. aegypti upon infection. Based on
immunofluorescence, the defensin protein co-localized to the same cells that were
positive for E1 glycoprotein expression.

Antisense RNA to La Crosse VRNA, when expressed by dsSINV (TE/3’2J) in
infected mosquitoes and cultured mosquito cells, was able to significantly reduce
infection when the cells were challenged with the homologous virus (Powers et al., 1996;
Powers et al., 1994). Gaines ef al (Gaines et al., 1996) demonstrated that C6/36 (4.
albopictus) mosquito cells infected with a dsSIN virus expressing a portion of the pre-
membrane (prM) coding region of DEN-2 genome in either positive or negative sense
were resistant to DEN-2 infection. Cells infected with the empty dsSIN vector were
susceptible to infection. In addition, there was no protection given to the cells when
challenged with DEN-3 or DEN-4 viruses, showing that the mechanism of protection was
sequence dependent (Gaines et al., 1996).

Adelman and colleagues (Adelman et al., 2001) showed that Ae. aegypti
mosquitoes failed to replicate DEN-2 when dsSIN expressing a portion of the DEN-2
genome was inoculated into mosquitoes prior to DEN-2 infection. Infection of C6/36
cells by the dsSIN-DEN2as virus prevented accumulation of DEN-2 RNA as well DEN-2
envelope antigen as measured by immunofluorescence assay (IFA) (Adelman et al.,

2001). The dsSIN system has been shown to effectively express a single chain antibody
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against the Plasmodium circumsporozoite protein and protect against Plasmodium
infection of mosquito salivary glands (de Lara Capurro et al., 2000). This system also
proved to be effective in ticks; dsSIN expressing a single chain antibody fragment to
louping ill virus prevented replication (Jiang et al., 1995).

In addition to anti-pathogen molecules, dsSIN can also be engineered to knock
down endogenous gene expression via RNA silencing. Transgenic mosquitoes
expressing luciferase in salivary glands were intrathoracically inoculated with a dsSIN
that transcribed a portion of the luciferase gene in antisense orientation. Salivary glands
dissected from these mosquitoes were shown to have a 90% reduction in luciferase
expression (Johnson et al., 1999). dsSIN viruses have since been used to silence a
number of endogenous genes in several mosquito tissues including GATA transcription
factor (de. aegypti, fat body) (Attardo et al., 2003), prophenoloxidase (Armigeres
subalbatus-hemocytes) (Shiao et al., 2001; Tamang et al., 2004), and dopadecarboxylase
(Huang et al., 2005). dsSIN expression systems also infect and knock down endogenous

genes in Bombyx mori (Foy et al., 2004; Uhlirova et al., 2003).

Innate Immunity to Viruses in Insects

Despite the large impact of arboviral diseases on human and animal populations,
little research has been aimed at studying the anti-viral defense mechanisms in insects.
Only a few papers have been published that describe any proteins with potential anti-viral
activity in insects. Ponnuvel and others (Ponnuvel et al., 2003) described a protein in
Bombyx mori that had antiviral lipase activity against nucleopolyhedrovirus. This

antiviral activity was limited to the anterior midgut during larval stages and was not
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inducible after viral infection. Treatment of virus with purified lipase prevented infection
of midgut tissue. The mechanism by which the lipase acts is unknown. However,
Ponnuvel and colleagues hypothesized the enzyme destroys the viral envelope and
prevents viral attachment to the receptor (Ponnuvel et al., 2003). Nakazawa and others
(Nakazawa et al., 2004) described another B. mori protein with antiviral activity against
nucleopolyhedrovirus. This protein is a serine protease, is present only in the midgut and
is hormonally regulated. The mechanism by which this enzyme inactivates the virus is
also unknown, but it is hypothesized to inactivate virus in the alimentary canal prior to
infection.

Recently, a paper by Robalino and others (Robalino et al., 2004) described the
induction of an antiviral state in shrimp following non-specific dsSRNA (generated from
duck immunoglobulin v heavy chain) injection into shrimp. They found that injection of
a dsRNA into Litopenaeus vannamei resulted in an overall survival increase after
subsequent challenge with taura syndrome virus (TSV; Picornaviridae) and white spot
syndrome virus (WSSV; Baculovirus). The authors suggested the increased survivorship
after infection with unrelated viruses was due to an undefined, general antiviral
mechanism unrelated to RNAi. Subsequent studies showed that dsSRNA cognate to a
virus genome injected into shrimp provided protection in a sequence-specific manner

(Robalino et al., 2005).

Innate Immunity in Mosquitoes

Mosquito-borne viruses are important pathogens that impact human and animal

health. The study of the innate immune system in mosquitoes could possibly lead to

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



insights that may aid in the development of new strategies for combating arboviral
diseases. Currently, little is known about the antiviral capabilities of the mosquito
immune system. Most studies concerning the mosquito innate immune system have
investigated responses and interactions between vectors and bacterial and protozoal
pathogens. Mosquitoes possess no adaptive immune response that has been identified,
however, the innate immune response of mosquitoes is composed of both humoral and
cellular components (Dimopoulos, 2003).

The first lines of the defense in the mosquito are the physical barriers, including
the insect cuticle, which covers the outer surfaces of the mosquito and the peritrophic
matrix that lines the midgut lumen (Levashina, 2004). If pathogens are able to breach
these barriers and enter the hemolymph, there are a number of defenses that the
pathogens must overcome to establish a successful infection. Humoral arms of the innate
immune system of mosquitoes include prophenoloxidase, non-self recognition molecules,
and coagulation factors (Levashina, 2004). The cell-mediated components of the
immune system include phagocytosis and encapsulation and are active against bacterial
and protozoal pathogens (Meister and Tuschl, 2004). The activation of the recognition
molecules leads to the production of antimicrobial peptides (AMPs). AMPs attack the
cell membranes of the bacteria, which are subsequently destroyed by cell lysis
(Levashina, 2004). AMPs are produced by cells from a number of tissues, including fat
body, hemocytes, the anterior midgut, and the Malphigian tubules (Lehane et al., 1997,
Richman et al., 1997; Tzou et al., 2000).

The production of AMPs is the result of signaling cascades that are triggered by

pathogen-associated molecular patterns (PAMPs) on the surface of bacteria interacting
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with pattern recognition receptors (PRRs) on mosquito cells (Levashina, 2004). PRRs
are either small soluble proteins or transmembrane proteins on the surface of hemocytes.
There are three families of AMPs reported in mosquitoes: the defensins, cecropins, and
gambicins. Defensins provide protection from Gram-positive bacteria. Cecropins show
activity against most Gram-positive, Gram-negative bacteria, and some fungi. Gambicins
have been identified only in mosquitoes and have activity against bacteria and fungi. In
addition to their anti-bacterial activity, some of the peptides have also are active against
Plasmodium (Vizioli et al., 2001).

The cellular responses of the mosquito defense system include phagocytosis and
encapsulation. Most phagocytosis of small bacteria is carried out by the hemocytes.
Melanotic encapsulation is a two-step process. In the first, hemocytes recognize the
foreign pathogen and bind to it, forming a capsule and isolating it from the hemolymph.
In the second step, the pathogen is killed by melanization, oxidation or asphyxiation
(Hoffmann et al., 1999).

DNA microarrays have been utilized in the study of mosquito innate immunity.
Investigators in several research labs have performed microarray analysis to determine
the transcriptional changes that result in gene expression after immune challenge
(Christophides et al., 2004; Dimopoulos et al., 2002; Dimopoulos et al., 1997,
Dimopoulos et al., 1998; Meister et al., 2005; Richman et al., 1997; Tahar et al., 2002).
These studies demonstrated a number of mosquito genes with putative immune functions
are altered upon challenge with bacteria and malaria parasites.

Few studies have been undertaken to understand antiviral immunity in

mosquitoes, so relatively little is known in this area. The o/p interferon pathway, which
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is normally activated upon the production of dsSRNA during viral replication in vertebrate
cells, is not present in mosquitoes (Kumar and Carmichael, 1998). Since the publication
of the Anopheles gambiae genome sequence, searches have been performed to look for
genes that may be involved in the antiviral response. To date, no homologues have been
described to genes that are important for the antiviral response in vertebrates, such as
PKR and Mx (Robalino et al., 2004; Hetru et al., 2003).

Several studies have shown the production of antiviral factors released from
alphavirus infected mosquito cell cultures. Riedel and Brown (Riedel and Brown, 1979)
first detected this activity in cell cultures that were infected with Sindbis virus. The
antiviral activity was sensitive to proteases and was unaffected by nuclease treatment.
Incubation of uninfected cell culture with the factor prevented infection of these cells
with Sindbis virus. The protection was determined to be virus specific, as the treated
cells were still susceptible to Semliki Forest and West Nile viruses. The factor has yet to
be identified, although it has been purified (Luo and Brown, 1993). Similar activities
have been reported in mosquito cell cultures infected with Semliki Forest virus and Banzi
virus (Hommel and Schloemer, 1985; Newton and Dalgarno, 1983). The antiviral
activity was specific for each virus, and did not provide protection against other

alphaviruses and flaviviruses (Hommel and Schloemer, 1985; Newton and Dalgarno,

1983).

RNA interference
RNA interference (RNAi), RNA silencing, and post-transcriptional gene silencing

(PTGS) are related pathways that detect the presence of dASRNA and subsequently
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degrade dsRNA and mRNA with cognate sequence. These pathways are highly
conserved evolutionarily and exist in many organisms including plants, fungi, and
animals (Baulcombe, 2005). RNAI and related pathways have been shown to be
involved with many functions, including regulation of development, silencing and
regulation of gene expression, and defense against viruses and transposable elements
(Voinnet et al., 1999) (Figure 1.2).

Post-transcriptional gene silencing (PTGS) was a phenomenon first noticed in
plants by Napoli et al (Napoli et al., 1990). Experiments were being performed to
increase expression of pigment in petunias using a transgene, however, phenotype
suppression rather than enhancement occurred. Antisense RNA had long been used
before the discovery of RNA interference to inhibit gene function. Antisense RNA is
thought to form partial double-stranded hybrids with the endogenous mRNA and inhibit
its translation. Fire et al (Fire et al., 1991) demonstrated specific inhibition of gene
expression after injection of antisense RNA into C. elegans. Several years later, Guo and
Kemphues, demonstrated that RNA injected into C. elegans, regardless of the polarity of
the RNA, gave the same phenotype in the worms (Guo and Kemphues, 1995). Fire ef a/,
discovered that the injection of dsRNA into C. elegans produced a more specific and
potent effect than single stranded RNA of either polarity (Fire et al., 1998). In addition,
they were able to determine that only a few molecules of dsRNA per cell were required

for interference to occur. The effects were seen in the progeny of infected worms as well,

due to the amplification of the siRNA signal by RdRP.
The RNAIi pathway is triggered by the presence of intracellular double-stranded

RNA (dsRNA) and is divided into two phases: the initiator phase and the effector phase.
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The initiator phase consists of the processing of long dsRNA molecules by the RNaselll
enzyme Dicer into small interfering RNAs (siRNAs) of 21-25 base pairs. These siRNAs
are considered the hallmark of the RNAI response. siRNAs are duplexes of RNA with 3’
overhangs of 2 nucleotides. Each strand has a 5’ phosphate and 3' hydroxyl (Myers et al.,
2003; Provost et al., 2002a). The siRNAs are unwound and incorporated into the RNA-
induced silencing complex, or RISC, with the assistance of Dicer-2 and R2D2 during the
effector phase of the pathway (Tijsterman and Plasterk, 2004), and act as guide sequences
to lead the RISC to the target mRNAs and initiate degradation of the mRNA (Elbashir et
al., 2001). The RISC is known to include the products of the following genes:
Argonaute-2 (Ago2), Vasa intronic gene (VIG), fragile X mental retardation gene (FXR),
and Tudor-Staphylococcal nuclease (TSN) (Caudy et al., 2003; Caudy et al., 2002;
Hammond et al., 2001; Ishizuka et al., 2002).

Hammond et al, demonstrated that the reduction of levels of mRNA after dSRNA
treatment of Drosophila cells could be correlated with the production of 21-25 nt siRNAs
and were the first to suggest that the small RNAs are incorporated into a nuclease
complex that uses them to direct the degradation of the mRNA in a sequence-specific
manner (Hammond et al., 2000).

The initiator enzymes in the RNAi pathway, termed Dicer, were first described
from Drosophila cell and embryo lysates (Bernstein et al., 2001). Candidate genes
encoding RNaselll enzymes were expressed in cells and tested for their ability for
transform long dsRNA molecules into small RNAs of ~21-25 nt. These enzymes were
also shown to be inactive against single stranded RNAs. The enzyme with this activity

was termed Dicer. Antibodies directed against Dicer were successful in
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immunoprecipitating a protein with enzymatic activity capable of producing the small
RNAs in vitro. In vivo Dicer depletion studies were also performed and resulted in
decreased Dicer activity based on the detection of reduced siRNA production (Bernstein
et al., 2001). The majority of information related to Dicer enzymes has been elucidated
from work with D. melanogaster, including the specific functions of both Dicer-1 and
Dicer-2 (Pham et al., 2004; Lee et al., 2004).

Dicer is a large enzyme that was first described in D. melanogaster and contains
an RNA helicase domain, PAZ (PIWI/Argonaute/Zwille) domain, a domain of unknown
function (DUF283), 2 RNase III domains and an RNA binding domain (Provost et al.,
2002a). In its active form, Dicer forms a homodimer (Zhang et al., 2004). The
production of siRNAs by Dicer is ATP-dependent (Nykanen et al., 2001). Dicer has been
shown to be evolutionarily conserved, and is found in many organisms in addition to
Drosophila, such as C. elegans, humans (Hutvagner et al., 2001), mice (Nicholson and
Nicholson, 2002), yeast (Schizosaccharomyces pombe) (Provost et al., 2002b),
trypanosomes (Ngo et al., 1998), zebrafish (Wienholds and Plasterk, 2004), the fungi
Magnaporthe oryzae (Kadotani et al., 2004), and Neurospora crassa (Catalanotto et al.,
2004). The number of dicer genes in different organisms varies. In some organisms
including D. melanogaster there are two dicer genes. In Arabidopsis there are 4 dicer
genes, each of which processes siRNAs from different dsRNA sources (Schauer et al.,
2002). However, in some organisms, such as humans and C. elegans there is only one
dicer gene.

Recently, the RNAi pathway has been shown to have two branches: the siRNA

branch and the micro-RNA (miRNA) branch. In organisms that encode two Dicer
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proteins, Dicer-2 is the enzyme that produces siRNAs from long dsRNAs and initiates the
RNAI pathway (Pham et al., 2004). Dicer-1 is the enzyme that produces miRNAs from
endogenous transcripts, which are important for regulating developmental pathways
(Brigneti et al., 1998; Lee et al., 1993; Lee et al., 2004; Lin et al., 2003; Llave et al.,
2002; Palatnik et al., 2003; Reinhart et al., 2000; Wienholds and Plasterk, 2004).
miRNAs are produced from pre-miRNAs that are stem-loop RNA precursors encoded in
genomes (Lee et al., 2004). Silencing of genes by the miRNA pathway occurs not by
degradation of the mRNA, but rather by translational arrest during protein synthesis
(Ambros et al., 2003). Also, unlike silencing by the siRNA pathway, miRNA silencing
does not require complete base pairing between the miRNA and the target sequence to be
silenced. There are two distinct RISCs that distinguish between the silencing
mechanisms (Lee et al., 2004). It is not known how the distinction is made between
siRNA production and miRNA production with a single Dicer enzyme in C. elegans. In
advanced vertebrates such as humans, interferon is the innate immune response to long
dsRNA, so the function of Dicer-2 may not be required in these animals.

Another family of genes that is important in RNAI is the argonaute gene family.
In Drosophila, there are five argonaute genes (Williams and Rubin, 2002). Two of the
genes, argonaute-1 and argonaute-2 have been implicated in RNA interference.
Argonaute-2 is an important component of the RISC complex (Liu et al., 2004; Meister
and Tuschl, 2004). Argonaute-2 has been termed ‘Slicer’ and is the only component of
human RISC that is required for the degradation of mRNA molecules (Rand et al., 2004).
Rand et al (2004) suggested that the endonuclease activity resides in the PIWI domain,

where it is predicted the active site for the enzyme may reside. Okamura et al (Okamura
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et al., 2004) showed that Drosophila embryo mutants lacking Ago2 were unable to
perform siRNA- directed mRNA cleavage, although miRNA directed cleavage was still
possible. The embryos also lacked the capacity to load siRNAs into RISC.

D. melanogaster Argonaute-1 (DmAGO1) is not involved in siRNA-directed
cleavage as is DmAgo2. DmAGOlis believed to function downstream of the production
of the siRNAs and not be a component of RISC (Williams and Rubin, 2002). These
studies also demonstrated that Drosophila mutants lacking AGO1 are embryonic lethals,
implicating AGO1 in Drosophila development. AGOL1 is required for miRNA-directed
cleavage and dispensable for siRNA directed cleavage, showing divergent roles for
different Argonaute proteins (Okamura et al., 2004). This functional differentiation of
the Argonaute proteins has also been noted in plants (Vaucheret et al., 2004).

Argonaute proteins contain two domains, the PAZ domain and the PIWI domain.
The crystal structures of the PAZ domain of Argonaute-2 from Drosophila and the
thermophile Pyrococcus furiosus were determined and shown to have structural
properties similar to proteins that bind single stranded nucleic acid (Lingel et al., 2003;
Lingel et al., 2004; Song et al., 2003). The PAZ domain recognizes the 3’ overhangs of
the siRNA duplexes (Lingel et al., 2003; Lingel et al., 2004; Song et al., 2003; Yan et al.,
2003). Interestingly, this is the same region that is recognized by certain viral
suppressors of RNAi (Lakatos et al., 2004). The PIWI domain is involved with protein-
protein interactions between Argonaute and Dicer and may play a role in siRNA loading
into RISC (Pham et al., 2004; Tahbaz et al., 2004). Recently, Sen and Blau (Sen and

Blau, 2005) showed that both human Argonaute-1 and -2 proteins reside in intraceltular
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structures known as ‘cytoplasmic bodies’. These areas of the cell are believed to be
where cellular mRNA turnover is regulated (Sen and Blau, 2005).

R2D2 is a protein with two dsSRNA binding domains that bridges the initiator and
effector stages of the RNAi pathway. R2D2 was co-purified with Dicer-2 in a siRNA-
generating extract from Drosophila S2 cells. The R2D2-Dicer-2 complex is required to
produce siRNAs from dsRNA and also to load the newly formed siRNAs into RISC (Liu
et al., 2003).

In some organisms, such as C. elegans and plants, an amplification of the RNAi
response occurs. In these systems, the original siRNAs act as primers, and along with
endogenous RNA-dependent RNA polymerase (RdRP), synthesize new dsSRNA
molecules in the cells. These newly produced dsRNAs are processed by Dicer and
generate an additional pool of siRNAs (Sijen et al., 2001; Tijsterman et al., 2002). This
phenomenon is termed “transitive RNAi” and allows for the degradation of a full nRNA
even when the initial trigger sequence represents only a portion of the gene (Waterhouse
et al., 2001). Transitivity of PTGS increases the pool of siRNAs outside the original
target area (Sijen et al., 2001). Amplification of the siRNA signal is bi-directional along
the transcript. This same phenomenon also exists in C. elegans, however the signal can
only spread 3'-5' along the transcript (Voinnet et al., 1998). Transitive RNAi does not
occur in species such as D. melanogaster, where RARP genes are absent from the

genome. Gene knockout experiments in these organisms require design of dsRNA for

specific disruption of gene expression.
One unique aspect of PTGS in plants is the ability of the silencing signal to spread

throughout the organism. The siRNAs, complexed with other host proteins, are part of a
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silencing complex that can move to other tissues in the plant using phloem tissues
(Palauqui et al., 1997; Voinnet and Baulcombe, 1997). The distance that the siRNAs
travel is dependent on their exact length and from what Dicer enzyme they were
generated. The exact mechanism for long-distance movement has yet to be elucidated

(Himber et al., 2003).

Viruses are both inducers and targets of RNAi:

Since the discovery of RNA silencing it has been hypothesized to play a role in
anti-viral defense (Goldbach et al., 2003; Vance and Vaucheret, 2001). Studies involving
pathogen-derived resistance (PDR) in plants were among the first to show that viruses
could be targeted by RNA silencing (Lindbo et al., 1993).

RNAI is involved with the silencing of repeat sequences in the C. elegans
genome, which involves the methylation of DNA. In addition, several RNAi genes
regulate gene silencing by methylation of DNA during meiosis (Grishok, 2005). RNAI is
known to silence transposons within the nematode, preventing new insertion events from
occurring (Sijen and Plasterk, 2003; Tabara et al., 1999). While the genetics of C.
elegans have been investigated in detail, including the genetics of RNAI, there had been
no virus infection model of the nematode until very recently (Lu et al., 2005; Wilkins et
al., 2005). Two infection models have been recently described; Flockhouse virus (FHV,

Nodaviridae) in C. elegans and vesicular stomatitis virus (VSV; Rhaboviridae) in C.
elegans derived cultured cells; these should allow more studies of RNAI as an antiviral

defense mechanism in invertebrates.
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Lindbo et al (Lindbo et al., 1993) were the first to describe pathogen-derived
resistance (PDR) as an anti-viral defense in plants based on RNA silencing. Transgenic
plants were engineered to express a portion of the tobacco etch virus (TEV) coat protein.
After challenge with TEV, the transgenic plants were found to be resistant to the virus.
No overt symptoms were seen, and no virus could be recovered from the leaf tissue. The
mechanism for this resistance was termed PDR. PDR was shown to be virus specific, as
the plants could be infected with a non-related virus. Any RNA that was introduced into
plant cells that shared homology with the RNA in the transgene was degraded.

Soon after the discovery that plants had a defense mechanism against viruses, it
was shown that many plant viruses encoded protein suppressors of RNA silencing
(Anandalakshmi et al., 1998; Beclin et al., 1998; Brigneti et al., 1998; Kasschau and
Carrington, 1998; Voinnet et al., 2000; Voinnet et al., 1999). Several suppressors have
been found that interrupt the pathway at different steps, indicating that evasion of RNA
silencing has evolved more than once. One protein, helper component-proteinase, or HC-
PRO, from potyviruses is thought to be the most potent suppressor of RNA silencing
found to date. HC-PRO functions at the step that prevents the accumulation of siRNAs
by interacting with the RNase III enzyme Dicer (Llave et al., 2000; Mallory et al., 2001).
HC-PRO also has the capability to reverse established silencing of a transgene,
suggesting that the protein inhibits a mechanism required for the maintenance of
silencing (Llave et al., 2000).

The 19 kD protein (p19) from tombusviruses acts as a suppressor of PTGS in
plants in a different manner from HC-Pro. p19 does not block production of the 21-25 nt

siRNAs, rather it binds to them via the 2-nt 3’ overhangs (Silhavy et al., 2002). Notably,
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the protein will bind only double stranded 21nt sequences. Single-stranded RNAs of the
same length are not recognized by p19. By binding the siRNAs, p19 forms a homodimer
and sequesters the guide sequences that are required for RISC incorporation and targeting
mRNA degradation (Ye et al., 2003).

In addition to the PTGS suppressors encoded by plant viruses, the insect virus,
Flockhouse virus (family Nodaviridae) encodes a protein, B2, which can suppress RNAi
activity in both plant and Drosophila S2 cells (Li et al., 2002). The expression of this
protein in transgenic plants expressing GFP, and transiently expressing siRNAs targeting
GFP, reversed silencing of GFP. siRNAs were still detected in the tissues, indicating that
the mode of action did not occur until after the production of siRNAs (L1 et al., 2002). It
is likely that this protein sequesters the siRNAs away from the RNAi machinery.

Targeting of replicating viruses using RNAi has prompted discussion about
whether RNAI can be used as an antiviral therapy. Numerous studies in cell culture have
shown that HIV replication can be halted when cells are treated with siRNAs that target
the viral genome (Jacque et al., 2002; Lee et al., 2002). West Nile virus replication can
be targeted and reduced in cultured cells using siRNAs targeting the virus RNA (Geiss et
al., 2005). These studies showed a significant reduction in WNV RNA in cells that were
pre-treated with siRNAs. However the cells that were treated subsequent to the
establishment of viral replication did not have the same reduction in viral siRNA,

suggesting that the RNA may be sequestered from the RNAi machinery in the cell (Geiss
et al., 2005). Preliminary studies investigating RNAI as a therapy for hepatitis C virus

replication have also begun. siRNAs have been used to effectively target HCV replicon
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RNAs in cultured human cells as well as in a mouse model (De Francesco and
Migliaccio, 2005; McCaffrey et al., 2002; Randall et al., 2003; Wang et al., 2005a).
RNAI has become an important reverse genetics tool for studying gene function.
Systematic knockdown of all genes has been accomplished in both D. melanogaster and
C. elegans, with great success, identifying previously unknown functions of genes in
various biological pathways (Boutros et al., 2004; Kamath and Ahringer, 2003). RNA
silencing has been used in many other invertebrates, including Anopheles gambiae.
Several studies have shown that RNAi can be used to knockdown endogenous and
exogenous gene expression in anopheline adult mosquitoes and cultured cells (Blandin et
al., 2002; Blandin et al., 2004; Brown et al., 2003; Levashina et al., 2001), as well as
Aedes mosquitoes (Adelman et al., 2001; Adelman et al., 2002; Attardo et al., 2003). In
addition, studies have shown that it is possible to silence RNAi complex genes using
RNAIi (Bemnstein et al., 2001; Dudley et al., 2002; Grishok et al., 2001; Hammond et al.,

2001).
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RNA interference and mosquitoes:

Recently, several groups have investigated the possibility that RNA interference
is a functional pathway in mosquitoes. RNA interference has been employed to down-
regulate genes in both mosquito cell culture and in adult mosquitoes, which has been a
useful tool in studying gene function in mosquitoes. In addition, experiments have been
performed to show that arbovirus replication can be modulated in mosquitoes and
mosquito cells. Several lines of evidence have now shown that the RNAI response is
active in mosquitoes.

Levashina et al (2001) reported the first knockdown of an endogenous gene in
mosquito cell culture. Anopheles gambiae cultured cells were transfected with a 640 bp
dsRNA fragment from the TEP-1 (thioester containing protein 1) gene or a non-specific
dsRNA control (GFP). The level of TEP-1 in the treated cells was determined by western
blot and protein level in the dsTEP-1 cells was significantly decreased when compared to
the dsGFP treated cells, indicating that transfection of dSRNA into mosquito cells can
reduce the amount of protein made from a specific mRNA.

Blandin and colleagues reported the first use of RNAi to knockdown an
endogenous gene in adult mosquitoes (Blandin et al., 2002). dsRNA targeting the anti-
microbial peptide defensin was intrathoracically inoculated into adult female An.
gambiae mosquitoes. When compared to a non-specific dSRNA control, those

mosquitoes treated with defensin dsSRNA had significantly lower levels of Defensin

protein as determined by western blot, MALDI-TOF MS (Matrix assisted laser
desorption/ionization- Time-of-Flight mass spectrometry) and mRNA levels as

determined by RT-PCR. Mosquitoes that were treated with the dSRNA to defensin were
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also more susceptible to death after bacterial challenge. dsRNA injection to disrupt gene
expression has since been used to target other endogenous mosquito genes in metabolic
and immune pathways (Arrighi et al., 2005; Blandin et al., 2004; Infanger et al., 2004;
Moita et al., 2005; Osta et al., 2004; Sanchez-Vargas et al., 2004; Wang et al., 2005b;
Zhu et al., 2003).

In addition to knocking down endogenous gene expression, RNA interference has
been utilized in an anti-viral strategy to render mosquitoes resistant to arbovirus
infection. There are several lines of evidence that support the idea that RNA interference
can target replicating viruses both in vitro and in vivo. First, double subgenomic SINV
were engineered to express a portion of the DEN-2 RNA sequence in antisense
orientation. Infection of C6/36 Ae. albopictus cells and adult female Ae. aegypti
mosquitoes with this virus conferred resistance to DEN-2 but not DEN-3 upon virus
challenge, indicating that the interference was sequence specific (Adelman et al., 2001,
Gaines et al., 1996; Olson et al., 2002).

Second, C6/36 mosquito cells were stably transformed with a plasmid that
constitutively expressed an inverted repeat RNA (irRNA) derived from the prM region of
the DEN-2 genome. The plasmid also contained a hygromycin resistance gene for
selection (Adelman et al., 2002). This irRNA formed dsRNA when transcribed in the
cell line and prevented the accumulation of DEN-2 RNA and viral antigen up to 14 days
post infection with DEN-2 (Adelman et al., 2002). The cells expressing the irRNA were
subjected to northern blot analysis and were shown to contain siRNAs, the hallmark of
RNAI, indicating that the interference mechanism was indeed RNAIi (Sanchez-Vargas et

al., 2004). Interestingly, these cells were also resistant to DEN-3 upon challenge. This
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may be due to a similar RNA sequence that is present in the two virus genomes that was
incorporated into the irRNA sequence. The silencing phenomenon did not extend to a
distantly related flavivirus, West Nile virus (EA Travanty dissertation 2005; Sanchez-
Vargas et al., 2004). C6/36 mosquito cell cultures have also been treated with DEN-2
specific dsSRNAs and siRNAs and subsequently challenged with DEN-2 virus. Cells that
were treated with the DEN-2 specific RNA and not the control siRNA did not accumulate
viral RNA or express viral antigen up to 14 dpi (Sanchez-Vargas et al., 2004, EA
Travanty dissertation 2005).

The use of dsSIN systems has also been employed to silence genes in mosquitoes
via an RNAi1 mechanism. Sanchez-Vargas et a/ (2004) used this method to knockdown
expression of early trypsin in Ae. aegypti mosquitoes. The dsSIN virus expressed a 500
bp fragment of the early trypsin gene. Infection with this virus led to silencing of early
trypsin expression in mosquito midguts as detected by quantitative RT-PCR. The
silencing of the gene was accompanied by the simultaneous appearance of siRNAs with
early trypsin sequence.

Other studies performed by Caplen and others (2002) showed that treatment of
C6/36 cells with dsRNA to Semliki Forest virus reduced the amount of SFV RNA in the
cells after virus challenge. Also, DEN-1 specific dsSRNA modulated the replication
kinetics of the virus in cell culture, although the effect was not as great as with SFV
(Caplen et al., 2002).

RNA1 based strategies are currently being employed for the generation of
transgenic mosquitoes that would render them resistant to parasite infection (Travanty et

al., 2004).
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Summary and Goals:

RNA interference and related pathways are active in many organisms and they are
quite clearly evolutionarily conserved pathways. Several lines of evidence now suggest
that the pathway is active in mosquito species as well. Mosquitoes and mosquito derived
cell lines can be treated with dSRNA or siRNAs to reduce expression of target genes and
prevent viral infection (Adelman et al., 2002; Blandin et al., 2002; Sanchez-Vargas et al.,
2004). Studies examining PTGS in plants have shown that several plant viruses encode
suppressors of PTGS, suggesting that these viruses are naturally targeted by the PTGS
pathway and have evolved a counterdefense strategy. This has also been shown to be
true for one insect virus (Li et al., 2002). We hypothesize that RNAI can target
replicating arboviruses in mosquitoes will provide insights for developing new control
strategies to prevent arbovirus transmission.

The work described in the following chapters was designed to identify and
characterize the mosquito genes that potentially are involved in the RNAi pathway. We
are particularly interested in identifying those genes in the dicer and argonaute gene
families, which have been implicated in playing important roles in RNAI in other species
such as D. melanogaster and C. elegans. The complete sequencing of a number of
vertebrate and invertebrate genomes has greatly aided in the search for mosquito genes.
Using the information gathered from these searches, we determined which genes are
potentially important in the antiviral response to alphavirus infection, testing the
hypothesis that the RNAi pathway detects and modulates replicating viruses in the
mosquito. The results of these studies showed the RNAi pathway is a component of the

antiviral pathway in mosquitoes and provide the first evidence for an active mechanism
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against virus replication in the mosquito. More research is required to determine how
viruses are able to evade this response and establish a persistent infection in mosquitoes.
This work required the use of alphavirus infectious clones and recently developed
reverse genetic techniques to evaluate virus replication and the role of RNA interference
as an anti-viral defense in the mosquito. Using infectious clones that express reporter
genes provides real-time information on how the virus infection progresses in the
mosquito. Ultimately, this work will lead to a better understanding of how the mosquito
innate immune system functions to protect against viral infection and provide useful

information for generating new control strategies to prevent arboviral transmission.
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Chapter 2: Characterization of RNA interference in an Anopheles gambiae cell line

The dsRNA treatment of the SualB cell line and luciferase assay were performed by Ngo
Hoa as part of a collaboration.

Hoa, N. T., Keene, K. M., Olson, K. E., and Zheng, L. (2003). Characterization of
RNA interference in an Anopheles gambiae cell line. Insect Biochem Mol Biol
33, 949-957.
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Introduction

RNA interference (RNAI) and related pathways such as post-transcriptional gene
silencing (PTGS) have been observed in many eukaryotes, from single cell organisms
such as Schizosaccharomyces pombe to more complex invertebrate animal and plant
species and to higher organisms such as humans (Anderson, 2005). These pathways are
evolutionarily conserved even among highly divergent species although some differences
exist. RNAI is a functional pathway in the insect Drosophila melanogaster, which has
served as one of the model organisms for determining the genetic components of RNAi
as well for biochemically dissecting the pathway in detail. Early studies of RNAI in
invertebrates identified two gene families as having critical roles in the pathway, the
dicer family and the argonaute family.

As the threat of mosquito-borne virus diseases continues to grow worldwide,
novel methods to control both the vectors and the pathogens they transmit are needed in
order to reduce the burden imposed by these diseases. Recent advances in the field of
transgenic insects have offered a promising new way to potentially prevent arbovirus
transmission. Several studies have shown that mosquito cell lines can be engineered to
be resistant to dengue virus replication (Adelman et al., 2001; Caplen et al., 2002). In
addition, it is clear that endogenous genes can be silenced in mosquito cells and adult
mosquitoes using a mechanism consistent with RNAi (Blandin et al., 2002; Levashina et
al., 2001). Combining RNAIi and transgenic technology may provide a promising way
for controlling arbovirus transmission in the future.

The studies described here were conducted to test the hypothesis that the

components of the RNAi pathway are present in Anopheles gambiae and constitute a
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functional pathway in cultured mosquito cells. Gene mining studies were performed
using the recently published An. gambiae genome sequence and known sequences from
D. melanogaster in BLAST searches to identify putative RNAI genes from An. gambiae,
specifically those in the dicer and argonaute gene families. Cultured An. gambiae
mosquito cells engineered to express luciferase were tested for their ability to reduce
luciferase expression via an RNAi mechanism. An. gambiae cell cultures were also
treated with dsSRNA derived from each of the dicer and argonaute genes to examine the

effect on RNA mediated knockdown of transient expression of luciferase.

Materials and Methods
Identification of dicer/argonaute genes in the An. gambiae genome:

The completion and publication of the An. gambiae genome sequence allowed for
an in silico search for potential dicer and argonaute genes (Holt et al., 2002). Using the

An. gambiae database search tools at www.ncbi.nlm.gov and www.ensembl.org, BLAST

searches were performed to identify homologues of the known Drosophila dicer (dcr)
and argonaute (ago) genes. The Flybase accession numbers for the Drosophila genes are
as follows: dicer-1 (CG4792, FBgn0039016); dicer-2 (CG6493, FBgn0034246); ago-1
(FBgn0026611); ago-2 (CG13452/CG7439, FBgn0046812); ago-3 (AE003107.2); piwi

(FBgn0004872); aubergine (FBgn0000146).

Preparation of templates for dsRNA production:

Total RNA was extracted from An. gambiae SualB cells (established from

triturated newly hatched larvae (Dimopoulos et al., 1997) using the RNeasy Kit (Qiagen)
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according to the manufacturer’s instructions and reverse transcribed using an oligo d(T)
primer to produce single-stranded cDNA. This cDNA was utilized as template for PCR
amplification of dicer and argonaute genes. The primer pairs utilized for each gene in
the study are listed in Table 2.1. Each primer pair amplified a region of the gene that was
approximately 500 bp. T7 promoter sequences were incorporated into the 5° ends of
primer sequences to facilitate in vitro transcription. In addition to the endogenous genes,
dsRNA templates of approximately 500 bp were also produced for the firefly luciferase
gene and the B-galactosidase gene from E. coli. All PCR products were cloned into
pGEM-T and sequenced. Sequences were verified against database sequences by using

the bl2seq tool at www.ncbi.nlm.nih.gov.

dsRNA production:

PCR products made by using the primers listed in Table 2.1 and containing 5° T7
promoter extensions were used as templates for the in vitro transcription reactions. After
agarose gel extraction and purification of DNA products using the Gel Extraction Kit
(Qiagen), the templates were transcribed using the T7 MEGAscript kit (Ambion)
following the manufacturer’s instructions. The transcription products were annealed by
heating to 70°C briefly and cooling to room temperature. Template DNA was digested
by incubating with DNasel for 15 minutes at 37°C. The resulting dSRNA was purified
using phenol-chloroform extraction and ethanol precipitation. dsRNA quality was
analyzed by agarose gel electrophoresis and quantified by UV spectrometry (Amersham

Pharmacia, Piscataway, NJ).
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Cell culture:

The cells used in these experiments were the SualB cell line, which were derived
from Anopheles gambiae larvae (Dimopoulos et al., 1997). Cells were maintained in
Schneider medium (Sigma), supplemented with 10% FBS and L-glutamine and incubated

at 25°C.

Treatment of cells with dsRNA to identify genes required for RNAi:

SualB cells were grown in 24-well plates until they reached 70% confluency.
They were then transfected with 4.5 pg of dsSRNA per well with sequence homology to
AgDcrl-2 or AgAgol-5 genes using the Effectine kit (Qiagen) following manufacturer’s
protocols. Twelve hours later, cells were transfected with 9 pg of dSRNA with sequence
corresponding to the firefly luciferase gene. An additional 4.5 pg of the AgDcr1-2 and
AgAgol-5 dsSRNA was also added to replace what was removed during the medium
change. After 6 hours, the cells were transfected with two luciferase expressing
plasmids, pCecA-luc and pRL-Act5C (Zheng and Zheng, 2002). pCecA-luc expresses
firefly luciferase under the control of the Cecropin promoter, and pRL-Act5C expresses
Renilla luciferase controlled by a D. melanogaster actin promoter. The cells were
incubated for 24 hours at 25°C and then collected by centrifugation at 2500 x g for 10
min. Cells were rinsed once with PBS, and centrifuged again to pellet the cells. The
cells were then subjected to a dual luciferase assay (Zheng and Zheng, 2002). The pRL-
ActSc was included as a transfection efficiency control. Luciferase activity resulting
from expression from the pCecA-luc plasmid was normalized to expression from the

pRL-Act5c plasmid to minimize variation in the experiment.
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RNA extractions for sequencing of AgDcrl1:

RNA was isolated from a pool of 20 4. gambiae G3 larvae (L3) using a modified
guanidinium thiocynate (GITC) extraction method (Chomczynski and Sacchi, 1987).
Larvae were homogenized in 400 pl RNA lysis buffer (4M GITC, 50 mM Tris-HCl pH
8.0, 25 mM sodium citrate pH 7.5, 0.5% N-lauryl-sarcosine, 0.1M B-mercaptoethanol)
using a mortar and pestle. The sample was subjected to a phenol-chloroform extraction.
RNA in the aqueous layer was precipitated using an equal volume of isopropanol at
—70°C overnight. The RNA was pelleted by centrifugation at 4°C for 1 hour. The RNA
was resuspended in nuclease-free water and purified by EtOH precipitation overnight at
—70°C. The RNA was resuspended in nuclease-free water and quantitated using UV

spectrometry.

First Strand cDNA synthesis:

Total RNA isolated from An. gambiae larvae was used for generating first strand
cDNA. Total RNA was mixed with 15 pmol of an oligo dT reverse primer and diluted to
12 pl with nuclease-free water. The RNA samples were heated to 70°C for 10 minutes
and then cooled to room temperature. To each sample, 4 ul of first strand buffer (Gibco),
1 pl of 0.1 mM DTT (dithiothreitol) (Invitrogen), and 2 ul of 10 mM dNTP mix
(Ameresco) and 1 pl of Superscript II-RNase H were added. The reaction was allowed to
proceed for 1 hour at 42°C, followed by a 10-minute denaturing step at 75°C. Samples

were incubated with RNase-1 at 37°C for 15 minutes to remove the RNA template.
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PCR amplification of An. gambiae dicer-1 sequences:

Genomic sequence data from D. melanogaster (www .flybase.org) and An.

gambiae (www.ensembl.org) were used to design primers to amplify the dicer-1 gene

from An. gambiae. Eleven sets of overlapping primers were used for PCR amplification.
The primer sets and the expected product sizes are listed in Table 2.2. The positions of
the primers on the gene are shown in Appendix Figure A.1. Fifty pmol of both the
forward and reverse primers were added to 1 ml of PCR master mix, which contains the
following: 1.5 mM MgCl,, 1X PCR buffer (Promega), and 200 uM of each dNTP. One-
half pl of cDNA resulting from the first-strand synthesis reaction was added to each 50 pl
PCR reaction. Two units of Taq polymerase were added prior to the start of each
reaction. For initial testing of the primer pairs, a gradient thermocycler was used to
determine the optimum annealing temperature (Eppendorf). The PCR program was as
follows: 30 seconds 95°C, followed by 35 cycles of 30 seconds at 95°C (denaturing), 30
seconds at the annealing temperature (ranged from 50-65°C on thermocycler), and 1
minute at 72°C (elongation). This was followed by a 10-minute extension step at 72°C,
and the products were cooled to 4°C. The PCR products were analyzed by
electrophoresis on 1.0% agarose gels containing ethidium bromide for DNA staining and
visualization under UV light.

Bands of expected size were extracted from the gel using the Qiagen Gel
Extraction Kit (Qiagen), according to manufacturer’s instructions. The extracted DNA
was then cloned into the pCR2.1-TOPO vector ﬁsing the TOPO TA cloning kit
(Invitrogen) following manufacturer’s instructions and the resulting plasmids transformed

into OneShot TOP10 cells. The cells were plated onto LB agar containing 50 pg/ml
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ampicillin, and 40 mg/ml of X-gal and incubated overnight at 37°C. White colonies were
selected for further growth overnight on new plates of the same selective agar.

After the overnight incubation, colonies were picked and added to PCR master
mix (see above) containing M13 primers to select clones that contained a PCR insert.
The PCR program used was as follows: 30 seconds 95°C, followed by 35 cycles of 30
seconds at 95°C, 30 seconds at 55°C, and 1 minute at 72°C. This was followed by a 10
minute extension step at 72°C, and the products were cooled to 4°C. The PCR products
were analyzed by agarose gel electrophoresis on 1.0% agarose gels containing ethidium

bromide for DNA staining and visualization under UV light.

Selection and purification of positive clones for sequencing:

The colonies yielding products with correct size bands determined by gel
electrophoresis were chosen for DNA sequencing of the inserts. Colonies were grown
overnight in 10 ml cultures of LB medium containing 50 mg/ml ampicillin in a shaking
incubator at 37°C. Cells were pelleted by centrifuging at 2000 rpm. The supernatant was
removed and the plasmids were prepared using the Qiagen Miniprep kit (Qiagen)
following manufacturers’ instructions. DNA was eluted into sterile water and the
concentration was measured by UV spectrometry. Plasmid inserts were sequenced using
M13 primers by Davis Sequencing (Davis, California) and at AIDL using the Big Dye
v. 2.1 sequencing kit and the ABI 310 automated sequencer per manufacturers’

instructions.
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Table 2.1: RNAI primer pairs gene silencing in Anopheles gambiae cell culture

Target gene

Forward primer (5'-3")

Reverse primer (5'-3")

Product size

AgDcrl

AgDcrl RNase III

AgDcr2
AgAgol
AgAgo?
AgAgo3
AgAgo4

AgAgo5

p-galactosidase

Luciferase

cgccecaaggttcgecgectgetega
cgaacgccaacgatggceatc
aggtgctgaaccaaatccac
tgceggecacaccgeeggeaccgee
ggttcgegeccatacctaaacgtg
aacaatccgatgctggagat
cgacttcctcaactgeatga
ccatcaacgagctgatgaac

ggtcgecageggeacgegectttc

agaactgcctgegtgagatt

ctcgtacagcagcacgtaaagaat
ccaagccatgccataaagag
gtacaccgagacggcaaact
gaccggtgtgtaggteatgetggac
tgggacgecaggtecgaggatcettg

cctegtggtacgtgtcaatg

ttgtccttcgaatcgtgaca
ccgaactgctectggtactt

geeggtagecagegeggateategg

atccagatccacaaccttcg

496 bp
682 bp
479 bp
500 bp
500 bp
463 bp
408 bp
463 bp
521 bp

480 bp

** All primers have a common 5’ extension (5’-taatacgactcactatagg-3°).
*** Locations of primer pairs are shown on the gene diagrams in Figures 2.1 and 2.2.
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Table 2.2: Primers for AgDcr-Z amplification and sequence confirmation

Primer pair Forward primer (5'-3") Reverse primer (3'-3") Estimated
name product
size
AgDerl 1F/1R ATGTCGTTGTTCCACTGG GTTTGCTCGGCTCTCGTGACCG 1600 bp
AgDerl 1.2F/1.2R CACTGGACGGATGGCAACA TTGCTCGGCTCTCGTGAC 1537 bp
AgDetl 2Ff2R GAACCTAAAGCACAAAGTCGTCG ACGATACACTTCTAGGCAGTGG 230bp
AgDetl 3.2F/3R TGCCAAGTGCCGCAATGGAGAG GCGTTGATGCGGTACAGTACG 1280 bp
AgDerl 4F74R TGTGCACGATACATCCGTTCCC GTGGCTTACGGACAGCGGTTCG 1085 bp
AgDerl 5F/5R AGCAACGGTTTGAGCGGCAG GTTTCGATGCCACCGAACGTAATG 1510bp
AgDerl 6.3F/6R CTGGCGTAACGATTGCTGAGTA TATCGGCGCTTGTGAT 950 bp
S2/Anop 1F/IR CTGCCACCCTGCTACTACGTGCC CATCGCCCAGRAACTCCAGMCGC 826 by
S2fAnop 2FAIR AACGATGGCATGAATCTGGAGCG CATCGCCCAGRAACTCCAGMCGC 919 bp
S2/Anop 3F3R CTCTTTATGGCMTGGCTKGGC GCCGCCGTACACTTGGCGATGCGATAG 1034 bp
S2fAnop 4Ff4R GTTCACCAAWGTRYTGCGYTTGCARAAG CGCTTKGCCCGCTTYGTCTCCTCCG 551 bp

**The location of the primer pair sequences are shown in Appendix Figure A.1.




Results

Putative dcr and ago genes identified in An. gambiae: The sequences that showed the
highest scores on the BLAST searches of the An. gambiae genome using D.
melanogaster sequences as queries were further investigated to determine if they were
indeed members of the decr and ago gene families in An. gambiae (Altschul et al., 1997).
The results from the BLAST searches are shown in Table 2.3. The sequences selected in
BLAST searches were subjected to domain analysis using the Simple Modular
Architecture Research Tool (SMART) from the Expert Protein Analysis System website

(www.expasy.ch), which predicts functional domains encoded by the amino acid

sequences.

The searches indicated that two full-length dicer genes were present in the An.
gambiae genome, each having strong homology to one of the Drosophila dicer (DmDcr)
genes. A clear homologue of DmDcri was discovered and is now referred to as AgDcr!
(ENSANGG00000014308). The translated sequence has 43% identity and 54%
similarity to DmDcrl and is located in Division 13E on chromosome 2L. A second
Dicer-like gene, AgDcr2, also was discovered and is a homologue to DmDcr2 (32.8%
identity, 61.8% similarity). AgDcr2 is designated as ENSANGG00000014054, and is
located on chromosome 3L at position 43D. Both Anopheles Dicer proteins contain the
same domains, and when aligned, the two amino acid sequences have 21.7% identity. As
seen in Drosophila, the length of the Dicer-2 protein is shorter than the Dicer-1 protein.

There were also two sequences that had homology to DmDcr1/2 but were not
considered further to be dicer homologues because the sequences were not full length and

did not encode all of the domains required to be functional Dicer-like proteins. These
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sequences were found in the genomic scaffolds AAAB01008964_284 and
AAABO0100846 337. AAAB01008964 284 was located on chromosome 3R and the
translated sequence contained the two RNase III domains and the double-stranded RNA
binding domain. AAAB0100846 337 was located on the X chromosome and encodes the
helicase domains. These sequences are likely to be the result of genomic rearrangements
or duplications of the sequence, and are not likely to produce functional gene products.

The searches also suggested that five argonaute-like genes exist in An. gambiae.
The nucleotide sequences were translated and aligned with each of the 5 Drosophila

Argonaute protein sequences using the SIM tool at www.expasy.ch. The results of the

alignments as well as other Anopheles Argonaute characteristics are shown in Table 2.4.

Table 2.3: Blast searches for Anopheles gambiae dicer and argonaute genes using
Drosophila genes as queries

TBLASTX Highest homology
Drosophila gene ENSEMBL NCBI Scaffold e-value
(accession (Anopheles gambiae (genome sequence)
number) database)
DmDcrl (CG4792, | ENSANGG00000014308 | AAAB01008859 134 0.0
FBgn0039016) AY239359
DmDcr2 (CG6943, | ENSANGG00000014054 | AAAB01008986 87 le-197
FBgn0034246)
DmAgol ENSANGG00000006700 AAABO01008986 1.1e-296
(FBgn0026611)
DmAgo?2 ENSANGG00000021748 | AAAB01008834 94 1.2e-125
(CG7439,
FBgn0046812)
DmAgo3 ENSANGG0000004858 | AAAB01008984 66 8.5e-103
(AE003107)
piwi ENSANGG0000008598 | AAABO01008839 32 1.8e-179
(FBgn0004872)
aubergine ENSANGG0000006265 | AAAB01008816 102 1.4e-151
(FBgn0000146)
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DmDcr-1 2250 amino acids

Helicase C DUF283 RNase 3 RNase 3 dsrm
521-606 820-920 1099-1269 1742-1919 2029-2150 2176-2239

AgDcr-1 2259 amino acids

—> —>
DEAD Helicase C DUF283 PAZ RNase 3 RNase 3 dsrm
9-241 576-653 778-872 990-1161 1683-1889 2018-2158 2184-2247
<+
DmbDcr-2 1722 amino acids
DEAD Helicase C DUF283 PAZ RNase 3 RNase 3 dsrm
4-209 385-408 571-674 843-1003 1192-1403 1448-1650 1653-1718
AgDcr-2 1630 amino acids
—>
DEAD Helicase C DUF283 PAZ RNase 3 RNase 3 dsrm
1-212 436-501 570-667 874-975 1173-1333 1417-1539 1568-1629

<4—

Figure 2.1: Comparison of translated dicer gene products from D. melanogaster and An. gambiae. The AgDcr genes are shown in
schematics with translated products and the domains encoded by the genes (SMART, www.expasy.ch). The DmDcr homologues are shown for
comparison. The approximate regions of genes amplified for dSSRNA templates (from Table 2.1) are shown by inverted arrows.
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AgAGO3-705 amino acids
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AgAGO4-843 amino acids
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EEesssssss—————  PA7 ﬂ PIWI

 p—

254 387 530
AgAGOS5-704 amino acids
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Figure 2.2: Translated products from 4gA4go genes. The gene products of AgAgol-5 are shown. The approximate regions of genes amplified

for dsRNA templates (from Table 2.1) are shown by inverted arrows.



Table 2.4 -Argonaute BLAST results and protein alignments. The BLAST results
from the An. gambiae genome using DmAgo genes as queries are shown, along with their
www.expasy.ch accession number, and homology with their DmAgo homologues.

Anopheles | Accession number AA Chromosome | Drosophila | %
Argonaute length | locations homologue | identity
translated
sequence
AgAgol ENSANGG00000006700 | 992 3L/43D DmAgol 90.9%
AgAgo2 ENSANGG00000021748 | 1049 | 3L/43B DmAgo2 |39.7%
AgAgo3 ENSANGG00000004858 | 705 3R/34B DmAgo3 | 38.0%
AgAgod ENSANGGO00000008598 | 843 3R/42B piwi 48.1%
AgAgo5 ENSANGG00000006265 | 704 3L/42B aub 42.6%

Sequence confirmation of AgDcrl from An. gambiae larvae:
Clones were sequenced in triplicate and aligned with the 4n. gambiae Dicer-1-
like sequence found in the Ensembl database using Clustal analysis. The Clustal tools

used were online at www.expasy.ch. The aligned coding sequence for AgDcrI along

with the translated amino acid sequence are shown in Appendix Figure A.1. The
translated AgDcr1 sequence has a 43.7 % amino acid identity with DmDcri1. The aligned
protein sequences of AgDcrl and DmDcrl1 are shown in Appendix Figure A.2. AgDcrl
is 6780 nucleotides in length and codes for a protein 2259 amino acids in length. AgDcrl
shares many of the protein domains with its homologue, DmDcrl. AgDcrl encodes two
N-terminal helicases, DEAD box helicase and helicase C; a domain of unknown function
283 (DUF 283), PAZ domain, two RNase III domains and a C-terminal dSRNA binding

domain (Figure 2.1).
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Sequencing results indicated a region of 129 bp, beginning at nt 5458, that was
shown on the Ensembl website as genomic (intron) sequence that we determined to be
expressed in mRNA in the late larval stage. The region was amplified by two sets of

primers, AgDcr5F/5R, and S2/Anop 1F/1R. The full-length consensus sequence

resulting from these experiments was submitted to GenBank at www.ncbi.nlm.nih.gov

and was assigned the accession number AY239359.

dicer-2, argonaute-2 and argonaute-3 are involved with RNAi in An. gambiae cells:
Using the primers listed in Table 2.1, ~ 500 bp regions from all of the putative
dicer and argonaute genes were amplified by RT-PCR from RNA extracted from the
SualB cell line. These products were sequenced to verify their identities and then used
as templates for the in vitro transcription reactions to generate dsSRNA. In order to
determine which of the genes are involved with RNA interference, we hypothesized that
knocking down the genes involved in the pathway would allow for a recovery of
luciferase expression in a transformed cell line that had luciferase expression silenced.
SualB cells were engineered to constitutively express a luciferase reporter
construct driven by the Cecropin-A (Cec-A) promoter (Zheng and Zheng, 2002). The
effectiveness of RNAI in the cells was tested by transfecting the cells with luciferase
dsRNA or a non-specific f-galactosidase control dsRNA, followed by transfection of the

CecA promoter luciferase-driven construct. Treatment of this cell line with 5 pg of
dsRNA derived from the luciferase sequence resulted in down-regulation of the

expression of luciferase up to 4000-fold (Hoa NT: data not shown).
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In order to establish a baseline of luciferase recovery, cells were pre-treated with a
non-specific dsSRNA, dspgal, 12 hours prior to transfecting cells with dsLuc. Pre-
treatment of the cells with dsPgal resulted in a 10-15 fold recovery of luciferase
expression. Pre-treatment of the cells with dSRNA with homologous sequence to some
genes in the dicer and argonaute gene families resulted in a recovery of luciferase
expression. Pre-treatment of the cells with dsSRNA derived from AgDcr2, AgAgo2, and
AgAgo3 resulted in greater than 80% recovery of luciferase expression. Pre-treatment of
cells with dsRNA from AgDcrl, AgAgol, AgAgo4, and AgAgo5 did not result in
luciferase expression recovery that was equal to or greater than the dspgal control. A
second region of AgDcrl was also targeted for RNAi knockdown, and that dsRNA also

did not result in recovery of luciferase expression (Fig 2.3).
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Figure 2.3
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Figure 2.3: Dcr2, Ago2, and Ago3 are involved in RNAIi in an An. gambiae cell line.
Luciferase activities were expressed as fold of recovery after pretreatment with dsRNA
from each putative RNAi machinery component. dsLuc knocked-down luciferase
expression approximately 4000-fold (data not shown).
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Discussion

Previous studies have led us to the hypothesis that RNAI is a functional
phenomenon in mosquitoes and mosquito cells (Blandin et al., 2002; Blandin et al., 2004,
Levashina et al., 2001). These studies confirm that the RNAi pathway is present and
functional in An. gambiae mosquito cells. Treatment of luciferase-expressing A4n.
gambiae SualB cells with dsRNA cognate to the luciferase gene resulted in
approximately a 4000-fold decrease in luciferase expression when compared to cells
treated with a non-specific (Bgal) dsRNA (dsBgal) (Hoa et al, 2002). As discussed in
Chapter 1, studies concurrent with this work also demonstrated that RNA-dependent
RNA polymerase (RdRP) is not involved with RNAIi in An. gambiae, as has been
reported for other organisms, including plants and C. elegans (Hoa et al., 2003). This
finding indicates that the RNAi pathway in An. gambiae may be more closely related to
the pathway in D. melanogaster than C. elegans. This provides more support for use of
Drosophila as a model system for mosquitoes.

As in D. melanogaster, two dicer genes and 5 argonaute genes are present in the
An. gambiae genome. The conservation of the number of genes in these families in these
two organisms may also allow use of findings in Drosophila to predict the functions of
the An. gambiae homologues. Although the overall mechanism of RNALI is conserved,
the roles of the specific genes are known to differ between organisms. The number of
dicer-encoding genes is different between organisms, ranging from one in humans and C.
elegans to four in some plant species. In plants, it is now known that the specificity of
Dicer function is dependent on the source of the dSRNA (Schauer et al., 2002). In

organisms encoding two dcr genes, such as D. melanogaster, the functions of each of the
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Dicer proteins have been elucidated. Dicer-1 processes endogenous dsRNA for the
miRNA pathway, while Dicer-2 processes exogenous long dsRNA for the siRNA
pathway (Lee et al., 2004; Pham et al., 2004).

Sequencing of AgDcrl cDNA confirms the presence of the gene in An. gambiae
and the expression of a full length mRNA. This gene was sequenced because at the time
of the study the gene product of AgDcr!1 was believed to be responsible for the
processing of long dsRNAs into siRNAs. However, we now understand the Drosophila
homologue of this gene to be involved primarily with the miRNA processing branch of
the pathway (Lee et al., 2004). Further experiments were originally planned to express
the full-length protein from this gene for use in in vitro RNAI studies. AgDcrl closely
resembles the DmDcr1, in length and structure. The similarities between this gene and its
Drosophila homolog, along with the knowledge that the AgDcr2 and DmDcr2 have high
homology, indicate that the functions of the An. gambiae dicer genes may be very similar
to those in Drosophila. The results from the dicer knockdown-luciferase assay
experiments support this hypothesis. While the transfection of dsAgDcr2 had a dramatic
effect on the recovery of luciferase expression, the transfection of dsRNA to two different
regions of AgDcrl had no effect on luciferase expression, indicating that AgDcr2 and not
AgDcrl is involved with this branch of the RNAi pathway.

A recent study by Lee et al stated that the Drosophila Dicer-2 protein lacks a PAZ

domain (Lee et al., 2004). Our analysis of the amino acid sequences using several

sequence analysis tools and protein domain prediction programs (www.expasy.ch)

indicates that both the Drosophila and Anopheles Dicer-2 proteins encode a PAZ domain,

as is depicted in Figures 2.1 and 2.2. Several Drosophila genome databases, including
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Flybase (www.flybase.org) and Ensembl (www.ensembl.org) also show the PAZ domain

encoded by Drosophila Dicer-2. Based on the resolved crystal structure of AGO2, the
PAZ domain was shown to recognize and bind the 3’ OH overhangs of both siRNA
duplexes and single-stranded siRNAs (Lee et al., 2004; Lingel et al., 2003; Pham et al.,
2004; Yan et al., 2003).

Reduction of luciferase expression by approximately 4000-fold was achieved by
transfection of the transformed luciferase-expressing cells with dsLuc. Pre-treatment of
the same cells with the non-specific dspgal twelve hours prior to dsLuc treatment resulted
in about a 10-fold recovery of luciferase expression. The sequence of dspgal did not
share any homology with the genes that were tested in the experiment, and so the result
was interpreted that the level of recovery was due to competition for the RNAi machinery
in the cells. This 10-fold recovery of expression was set as a background limit and any
experimental result not exceeding this threshold was regarded as non-significant.

Reasons for this may include a non-specific interaction, or the dSsSRNA may be competing
for the RN A1 machinery. Transfection with dsSRNA generated from sequences from
AgDcr2, AgAgo2, and AgAgo3 resulted in recovery of luciferase expression above 80-
fold, indicating that these genes may play an important role in RNA interference in the
cell line.

Interestingly, dsSRNA generated from sequences from AgDcrl and AgAgol
resulted in a level of recovery that was similar to that of dsfgal and therefore these genes
were first regarded as not being important for RNA!I in the cells. Early studies in D.
melanogaster implicated Dicer-1 as the important enzyme in the RNAi pathway, cleaving

long dsRNA molecules into siRNAs (Bernstein, 2001). However, more recent work has
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shown that it is Dicer-2, and not Dicer-1, is the enzyme important for generating the
siRNAs that are ultimately used for mRNA degradation (Pham, 2004). Our AgDcr1/2
results from this experiment support this finding.

DmAgol is also known to be important in the RNAi pathway in D. melanogaster,
and surprisingly knockdown of Agdgo! did not result in significant luciferase recovery in
mosquito cell culture. DmAgol is required for the targeted degradation of mRNA during
RNA silencing, but is not required for the production of siRNAs in Drosophila embryos
(Williams and Rubin, 2002). Interestingly, Ag4go3 was found to be involved in RNAi
in A. gambiae. Although the gene sequence for Ago3 has been identified in Drosophila,
no function has been assigned. It is possible that Ag4Ago3 may play a similar role to
DmAgol in mosquito cells, however this has yet to be determined.

The results from these experiments show that RNAI is a functional pathway in
mosquito cells. The experiments in the following chapter were designed to determine if
the RNAi pathway could be used to target arbovirus replication in the mosquito and

whether the pathway naturally modulates arboviral infection in the mosquito vector.
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Chapter 3

RNA Interference is a natural antiviral response to o’nyong-nyong virus

(Alphavirus; Togaviridae) infection of Anopheles gambiae

Some of the work from this chapter has been published:

Keene, K. M., Foy, B. D., Sanchez-Vargas, 1., Beaty, B. J., Blair, C. D., and Olson,
K. E. (2004). RNA Interference acts as a natural antiviral response to O’nyong-
nyong virus (4lphavirus; Togaviridae) infection of Anopheles gambiae. PNAS
101, 17240-12245.
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Introduction

Arthropod-borne viruses (arboviruses) continue to impact human and animal health
worldwide. Mosquito-borne arboviruses replicate and disseminate within susceptible
vector tissues prior to transmission to vertebrate hosts. We know little about how
mosquitoes cope with arbovirus infections. However, we expect that mosquitoes have
defense mechanisms to counteract or modulate arbovirus infections that could impair host
functions. RNA interference (RNAi) may be an important pathway that mosquitoes use to
modulate arbovirus replication (Sanchez-Vargas et al., 2004). RNAI is a potent
intracellular response activated by dsRNA and results in a reduced steady-state level of
specific RNA molecules with sequence similarity to the dsRNA (Cogoni and Macino,
1997; Vaucheret et al., 1998). The mechanism of RNAI has been studied in some detail
in Drosophila melanogaster. In the fruitfly, the RNase III enzyme Dicer is responsible
for digesting dsRNA into 21-23 bp small interfering RNAs (siRNAs). The siRNAs are
then unwound into single-stranded siRNAs in an ATP-dependent step and incorporated
into an enzyme complex termed the RNA-induced silencing complex (RISC). The
single-stranded siRNAs guide RISC to the target mRNA and the complex cleaves the
message or inhibits its translation (Schwarz et al., 2002). An essential component of
RISC is Argonaute2 (AGO2), a member of the Argonaute family of proteins. AGO2 has
been co-immunoprecipitated with Dicer from Drosophila S2 cells (Hammond et al.,

2001). A proposed interaction between AGO2 and Dicer2 facilitates the incorporation of
siRNAs into RISC, which can target cognate mRNAs for destruction (Hammond et al.,

2001; Pham et al., 2004).
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There are several reasons to suspect that RNAI is an antagonist of arbovirus
replication in mosquitoes. First, the RNAi-like pathway in plants, post-transcriptional
gene silencing (PTGS), is a potent antiviral response triggered by dsRNA generated
during replication by most plant viruses (Kasschau and Carrington, 1998). Second, many
plant RNA viruses encode suppressors of PTGS, supporting the observations that PTGS
acts as a viral defense system (Roth et al., 2004). For example, the tombusvirus p19
protein suppresses PTGS in plants by binding siRNAs produced after virus infection
(Silhavy et al., 2002). Third, Li and colleagues demonstrated that the B2 gene of the
insect nodavirus, flock house virus (FHV), can suppress PTGS activity in plants and
RNAI in Drosophila S2 cells, emphasizing that an evolutionarily conserved RNAi
pathway plays a natural antiviral role (Li et al., 2002). This research group also
demonstrated that vaccinia and human influenza A, B, and C viruses each encode a
protein that suppresses RNAi in mammalian and insect cells (Li et al., 2004).

A number of studies have now shown that RNAI is active in anopheline and
culicine mosquitoes (Adelman et al., 2001; Adelman et al., 2002; Attardo et al., 2002;
Blandin et al., 2002; Blandin et al., 2004; Brown et al., 2003; Levashina et al., 2001; Osta
et al., 2004; Sanchez-Vargas et al., 2004). Recently, Hoa and colleagues demonstrated
that expression of Dicer2, AGO2 and AGO3 proteins are essential for RNAI activity in 4.
gambiae SualB cells (Hoa et al., 2003). Transient expression of luciferase in the SualB
cell line was silenced ~4000-fold following transfection with dSRNA derived from the
luciferase reporter gene. Pretreatment of the cells with dsSRNA derived from cDNA
sequence of An. gambiae dcr2 (AgDcr2), AgAgo2, or AgAgo3 consistently yielded

recovery of luciferase activity, demonstrating that RNAi can be used to silence genes
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involved in its own pathway and implying that these genes have important roles in RNAi
within mosquito cells. The recovery phenomenon was not observed when the cells were
treated with dsRNA derived from f-gal or AgAgol, AgAgo4 and AgAgo5 genes (Hoa et
al., 2003).

A logical progression from these studies is to determine whether RNAi can act as
an antagonist to arbovirus replication in An. gambiae. However, anopheline mosquitoes
transmit few arboviruses. An exception is o'nyong-nyong virus (ZTogaviridae;
Alphavirus; ONNV), the etiological agent of a large outbreak of human disease in East
Africa from 1959-1962 (Corbet et al., 1961; Williams and Woodall, 1961; Williams and
Woodall, 1965) and again in 1996 (Lanciotti et al., 1998). In epidemics, Anopheles spp.
are almost certainly the vectors. Wild-caught Anopheles funestus and An. gambiae
mosquitoes held alive for up to 20 days after capture have been found to be infected with
ONNYV (Corbet et al., 1961).

ONNV, like other alphaviruses, is a small, enveloped, RNA virus that replicates
exclusively in the cytoplasm of infected cells (Strauss and Strauss, 1994). The genome is
a positive-sense, single-stranded, non-segmented RNA of about 11.7 kb (Strauss et al.,
1984; Strauss and Strauss, 1994). The 5' two-thirds of the alphavirus genome is
translated to form polyproteins that are posttranslationally processed into nsP1-nsP4 to
form replicase complexes that synthesize positive or negative RNAs (Sawicki and
Sawicki, 1994; Strauss and Strauss, 1994). Replication of alphavirus RNA occurs at
intracellular membranes in infected cells and leads to formation of double stranded RNA
(dsRNA) forms called replicative intermediates (Barton et al., 1991). The subgenomic

(26S) mRNA, colinear with the 3' one-third of the genome, is translated into a structural
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polyprotein from which capsid, the envelope glycoproteins (E1 and E2), and two smaller
polypeptides (E3 and 6K) are produced as cleavage products during glycoprotein
processing. Alphavirus RNA genomes are readily manipulated as full-length cDNA
infectious clones and recombinant double subgenomic ONNYV has been generated that
expresses eGFP as a marker of infection (Brault et al., 2004).

The experiments described here were performed to test the hypothesis that the
RNAi pathway can naturally target a replicating arbovirus in mosquitoes. In this study,
we describe the replication of a recombinant ONNV-eGFP following intrathoracic
injection into An. gambiae. When this virus was co-injected with dsRNA derived from
the viral genome, virus replication in the mosquito was significantly compromised. In
contrast, mosquitoes co-injected with ONN-eGFP and dsRNA derived from Ag4Ago?2
were more permissive to virus replication and dissemination. These experiments
demonstrate that RNAI acts as an antiviral response to ONNV-eGFP infections in An.

gambiae.

Materials and Methods

Generation of ONNV-eGFP. The infectious cDNA clone, pONN.30a, derived from the
Uganda SG-650 strain of ONNV was provided by Dr. Ann Powers (DVBID-CDC). The
infectious clone was further modified by insertion of a second subgenomic promoter 5’ to

the structural proteins that drove expression of eGFP (p5’dsONNic-Foy/eGFP, but for

simplicity is termed ONNV-eGFP in this paper), by methods described earlier (Foy et al.,
2004). It was linearized to form a template for in vitro transcription of infectious RNA

using T7 polymerase. RNA from the transcription reaction was electroporated into BHK-
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21 cells. Thirty six hours later, the supernatant containing virus was collected and the
virus titer was determined by plaque assay. C6/36 cells (dedes albopictus) were then
infected at an MOI of 0.01 and 60 hours later, supernatant containing the amplified virus

was collected and titrated. The virus stock contained 2.1 x 10’ PFU/ml.

Mosquitoes and intrathoracic inoculation of virus and/or dsRNAs. An. gambiae (G3
strain) larvae were reared on an artificial diet of ground fish food at 30°C with a 14h
light/10h dark photoperiod. Adult female An. gambiae (2-4 days post emergence) were
anesthetized by placing on ice and then intrathoracically injected with 0.5 pl of inoculum.
For viral characterization studies, viral stock was diluted with DMEM to 1x10’ PFU/ml
prior to injection, thus each mosquito received approximately 5 x 10° PFU of virus. For
co-injections of virus and dsSRNA, dsRNA was diluted to a concentration of 1 pg/pl in
DMEM and mixed 1:1 (vol:vol) with the undiluted stock (2.1 x 10’ PFU/ml). Thus, each
mosquito was inoculated with approximately 5.3 x 10° PFU of virus and 250 ng of

dsRNA.

Characterization of ONNV infection in An. gambiae mosquitoes. Following inoculation,
An. gambiae adult female mosquitoes were assayed at 3, 6, and 9 dpi. Mosquitoes were
killed by brief submersion in 70% ethanol, washed in saline, and were initially observed
and photographed for eGFP expression under blue light. The heads were then removed,
squashed on glass slides, fixed in acetone, and assayed for viral antigen by IFA using a
monoclonal antibody (30.11a) developed against Sindbis virus E2 protein but which

cross-reacts with ONNV E2 protein. The primary antibody (30.11a) (1:200) was
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incubated with the tissues at 37°C in a humid chamber for one hour. The slides were
washed three times with sterile PBS, and then incubated with biotinylated sheep anti-
mouse antibody (1:200) and a 1% Evan’s blue counterstain at 37°C for 1 hour. The
slides were washed again with PBS, and then incubated with fluoroscein-streptavidin
(1:200) for 15 minutes at 37°C. The slides were washed again with PBS, and covered
with glycerol and glass coverslips. The stained tissues were then viewed using a
fluroescent microscope for analysis. The thorax and abdomen of each mosquito were

individually frozen at —70°C and later titrated by plaque assay (see below).

Generation of dsRNA. ¢cDNAs were generated from total mosquito RNA (extracted from
4" instar larvae using the Qiagen RNeasy kit) by reverse transcriptase-polymerase chain
reaction (RT-PCR) using an oligo d(T) primer. Oligonucleotide primers were designed
to amplify approximately 500 bp regions of An. gambiae Dcrl-2 and Agol-5 cDNA.
Primer sequences incorporated T7 promoter sequences at the 5’ ends for facilitating
dsRNA production (Table 1). Control ~500 bp cDNA templates were generated by PCR
using primers specific for portions of the E. coli f-galactosidase cDNA clone and for the
nsP3 gene from ONNV-eGFP. To generate dsSRNA, PCR products were purified by gel
electrophoresis and extraction and used as templates for in vitro transcription using the
MegaScript kit (Ambion, Austin, TX). One pg of DNA template was mixed with 2 pl of
each of the following: 10X T7 polymerase Reaction Buffer, 75 mM NTP solutions (ATP,
CTP, GTP, UTP). Nuclease-free water was added to bring the total reaction volume to 20
ul, and then 2 pl of the T7 enzyme mix was added. The reaction was mixed by vortexing,

and briefly spun down to collect the liquid at the bottom of the tube. The reaction was
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incubated at 37°C for at least 4 hours. Following the transcription reaction, 1 ul of
DNase 1 was added and the reactions incubated at 37°C for 15 minutes to degrade the
template DNA. The dsRNAs were annealed by heating the reactions at 70°C for 5
minutes and then allowing to cool slowly to room temperature. dsRNAs were purified by
phenol-chloroform extraction and ethanol precipitation according to manufacturer’s
instructions. The quality of dsSRNA was checked by agarose gel electrophoresis and was

quantified using a spectrophotometer.

Determination of virus titer. Mosquitoes were triturated in 270 pl of Dulbecco’s
Modification of Eagle’s Medium (DMEM) using a mortar and pestle, and large
particulates were pelleted by centrifugation. The supernatant was passed through a 0.22
um syringe-tip filter and then titrated by standard plaque assay using Vero cells (Myles et
al., 2003). Plaques were counted and the data were expressed as log;o PFU/mL.
Differences in viral titers were first analyzed by ANOVA, and the titers in the treatment
groups were significantly different if p <0.01. Pairwise t-tests were then performed.
Highly significant differences (p < 0.01) between treatment groups and controls are
marked on graphs with two asterisks, significant differences (p < 0.05) are marked with a

single asterisk.
Northern blot analysis. Total RNA was isolated 2-3 dpi from 50-60 mosquitoes and
mRNA was purified from total RNA using the MicroPoly(A) Purist Kit (Ambion). Ten

ug of mRNA was separated on a 1% agarose-formaldehyde gel and transferred to a

BrightStar Plus nylon membrane (Ambion). The blots were hybridized with **P-labeled
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probe complementary to the ONNV E2 gene (Fig. 1B) or AgAgo2 (Fig. 4). The blots
were then washed at 68°C and radioactivity was detected using a Storm Phosphorimager

(Molecular Dynamics Inc.; Amersham Pharmacia Biotech Ltd.).

Table 3.1: Primer pairs for production of dsRNA from An. gambiae cDNA

Target gene Forward Primer (5°-3”) Reverse Primer (5°-3’)
Dcrl cgaacgccaacgatggceatc ccaagccatgccataaagag

Dcr2 gaggtgctgaaccaaatccac ggtacaccgagacggcaaact
Agol gcaggtgtccctgttcaacct ggtttggccgttctctagetg

Ago? gcatgagcacgctcaacaac gttcgagtcgtcgtacagea

Ago3 gtgtggcattgacacgtacce getcagetgetgeagaatgte
Ago4 gcgacttcctcaactgeatga gtgttgagcggcagatagttg
Agos gacaagtcgctctcgtacggt gtctegtcgaagatcacgttg

ONNYV nsp3 catgtggccaaaacaaactg cgaatttgcgtacattggtg
[-galactosidase ggtcgecageggeaccgegectte gecggtagecagegeggatcategg

**All primers had a common 5’ extension (5’-taatacgactcactatagg-3’).

Quantitative Reverse Transcription — Polymerase Chain Reaction (QRT-PCR):
Following dsRNA inoculation, adult female 4n. gambiae were assayed at 3 and 6 dpi for
mRNA levels. Each time point consisted of 3 experimental replicates. Total RNA was
isolated from a pool of 5 mosquitoes using the GITC-phenol-chloroform extraction
method as previously described (Chapter 2, Material and Methods). Total RNA was

quantified by absorbance at 260 nm and 500 ng of RNA was used per reaction. Primers

for AgDcrl and AgDcr2 QRT-PCR were designed to amplify 150-200 bp regions of the
genes outside the dsRNA target region, as to amplify only mRNA. Primers were also

designed to amplify a 460 bp region of the S7 ribosomal protein gene as a normalization
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control (Richman et al., 1996). The primer pairs used for amplification are listed in Table
3.2.

QRT-PCR was performed in an Opticon Monitor 2 thermocycler (MJ Research)
using the Quantitect SYBR Green RT-PCR kit (Qiagen). The comparative threshold
cycle (Ct) method was used to determine differences in quantities of transcripts present in
the different treatment groups (Applied Biosystems). Statistical analyses were performed
using GraphPad software. One sample T-tests were used to determine statistical

significance between the groups.

Table 3.2: Primer pairs for QRT-PCR in An. gambiae

Target Forward Primer (5°-3”) Reverse Primer (5°-3°)

gene

AgDcrl CGAACCACCGCTCCAATCA ACAACGGCGTCCCGAAAT
AgDcr2 CGACGAGATTGCGGACTTTACG | ACACCACCTCCTCCTCCACGAA
S7 GGCGATCATCATCTACGTGC GTAGCTGCTGCAAACTTCGG
Results

Construction and in vivo characterization of intrathoracically injected ONNV-eGFP.

The pONNV.30a infectious cDNA clone was engineered to contain a duplicated
subgenomic promoter, 3’ to the original subgenomic promoter (Fig. 1A). The eGFP gene
was inserted immediately downstream of the 5’ subgenomic promoter into a multiple
cloning site, generating ONNV-eGFP plasmid. Recombinant virus was produced from

this plasmid and injected into An. gambiae mosquitoes. The three RNA species to be

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



formed during virus replication were not detectable on northern blots of mosquito RNA
after 48 hours but were readily apparent after 72 hours (Fig. 1B), indicating a relatively
slow rate of viral replication in 4. gambiae tissue. Viral titers in the mosquito 3 days
post-injection (3dpi) were lower than the input titer by >1.5 log PFU (Table 3.3), but then
slowly increased over a 9 day incubation period. Virus was detected in the head tissues
of individual mosquitoes both by eGFP expression and by immunofluorescence analysis
of the E2 glycoprotein (Table 3.3). The data indicate that these methods of detection are
equivalent and that eGFP serves as a readily detectable marker of infection during this
time period. eGFP expression in injected mosquitoes at 9 dpi revealed temporal and
spatial infection patterns of the virus (Fig. 1C). Virus typically infected nervous, muscle,
and fat body tissues. When ONNV-eGFP dissemination to the head occurred, ommatidia
and cells in the maxillary palps, antennae, and in the mouthparts expressed eGFP, but the
marker was not apparent in salivary glands (data not shown). In the abdomen, eGFP was
most often sporadically associated with circular muscle fibers wrapping the alimentary

canal and fat body.
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Fig. 3.1. Design and characterization of recombinant ONNV-eGFP. (A) p5’dsONNVic/Foy contains a full length cDNA of the ONNV
genome with a second subgenomic promoter inserted 3’ of the original subgenomic promoter. eGFP was cloned into the MCS and is transcribed
under control of the first subgenomic promoter, generating ONNV-eGFP. (B) Characterization of transcripts of ONNV RNA after injection into
adult female 4. gambiae. Lane 1 and 2 show ONNV-eGFP transcript profile 48 and 72 h after infection. The blot was hybridized using a
radiolabeled ONNV E2 gene as probe, and shows the production of the full length genomic and two subgenomic transcripts. (C) eGFP expression
at 9 dpi occurs throughout the body.



Table 3.3. Dissemination of 5°dsONNic-Foy/EGFP following injection in An.

gambiae
head thorax + abdomen
GFP IFA PFU/mosq (logio)
3 dpi 24% (12/50) 24% (12/50) 2.1
6 dpi 33% (16/49) 30% (15/50) 1.7
9 dpi 52% (26/50) 68% (34/50) 23

Co- injection of ONNV and dsRNA targeting ONNV nsP3 gene sequence inhibits virus
replication. We initially tested whether the RNAi pathway in An. gambiae could inhibit
virus replication and dissemination when triggered by introduction of dSRNA derived
from the nsP3 gene (dsnsP3) to target the virus genome. Mosquitoes were co-injected
with 5.3x10° PFU of virus and 250ng of ONNV dsnsP3. Mosquitoes were also co-
injected with the same dose of ONNV-eGFP and Sgal dsRNA (dspgal). Primers for
generating dsRNAs are listed in Table 1. In mosquitoes receiving dsnsP3, eGFP was
usually restricted to thoracic tissue surrounding the site of injection (Fig. 2A).
Mosquitoes co-injected with virus and dsPgal control usually had more extensive
expression of eGFP in the thorax (Fig. 2B). At 3 dpi, 86% (n=58) of mosquitoes
receiving dsPgal expressed eGFP in thoracic tissues but only 38% (n=52) expressed
eGFP in thoracic tissues when dsnsP3 was co-injected (Table 3.4). At 3 dpi, 23% (n=52)
of mosquitoes receiving dsnsP3 showed eGFP expression in head tissues and none of the
same mosquitoes had eGFP in abdominal tissue (Table 3.4). In contrast, 34% (n=58) of
mosquitoes receiving dsfgal had eGFP expression in their head and abdominal tissues

(Table 3.4). At 6 dpi, 57% (n=53) of mosquitoes injected with dspgal had eGFP in their
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head and abdominal tissues; however eGFP could only be seen in 36% of the head tissue
and 16% of the abdominal tissue (n=52) of mosquitoes co-injected with virus and dsnsP3
(Table 3.4).

To quantitate virus abundance, mosquitoes were triturated and virus titer
determined by plaque assay from these same treatment groups. No significant difference
in the number of plaques was observed between the mosquitoes injected only with
ONNV-eGFP and mosquitoes co-injected with dsPgal (p > 0.08). However, mosquitoes
co-injected with ONNV-eGFP and dsnsP3 had significantly fewer plaques than those
mosquitoes co-injected with ONNV-eGFP and dspgal (p < 0.0001) at both 3 and 6 dpi

(Fig. 3.3).
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Fig. 2. eGFP expression 3 dpi in mosquitoes co-injected with dsSRNAs and ONNV-
eGFP. (A) Co-injection of ONNV-eGFP and dsnsP3, (B) co-injection of ONNV-eGFP
and dsPgal, and (C) co-injection of ONNV-eGFP and dsAgAgo2. Mosquitoes injected
with dsnsP3 show a dramatic reduction in eGFP expression when compared to dspgal-
injected controls, while mosquitoes injected with dsAgAgo2 show an increase in eGFP
expression over controls. :
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Table 3.4: Percent of injected mosquitoes displaying eGFP expression in body tissues after co-injection of
ONNV-eGFP and dsnsP3 or dsAgAgo2.

3 dpi 6 dpi
ONNV-eGFP thorax abdomen head thorax abdomen
No dsRNA 85% (34/40) 0% (0/40) 36% (14/44)  93% (41/44) 20% (9/44)
dspgal 86% (50/58)  34% (20/58)  57% (30/53)  89% (47/53)  57% (30/53)
dsnsP3 38% (20/52) 0% (0/52) 36% (20/55)  71% (39/55) 16% (9/55)
dsAgAgo2 100% (63/63)  97% (61/63)  100% (36/36) | 100% (36/36)  100% (36/36)
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Figure 3.3. Titers of ONNV-eGFP in mosquitoes co-injected with dsRNA
homologous to ONNV nsP3 and AgAgo2. Compared with the non-specific f-gal
dsRNA, mosquitoes co-injected with virus and dsnsP3 had statistically significant
decreases in infection at both 3 and 6 dpi (p < 0.01). Viral titers of ONNV-eGFP
increased significantly in mosquitoes at 3 and 6 dpi after co-injection with dsSRNAs
homologous with Ag4go2 (p < 0.0001 and p = 0.0006 at 3 and 6 dpi, respectively).
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Co-injection of ONNV and dsRNAs homologous to AgAgo? increases virus replication.
We then co-injected mosquitoes with dsSRNAs derived from the 4Ag4go2 (dsAgAgo2) to
observe whether silencing of Ag4Ago?2 expression would make mosquitoes more
permissive to ONNV. At 3 dpi these mosquitoes usually displayed dramatic increases in
eGFP expression with eGFP detected in tissues in all body segments (Fig. 3.2C). At 3
dpi, only 34% (n=58) of mosquitoes treated with ONNV-eGFP and dsfgal showed eGFP
in their heads and abdomens, but >97% (n=63) of mosquitoes treated with dsAgAgo2
showed eGFP in the same tissues (Table 3.4). At 6 dpi, 57% (n=53) of mosquitoes
injected with virus and dspgal displayed eGFP in head and abdominal tissues; 100%
(n=36) injected with virus and dsAgAgo?2 displayed eGFP in those tissues (Fig. 3.3).

We examined accumulation of 4g4go2 mRNA in mosquitoes following injection
with dsAgAgo2 to determine whether the dsSRNA specifically silenced 4g4go2 mRNA.
Injection of non-specific dsfgal failed to silence AgAgo2 mRNA, but injection of
dsAgAgo2 silenced accumulation of Ago2 mRNA in mosquitoes (Fig. 3.4, lane 3). We
detected partial recovery of AgAgo2 mRNA when ONNYV was co-injected with
dsAgAgo2 (Fig 3.4, lane 4). AgAgo2 mRNA levels in mosquitoes injected with ONNV
alone were similar to non-injected and dsfgal-injected controls.

Finally, virus titers were determined on the same mosquitoes used for determining
the eGFP expression profiles. Mosquitoes treated with dsAgAgo2 had significantly more
infectious virus per mosquito at 3 dpi than mosquitoes treated with dsfigal (16 fold
increase; p < 0.0001; Fig. 3.3). At 6 dpi, viral titers increased in all mosquitoes tested,
but dsAgAgo?2 treated mosquitoes still had significantly more virus per mosquito than

dsfgal-treated controls (p = 0.0006; Fig 3.3).
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Figure 4:
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Fig. 3.4. Northern blot analysis of 4g4g02 mRNA after injection of mosquitoes with
ONNV-eGFP, dsRNA or dsRNA and ONNV-eGFP. Injection of dsAgAgo2 results in
the reduction of Ago2 transcript levels. Mosquitoes injected with dsAgAgo?2 and virus
showed partial recovery of the Ago2 mRNA accumulation. Top row: Northern blot
hybridized with ago2 probe. Lane 1: mock injected, Lane 2: dsf3gal 3dpi, Lane 3:
dsAgAgo2 3dpi, Lane 4: dsAgAgo2 + ONNV-eGFP 3dpi, Lane 5: ONNV-eGFP 2dpi,
Lane 6: ONNV-eGFP 3dpi. Bottom row. Ethidium bromide stain of northern blot
showing ribosomal RNA in each lane and verifying that equivalent amounts of total RNA
were added to each lane.
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Co-injection of ONNV and dsRNAs homologous to AgAgol, 3, 4 and 5. Mosquitoes were
injected with virus and dsRNAs derived from AgA4go 1, 3, 4, and 5 (Hoa NT, et al 2003).
These studies were performed to observe whether silencing of other AgAgo genes also
could increase mosquito permissiveness to ONNV replication, possibly implicating them
in RNAi modulation of ONNV-eGFP replication. At 3 and 6 dpi, mosquitoes co-injected
with virus and AgAgo-derived dsRNAs (dsAgAgol, 3, 4, and 5) usually displayed similar
eGFP expression patterns to that seen with the dsPgal control mosquitoes (Table 3.5).
The only exception was that mosquitoes injected with dsAgAgo3 consistently had greater
dissemination of virus in all tissues than those injected with either dsfgal or dsAgAgo 1,
4, and 5 (Table 3.5). These observations were confirmed by virus titration. Virus titers in
mosquitoes injected with dsAgAgo3 differed significantly from those mosquitoes
injected with dsfigal at 3 dpi (p = 0.0067) and at 6 dpi (p = 0.0141) (Fig. 3.5). Virus
titers in mosquitoes injected with dsAgAgo 1, 4, and 5 did not differ statistically from

those mosquitoes injected with dsfgal at 3 and 6 dpi.

Co-injection of ONNV and dsRNAs homologous to AgDcrl and AgDcr2. A. gambiae
mosquitoes were injected with ONNV-eGFP and dsRNAs derived from AgDcrl and
AgDcr2 (Hoa et al 2003).  These studies were performed to see whether silencing of
AgDcr genes would result in an increased permissiveness to ONNV infection. AgDcr2
had previously been implicated as being involved in RNAI in An. gambiae, and may also
be involved with modulating ONNYV replication in An. gambiae. At 3 dpi, mosquitoes
co-injected with virus and dsRNA derived from AgDcr genes showed greater
dissemination of ONNV-eGFP to abdominal tissues than the dsfigal injected controls.

Levels of dissemination to the head were consistent between the groups. At 6 dpi, the
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AgDcr injected mosquitoes had greater levels of dissemination to all tissues when
compared to the dsfigal control mosquitoes. Plaque titrations performed on these
mosquitoes revealed that the mosquitoes injected with AgDcrl and AgDcr2 had
significantly more infectious virus than those mosquitoes injected with dsfgal at 3 dpi (p
= 0.0007 and 0.0005 respectively). There was no statistical difference in titers at 6 dpi
(Figure 3.6).

Northern blot analysis was first used to analyze changes in AgDcrI and AgDcr?2
gene expression after dSRNA injection and virus infection. The probes used for
hybridization were unsuccessful in detecting these two mRNAs on the blots (data not
shown). As a result, quantitative-reverse transcription-PCR (qQRT-PCR) was used to
determine changes in mRNA levels.

Levels of AgDcrl and AgDcr?2 transcripts were normalized to the S7 ribosomal
protein transcript as an internal control (Blandin et al., 1997, Richman et al., 1996, and
Levashina et al., 2001). Levels of AgDcrl and AgDcr2 expression were analyzed in
mosquitoes that were co-injected with ONNV-eGFP and dsRNA to either dicer transcript
and were compared directly to levels in mosquitoes that were co-injected with ONNV-
eGFP and dsfigal. Mosquitoes that were co-injected with ONNV-eGFP and dsDcr2
demonstrated changes of -1.2 fold at 1 dpi, -2.4 fold at 3 dpi, and -1.6 fold at 6 dpi in the
AgDcr?2 transcript, although none of these changes were determined to be significant
according to a one-sample t-test (p > 0.05) (Figure 3.7). Mosquitoes that were co-
injected with ONNV-eGFP and dsDcr! demonstrated a statistically significant change of
1.6 fold at 1dpi (p = 0.0218) and non-significant changes of 1.3 fold at 3 dpi, and 2.1

fold at 6 dpi (p > 0.05) (Figure 3.8).
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Fig. 3.5. Titers of ONNV-eGFP in mosquitoes at 3 and 6 dpi following co-injection of
dsRNA homologous to AgAgol, 3, 4, and 5. Compared with the non-specific f-gal
dsRNA, only mosquitoes co-injected with virus and dsAgAgo3 had statistically
significant increases at 3 and 6 dpi (p <0.0141) (*).
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Fig 3.6: Viral titers of ONNV-eGFP in mosquitoes co-injected with dsRNA
homologous to AgDcr1 and AgDcr2. Compared with the non-specific f-gal dsRNA,
mosquitoes co-injected with virus and dsderl and dsdcr2 had statistically significant
increases in infection at 3 dpi (p = 0.0007 and 0.0005 respectively). Viral titers of
ONNV-eGFP were not significantly different in these same groups at 6 dpi.
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Table 3.5: Percent of injected mosquitoes displaying eGFP expression in body tissues after co-injection of
ONNV.eGFP and dsRNAs from AgAgol, 3,4 and 5.

3 dpi 6 dpi
ONNV-eGFP head thorax abdomen head thorax abdomen
No dsRNA 10% (4/40) 85% (34/40) 0% (0/40) 36% (14/44)  93% (41/44) 20% (9/44)
dspgal 34% (20/58)  86% (50/58)  34%(20/58)  57% (30/53)  89% (47/53)  57% (30/53)
dsAgAgol 16% (9/55) 98% (39/40)  32% (18/55)  81%(26/32) 97% (31/32)  94% (30/32)
dsAgAgo3 55% (22/40)  98% (39/40)  78% (31/40)  75% (29/39)  100% (39/39)  80% (31/39)
dsAgAgo4 38% (2052) 94% (49/52)  56% (29/52)  73% (25/34) 100% (34/34)  82% (28/34)
dsAgAgo5 46% (24/52)  98% (51/52)  48% (25/52)  62% (22/36)  94% (34/36)  42% (15/36)
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Table 3.6: Percent of injected mosquitoes displaying eGFP expression in body tissues after co-injection of
ONNV-eGFP and dsnsP3 or dsAgDcr1/2.

3 dpi 6 dpi

ONNV-eGFP head thorax abdomen head thorax abdomen

NodsRNA  10% (4/40)  85% (34/40) 0% (0/40)  36% (14/44)  93% (41/44)  20% (9/44)

dspgal 34% (20/58)  86%(50/58)  34% (20/58)  57% (30/53)  89% (47/53)  S57% (30/53)

dsAgDecrl 56% (34/60)  98% (59/60)  73% (44/60)  91% (31/34)  100% (34/34)  91% (31/34)

dsAgDcr2  46% (24/52)  100% (52/52)  75% (39/52)  96% (45/4T)  100% (47/47)  98% (46/47)
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Fig. 3.7: qRT-PCR results for AgDcr2 expression after ONNV-eGFP and dsdcr2
injection. Injection of dsAgDcr2 resulted in the reduction of Dcr2 transcript levels at 1
dpi (-1.217 fold), 3 dpi (-2.443 fold), and 6 dpi (-1.635 fold). Each time point consisted
of three replicates. No timepoint showed statistical significance of p < 0.05. Transcripts

of AgDcr?2 in this experiment were relative to those in mosquitoes injected with ONN-
eGFP and dsfigal.
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Fig. 3.8: qRT-PCR results for AgDcr1 expression after ONNV-eGFP and dsdcrl
injection. Injection of dsAgDcrl resulted in changes in Dcrl transcript levels at 1 dpi
(1.607 fold), 3 dpi (1.300 fold), and 6 dpi (-2.145 fold). Each time point consisted of
three replicates. Differences in transcript levels were statistically significant at 1 dpi (p =

0.0218). Transcripts of AgDcr1 in this experiment were compared to those in mosquitoes
injected with ONNV-eGFP and dsfigal.
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Discussion

In this study, we demonstrated for the first time that RNAi can repress arbovirus
replication in mosquitoes. We described an alphavirus transducing system based on
ONNYV and followed the course of infection after injection of recombinant virus into the
An. gambiae hemocoel. After injection into the hemocoel, ONNV-eGFP replicated
slowly in An. gambiae. Injection of dSRNA cognate to a portion of the ONNV genome
and stimulation of RNAI further slowed ONNYV replication in this mosquito species.
Injection of dSRNA cognate to AgAgo2, a gene known to function in the An. gambiae
RNAI pathway, silenced RNAI, thereby permitting ONNV-eGFP to more quickly
replicate and disseminate in mosquitoes (Hoa et al., 2003). In addition, injection of
dsRNA derived from AgAgo3 made mosquitoes more permissive to ONNV-eGFP
replication at 3 and 6 dpi. Injection of dSRNA derived from AgDcr! and AgDcr2 also
allowed ONNV-eGFP to replicate to higher titers at 3 dpi. In contrast, dsSRNAs derived
from AgAgo 1, 4, and 5 did not significantly alter virus replication at either 3 or 6 dpi.
These data suggest a regulatory role for RNAI in controlling arbovirus infections in
mosquitoes and define some of the components of the antiviral RNAi pathway.

The pathogenesis of ONNV in An. gambiae is unusual when compared to typical
alphavirus/vector models. When injected into culicine mosquitoes, ONNYV, like other
alphaviruses (Sindbis virus, Venezuelan equine encephalitis virus), replicates efficiently
and rapidly spreads throughout the mosquito (Bowers et al., 1995; Weaver et al., 1984).
However, ONNYV replication in An. gambiae is relatively slow following intrathoracic
injection. ONNYV also infects An. gambiae midgut tissues, but has an unusual tropism for

the anterior midgut epithelium and is limited in its ability to escape from the alimentary
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canal following per os infection (Brault et al., 2004). An. gambiae may not be the ideal
vector for ONNV. A4n. funestus has been implicated as a potentially better vector of
ONNYV in Africa (Corbet et al., 1961; Williams and Woodall, 1965). It would be
interesting to observe whether An. funestus can modulate ONNV-eGFP infection as
readily as An. gambiae.

Our results point to Ag4go2, and possibly AgAgo3, AgDcrl1, and AgDcr2 proteins
as critical components of a mosquito RNAi pathway involved in the inhibition of
alphavirus replication. ONNYV replication was most affected by silencing of Ago2, which
has been shown to be an important RISC component in Drosophila (Hammond et al.,
2001). Northern blot analysis showed that the presence of dsAgAgo?2 leads to reduced
amounts of 4g4Ago2 mRNA in vivo, but the analysis also suggested that infection with
ONNYV stimulates recovery of AgAgo2 mRNA accumulation. A possible explanation is
that ONNYV infection induced transcription of 4g4go2, although there is no supporting
evidence for this hypothesis. Another possible explanation is that ONNYV encodes a
suppressor of RNAI in the mosquito, which has been shown with other RNA viruses
(Roth et al., 2004). The ONNV suppressor might counteract the silencing resulting from
dsAgAgo?2 injection. Transcription of ONNV-eGFP was first detected at 72 h post-
infection (figure 1B), which is when an ONNYV suppressor protein may be translated in
sufficient quantities to have an effect on RNAi. Even if one or both of these possibilities

is correct, it is clear that the injection of dsAgAgo2 had a strong biological effect that
lasted at least 6 days after treatment and resulted in increased ONNV titers in the

mosquito.
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Our results also show that injection of dsAgDcrl and dsAgDecr2 results in wider
dissemination patterns of ONNV-eGFP and significantly higher viral titers at 3 dpi.
Initial northern blot analyses performed did not detect AgDcr1/2 transcripts, so gRT-PCR
was used for more sensitive detection of der transcripts. The injection of dsAgDcr2
resulted in a trend toward down-regulation of 4gDcr2 expression; however, the results
were not statistically significant. One possible explanation for this result is that the
injection of any dsRNA induces increased expression of A4gDcr2. However, our QRT-
PCR analysis did not support this, as there was no significant increase in AgDcr2
transcript levels after injection of a non-specific dSRNA when compared to a mock
control (Appendix Figure A.3). We also hypothesized that Dcr2 levels may be
influenced by the presence of the replicating virus. Infection of ONNV-eGFP did not
increase Dcr2 mRNA levels when compared to mock-injected mosquitoes (Appendix
Figure A.4).

After co-injection of ONN and dsAgDcrl, AgDcrl transcript levels increased
slightly at 1 and 3 dpi. These results are not consistent with the expected down-
regulation due to RNAi. Dicer-1 is now understood to be involved with the production of
miRNAs, and not the processing of exogenous dsRNA into siRNAs (Lee et al., 2004).
AgDcrl levels do not change with the injection of a non-specific dsSRNA (Appendix
Figure A.5). Based on these results, the injection of dsAgDcrl may cause an increase in
AgDcr] transcript levels to ensure the proper processing of miRNAs in mosquitoes. A
detailed time course examining the AgDcrl transcript by qRT-PCR along with
monitoring of miRNA processing in mosquitoes may provide evidence to support this

hypothesis.
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The reason for these conflicting results may also lie within the design of the
experiment. For the QRT-PCR testing of mRNA levels, mosquitoes were pooled into
groups of 5 for the analysis. Testing mosquitoes individually may be required for
accurate QRT-PCR analysis of RNAi components. The results from our plaque assays on
individual dsnsP3-injected mosquitoes have shown that reduction of virus does not occur
in 100% of the mosquitoes.

The Argonaute family comprises a group of proteins some of which are required
for RNAi with others having roles in regulating development. We have demonstrated
that AgAgo2 and AgAgo3 are involved in RNAIi both in anopheline cell culture (Hoa et
al., 2003) and in An. gambiae. While the Drosophila ortholog of Ago2 has been
characterized, 4go3 has not (Carmell et al., 2002). DmAgol is required for efficient
RNAI in Drosophila, functioning in the pathway after the production of siRNA (Williams
and Rubin, 2002). We have previously hypothesized that the function of Ag4go3 may be
analogous to that of DmAgol (Hoa et al., 2003.). The Drosophila paralogues of AgAgo4
and AgAgoJ; piwi and aubergine, have known functions in development (Carmell et al.,
2002).

Several innate immune pathways in mosquitoes have been elucidated for defense
against bacterial and macroparasite infections (Blandin et al., 2004; Christophides et al.,
2002; Gorman and Paskewitz, 2001; Kumar et al., 2003; Lowenberger, 2001); however,
no antiviral mechanisms or pathways have been described. In vertebrate species, there
are innate immune mechanisms that recognize and mount responses to dsRNA, including
the interferon and PKR pathways, but neither has been detected in the mosquito. The

data presented in this paper support the idea that RNAi is a mechanism to protect
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mosquitoes from viral infection. We hypothesize that vector competence for an
alphavirus is in part due to the balance struck between the opposing forces of vector and
arbovirus evolution. Some alphaviruses may replicate and disseminate so quickly as to
avoid induction of an RNAi defense or they may quickly disseminate from tissues with a
strong RNAI response and into mosquito tissues with a weak RNAi response (Foy et al.,
2004; Scott and Burrage, 1984; Weaver, 1986). For example, the C. elegans nervous
system has been shown to be refractory to silencing of mRNA by RNAi (Kamath and
Ahringer, 2003). In addition, many plant viruses encode suppressors of RNAi that may
also be present in alphaviruses (Roth et al., 2004). Different vector species are also likely
to show differences in their RNAi responses. Some mosquitoes may preferentially
express negative regulators of RNAi such as the ERI-1 protein that has been identified in
C. elegans (Kennedy et al., 2004). Data demonstrating dsSRNA effectiveness in silencing
a myriad of targets in An. gambiae (Blandin et al., 2002; Blandin et al., 2004; Osta et al.,
2004) may indicate that these mosquitoes generally have a robust RNAi response, which
could partly explain why anopheline mosquitoes are poor vectors of arboviruses.
Mosquitoes such as Aedes aegypti readily transmit both alphaviruses (Chikungunya,
Sindbis), and flaviviruses (yellow fever, dengue), possibly indicating that these
mosquitoes have a weaker RNAi response. In support of this hypothesis, ONNV readily
disseminates in Aedes aegypti tissues following injection, but the Sindbis virus MRE16
strain (Foy et al., 2004), which disseminates very efficiently in all culicines we have
injected, could not replicate in An. gambiae tissues (Appendix Table A.2).

This study is the first step in understanding how RNAi naturally modulates

arboviral infection in the mosquito. Investigations are underway to determine whether
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the RNAI response can modulate arboviral infection and dissemination in other vector
mosquitoes and by other families of arboviruses. These studies will provide a better
understanding of how mosquitoes respond to virus infection and may provide us with
information on how to design strategies that enhance mosquito refractoriness to

arboviruses.
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Chapter 4

Alphavirus infection of Aedes aegypti mosquitoes is modulated by RNA interference
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Introduction

RNAI can be induced by dsRNA injections, double-subgenomic SINV expression
systems, and transgenic techniques to silence gene expression in Anopheles gambiae and
Aedes aegypti mosquitoes (Arrighi et al., 2005; Attardo et al., 2003; Bian et al., 2005;
Hansen et al., 2004; Johnson et al., 1999; Michel et al., 2005; Michel and Kafatos, 2005;
Vlachou et al., 2005). In the previous chapters, injection of dSSRNA was used to interrupt
the RNAIi pathway and increase virus replication in An. gambiae. Given the evolutionary
conservation of the RNAi pathway among eukaryotic organisms, and since Drosophila,
anophelines and culicines are in the same order (Diptera), the RNAi pathway also would
be predicted to affect virus replication in Ae. aegypti.

Ae. aegypti mosquitoes are vectors for a number of medically important
arboviruses worldwide, including dengue and yellow fever. Ae. aegypti is a good model
system for studying virus-vector interactions in the laboratory, and the studies performed
with this species would provide a better understanding of how RNAi modulates arbovirus
infection. This could lead to better technologies to exploit the system in this species.
Recent genome sequence information from Ae. aegypti was used to find potential dicer
and argonaute genes from this mosquito.

Two SIN viruses, MRE16 and AR339, have been described that differ in infection
potentials of de. aegypti midguts (Myles et al., 2003). After per os introduction AR339,
the prototype SINV, infects the mosquito midgut with poor efficiency and also has
limited dissemination potential to other tissues (Myles et al., 2003; Seabaugh et al.,
1998). In contrast, the MRE16 strain produces a prolific infection of the midgut and

readily disseminates to other tissues following per os introduction (Seabaugh et al.,
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1998). One hypothesis for the differences in dissemination is that RNAi modulates virus
replication and dissemination from the midgut into the hemocoel (KM Myles,
dissertation).

Studies were conducted using the infectious clone based on the Sindbis AR339
genome sequence, designated TR339, to examine the hypothesis that RNA interference is
a mechanism by which the mosquito restricts virus escape from the midgut into the
hemocoel (Myles et al., 2003). dsRNA was injected in Ae. aegypti to knockdown gene
expression and to test the hypothesis that the RNAi pathway plays a role in modulating

viral replication and controlling viral escape from the midgut.

Materials and Methods

Cell lines and virus production/Generation of TR339-eGFP: C6/36 (Ae. albopictus)
mosquito cells were grown in L-15 medium containing 10% FBS (fetal bovine serum),
100U/ml penicillin and 100 pg/ml streptomycin at 28°C. The TR339 infectious clone
(TR339ic) was provided by Dr. Robert Johnston (Division of Infectious Diseases,
Department of Medicine, School of Medicine, University of North Carolina, Chapel Hill)
and was further modified by Dennis Pierro by insertion of a second subgenomic promoter
and the eGFP gene (p5°’dsTR339ic-eGFP) (unpublished data). The infectious clone was
linearized to form a template for ir vitro transcription of infectious RNA using SP6

polymerase. RNA resulting from this reaction was electroporated into C6/36 mosquito

cells. Forty-eight hours later, the medium containing the virus was collected and the

virus titer was determined by plaque assay. The virus was passaged twice more in C6/36
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cells for 48h at a moi of 0.01. The resulting stock virus titer was determined by plaque

assay in Vero cells as previously described. The virus stock titer was 2.2 X 10% PFU/ml.

Mosquitoes: The Ae. aegypti Rexville D- Higgs’ White Eye (HWE) mosquito strain was
reared at 28°C, 80% relative humidity, with a photoperiod of 14 hours light and 10 hours

dark. Adults were provided with a sugar source and water for nutrition.

Identification of dicer/argonaute genes in the Ae. aegypti genome: The dcr and ago
sequences identified from An. gambiae in Chapter 2 and Drosophila sequences were used
for an in silico search of the de. aegypti genome database (see Chapter 2 for accession
numbers). At the current time, the de. aegypti genome project has not been completed
(current release v5.0 06/2005). Sequences are deposited in a searchable database
maintained by The Institute of Genomic Research at www.tigr.org. After identification
as potential dicer genes, sequences were used by Heather Sanders (University of
California, Riverside) to identify full-length cDNA clones from an Ae. aegypti midgut

specific cDNA library.

Preparation of templates/ generation of dsRNA: cDNA templates for generation of
dsRNA were amplified from total mosquito RNA extracted from 4™ instar larvae as
described in Chapter 3 (Generation of dsRNA). Oligonucleotide primers were designed
to amplify approximately 500 bp regions of Ae. aegypti Ago2 cDNA. Primers
incorporated T7 promoter sequences at the 5’ ends to facilitate dSRNA production (Table

4.1). Control ~500 bp cDNA templates were generated by PCR using primers specific
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for portions of the E. coli f-galactosidase cDNA clone and for the nsP3 gene from

TR339-eGFP. Generation of dSRNA was performed as described in Chapter 3

(Generation of dsRNA).

Table 4.1: Primer pairs for generating dsRNA template

Target gene

Forward Primer (5°-3’)

Reverse Primer (5°-3’)

Product size

P-galactosidase

ggtcgecageggeaccgegecttc

geeggtagecagegeggatcatcgg | 521 bp

AaAgo2

tgatgtagacgcgtcctctg

cagttcaagcagacgaacca

499 bp

TR339-nsP3

aggactactttcgtgcactg

acagaactgacgcacgt

485 bp

*All primers have a common 5’ T7 promoter extension (5’-taatacgactcactatagg-3’).

Table 4.2: Primer pairs for QRT-PCR in Ae. aegypti

Target gene Forward Primer (5°-3’) | Reverse Primer (5°-3)| Product size
actin cgctcgttgtcgacaatgg cataccgaccatcacaccc 132 bp
AaAgo2 tggcacagatagtaagtcagc | agtatcaattcttcetggtttc | 200 bp
TR339-nsP3 tcggaaagacggtcagaaa gcgacggctaagatggtg 116 bp

Intrathoracic injection of dsRNA and per os infection of mosquitoes: dsRNA was

diluted to a concentration of 0.5 pg/pl in DMEM prior to inoculation. Adult female A4e.

aegypti (2-3 days post emergence) were anesthetized on ice and then intrathoracically

injected with 0.5 pl of dsSRNA inoculum. Each mosquito was injected with

approximately 250 ng of dsRNA.

To prepare virus for mosquito infection, monolayers of C6/36 cells were infected

at an MOI of 0.01. Cells were maintained in L-15 with 2% FBS for 72 hours. The virus

was harvested by scraping all cells into the medium. The resulting suspension of infected

cells was frozen at — 70°C in 1 mL aliquots. The virus titer was determined to be 2.2 X
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10% PFU/ml by plaque titration in Vero cells. Three days after injection of dsRNA,virus
was diluted with defibrinated sheep blood (Colorado Serum Company, Boulder, CO) to a
final titer of 1.0 X 10® PFU/mL and placed in a water-jacketed glass membrane feeder
incubated at 37°C for the duration of the bloodfeed. Mosquitoes were allowed to feed for
approximately one hour through a human scented paraffin membrane. The mosquitoes
were sugar-starved for 24 hours and water was removed from the mosquito cages
approximately 4 hours prior to blood feeding. After blood feeding, mosquitoes were
cold anesthetized and sorted. Only mosquitoes that had ingested a full blood meal were

kept for further analysis.

Visualization of TR339 infection of Ae. aegypti mosquitoes/midgut dissections: Ae.
aegypti mosquitoes were observed for virus infection and dissemination at 4 and 7 days
post blood feed. Mosquitoes were killed by brief submersion in 70% ethanol and then
washed in saline. Mosquito midguts were dissected in PBS and immediately examined
by blue light microscopy for eGFP expression. Mosquito carcasses were examined in

conjunction with midguts and scored for eGFP expression.

Determination of viral titer: At 4 and 7 dpi, five mosquitoes from each group were
frozen at —70°C. The mosquitoes were triturated and virus titrated as described in

Chapter 3 (Determination of virus titer). Each time point consisted of three replicates.
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QORT-PCR analysis: The protocol used for QRT-PCR analysis was presented in Chapter
3 (Quantitative Reverse Transcription — Polymerase Chain Reaction (QRT-PCR)). Five

mosquitoes were used at each time point, per group.

Northern Blot Analysis: Total RNA was isolated from individual mosquitoes at 3 days
post injection with dsRNA using the GITC method of RNA purification as previously
described (Chapter 2 M&M). Two pg of total RNA was separated on a 1% agarose-
formaldehyde gel and transferred to a BrightStar Plus nylon membrane (Ambion). The
blots were hybridized with **P-labeled probe complementary to AaAgo2. The blots were
washed at 68°C and radioactivity was detected using a Storm Phosphorimager (Molecular

Dynamics Inc.; Amersham Pharmacia Biotech Ltd.).

Results

Potential Dcr and Ago genes identified in Ae. aegypti: Results of BLAST searches with
Drosophila and Anopheles dcr and ago genes are recorded in Tables 4.3 and 4.4 and the
sequences are listed in Appendix figures A.6, A.8, and A.10. Ae. aegypti sequences
identified by BLAST search were further investigated by aligning sequences with 4.
gambiae dcr and ago genes to determine the closest matches. The searches revealed that
two dicer-like sequences exist in the de. aegypti genome that were similar to both
Drosophila and Anopheles dcr sequences. TC64262 (982 bp) and TC59742 (2073 bp)
were identified as partial AaDcrl and AaDcr2 sequences, respectively. Both fragments

were subjected to domain analysis using the Simple Modular Architecture Research Tool
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(SMART, www.expasy.ch) as described in Chapter 2. The sequences were then aligned

with the An. gambiae sequences.

When translated, TC64262 contains an RNase III domain followed by a dsSRNA-
binding domain. The translated amino acid sequence has a 94% identity with AgDcr1.
The TC59742 translated sequence also contains an RNase III domain and a dSRNA-
binding domain. TC59742 and AgDcr2 have 96% identity when aligned. Protein

alignments were performed using the bl2seq tool at www.ncbi.nlm.nih.gov. Schematics

for the translated TIGR sequence fragments and their alignments to Anopheles dicer
genes are shown in Figure 4.1.

Primers were designed for PCR amplification of the two dicer-like sequences by
H. Sanders at UCR. These were used to identify full-length clones in an de. aegypti
midgut specific cDNA library. The partial sequences found in TIGR are aligned with the
full-length sequences of AeDcrl and AeDcr? in the schematics in Figure 4.2 and in
Appendix Figures A.7 and A.9, respectively. The sequences for the full-length clones
were deposited into Genbank and were assigned the accession numbers AY713295 and
AY713296. The TC64262 sequence from the TIGR database aligns with the AdaDcr!
gene from nucleotides 5909 to 6579, the 3’end of the gene. This sequence encodes an
RNase III domain as well as a dSRNA binding domain. The TC59742 sequence from the
TIGR database aligns with the 4aDcr2 full-length clone from nucleotides 3909 to 4977,
the 3’ end of the gene.

Using the BLAST alignment tool at NCBI (www.ncbi.nlm.nih.gov/blast), the

amino acid sequences for Anopheles and Aedes dicer sequences were aligned to

determine their level of similarity. When the gene products are translated and aligned,
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AaDcrl and AgDcr1 have 50.3% identity over the length of the gene (Figure A.11). The
products of AdaDcr2 and AgDcr2 have 51.7% amino acid identity (Figure A.12).

The BLAST searches also yielded twelve argonaute-like sequences in the Ae.
aegypti genome. Nucleotide alignments were performed between each of these
sequences to determine if any of the clones were duplications. Clones TC65831,
TC65832 and TC65529, which showed highest homology to AgAgo4, were determined to
have overlapping sequences. Clones NABWG64TR and TC63572, which most closely
matched 4gA4go2, also had overlapping sequences. Clones that showed highest
homology to AgAgo sequences were translated and aligned with the An. gambiae
argonaute amino acid sequences. Those that had the highest identities were bolded and
are listed in Table 4.4.

Several sequence fragments were shown to have high homology to known
Drosophila and Anopheles argonaute genes, but subsequent nucleotide and protein
alignments showed these sequences aligned with less homology to the same regions as
other fragments. These sequences are listed in appendix figure A.10, and may represent
additional argonaute genes in Ae. aegypti. The Ae. aegypti genome fragments, designated
AEMTBAO3, AI648322, NABWG64TR, and TC57115, when translated and scanned for

PFAM (protein family) domains (EMBL, www.expasy.ch) show evidence of being

argonaute-like genes. AEMTBAO3 (amino acids 1-98), A1648322 (aa 89-204), and
NABWG64TR (aa5-109) contain PAZ domains. TC57115 (aa 1-157) contains a PIWI

domain. These domains have only been found in dicer and argonaute genes.
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Table 4.3: BLAST searches for dicer and argonaute genes in the Ae. aegypti genome

using Drosophila sequence queries (TIGR database; www.tigr.org)

TBLASTX Highest homology

Drosophila gene TIGR results e — values
DmDocrl TC64262 6.5e~-115
DmDcr2 TC59742 6.3 ¢ 87
DmAgol NACBN64TR 7.5e-115
DmAgo2 TC63572 5.8e-79
DmAgo3 Al648332 1.1e-52
TC54141 8.1e-22

piwi TC65831 4.7 ¢-94
TC62198 2.6 ¢-80

TC63456 1.4e-78

TC65529 9.5e-73

TC65832 4.8 ¢ -66

TC54141 8.1e-54

TC57115 6.5e47
aubergine TC65831 6.9 e-106
TC62198 3.0e-88

TC63456 9.0e-83

TC65529 49¢e-82

TC65832 58e-74

TC54141 7.0 e =57

TC57115 2.0e-49
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Table 4.4: BLAST searches for dicer and argonaute genes in the Ae. aegypti genome

using Anopheles sequence queries (TIGR database; www.tigr.org)

TBLASTX Highest homology
Anopheles gene TIGR results ¢ — values % identity between
translated sequences
AgDcrl TC64262 22e-111 71%
AgDcr2 TC59742 2.2¢e¢-107 55%
AgAgol NACBNG64TR 6.9¢-119 98%
AgAgo2 TC63572 12e-119 67%
NACBWG64TR 3.0 e 47
AgAgo3 TC54141 24 e-142 63%
TC65831 1.0e—64
TC62198 4.0 e-60
TC63456 2.0e-55
TC65529 9.0e-50
Al648322 3.0e 47
TC65832 6.0 e 41
AgAgo4 TC65831 4.0 e-181 78%
TC65529 9.0e-132
TC62198 9.0e-125
TC65832 1.0e-115 83%
TC63456 50e-114
TC54141 20e-72
TC57115 1.0 e-55
AEMTBAO3 1.0 e -49
AgAgo5 TC62198 20e-124 62%
TC65831 3.0e-119
TC63456 8.0e-118
TC65529 1.1 e-87
TC65832 3.0e-77
TC54141 4.9 e-73
TC57115 4.4 e-61

**Notes: Bolded selections are most likely to be the Aedes aegypti homologues.
Clones TC65831, TC65832 and TC65529 have overlapping sequence.

NABWG64TR and TC63572 have overlapping sequence.
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AgDcr-1 2259 amino acids

Helicase C DUF283 PAZ RNase 3 RNase 3 dsm
9-241 576-653 778-872 990-1161 1683-1889 2018-2158 2184-2247
RNase 3 dsrm

TC64262 {H:h

AgDcr-2 1630 amino acids

DEAD Helicase C DUF283 RNase 3 RNase 3 dsrm
1-212 436-501 570-667 874-975 1173-1333 1417-1539 1568-1629

RNase 3 dsrm

TCS742 ] e

Figure 4.1: Ae. aegypti TIGR results aligned with An. gambiae dicer genes. The translated products of the sequence fragments from the
putative AeDcrl and AeDcr2 genes (TC64262 and TC59742, respectively) from the TIGR database are schematically shown aligned with the
translated products of AgDcrI and AgDcr2. Each pair is drawn to scale.
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AaDcr-1 2192 amino acids

DEAD Helicase C DUF283 PAZ RNase 3 RNase 3 dsrm
|:~—:H:H_:M:—Mr I
14-178 498-607  760-855 1040-1203 1673-1861 19722093 2119-2182

RNase 3 dsrm

TC64262 -

S AaDcr-2 1658 amino acids

DEAD Helicase C DUF283 RNase 3 RNase 3 dsrm
9-215 416-493 567-659 830-987 1173-1370 1416-1583 1585-1651
RNase 3 dsrm

TC59742 — -

Figure 4.2: Ae. aegypti TIGR results aligned with Ae. aegypti dicer genes from cDNA library. The translated products of the
sequence fragments from the putative AdeDcrl and AeDcr2 (TC64262 and TC59742, respectively) from the TIGR database are
schematically shown aligned with the translated products of AeDcrI and AeDcr2. Each pair is drawn to scale.
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AgDcr-1 2259 amino acids

Helicase C DUF283 PAZ RNase 3 RNase 3 dsrm
9-241 576-653 778-872 990-1161 1683-1889 2018-2158 2184-2247
AgDcr-2 1630 amino acids
DEAD Helicase C DUF283 RNase 3 RNase 3
1-212 436-501 570-667 874-975 1173-1333 1417-1539 1568-1629

AaDcr-1 2192 amino acids

DEAD Helicase C DUF283 PAZ RNase 3 RNase 3 dsrm
14-178 498-607 760-855 1040-1203 1673-1861 1972-2093 2119-2182

AaDcr-2 1658 amino acids

DEAD Helicase C DUF283 PAZ RNase 3 RNase 3 dsrm
9-215 416-493 567-659 830-987 1173-1370 1416-1583 1585-1651

Figure 4.3: Full-length alignments of Aedes and Anopheles dicer genes. Full-length schematics of Anopheles and Aedes dicer proteins are
drawn and aligned for comparison. Drawings are to scale.



Injection of dsRNA derived from TR339-nsP3 gene sequence prior to per os infection
inhibits TR339-eGFP replication in the mosquito midgut: We previously showed that
intrathoracic co-injection of virus and virus-derived dsRNA resulted in the silencing of
virus expression in the mosquito. In these experiments, we tested whether the injection
of dsRNA prior to an infectious bloodmeal could prevent virus expression in the midgut
and subsequent dissemination.

The amount of eGFP expression in each midgut was given a qualitative score
based on the estimated percentage of cells in the midgut expressing eGFP. If there was
no detectable eGFP expression, then the midgut was scored as negative (Figure 4.4a).
When 1-33% of cells in the midgut expressed eGFP, then the infection was considered
“light”, as seen in Figure 4.4b and c. If between 33 and 66% of cells in the midgut
expressed eGFP, then the infection was scored as “moderate”, as shown in Figure 4.4d.
A “heavy” infection was denoted if greater that 66% of cells in the midgut were
expressing eGFP (Figure 4.4e and f). The qualitative amount of eGFP expression is also
shown in Table 4.5.

At 4 days after oral infection with TR339-eGFP, 83% (n=30) of mosquitoes that
had been injected with dsPgal expressed eGFP in midgut tissues, but only 3% (n=32)
expressed GFP when dsnsP3 was injected (Table 4.5). The single mosquito injected with
dsnsP3 and scored as positive showed eGFP expression in a small focus of the midgut.
At the same time point, 20% of mosquitoes that had been injected with dspgal exhibited a
disseminated infection to abdomen and head tissues, whereas no mosquitoes injected with
dsnsP3 had a disseminated infection. At 7 dpi, 61% of mosquitoes injected with dsfgal

(n=46) expressed eGFP in the midgut, compared with 3% of mosquitoes (n=28) that
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received dsnsP3, and no dsnsP3-injected mosquitoes demonstrated eGFP expression in
abdominal or head tissues. Again, mosquitoes injected with dsnsP3 only expressed eGFP
in a small number of cells in the midgut (Fig.4.4b). In contrast, 2% (n=46) of mosquitoes
injected with dsPgal showed eGFP expression in head and abdominal tissues.

The amount of virus present in mosquitoes from each treatment group was
quantified by plaque assay. The difference in viral titers between the two treatment
groups (dsPgal and dsnsP3) was statistically different at 7 dpi (p=0.0238) (Figure 4.5b)
but not 4 dpi (p>0.05) (Figure 4.5a). Even though the viral titers did not differ
significantly at 4 dpi, only 1/15 mosquitoes injected with dsnsP3 was positive for virus

by plaque assay.
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Table 4.5: Levels of eGFP expression in Ae. aegypti midguts from TR339-eGFP

orally infected mosquitoes after injection with dsRNA, at 4 and 7 dpi.

Percentage of mosquito midguts infected

Day 4 Day 7
Midgut Tissues Disseminated Midgut Tissues Disseminated
Infection Infection
Bgal  Light: 21/30 (70%) Light: 23/46 (50%)
Moderate: 2/30 (6.7%) 6/30 (20%)  Moderate: 4/46 (8.7%) 1/46 (2.2%)
Heavy: 2/30 (6.7%) Heavy: 1/46 (2.2%)
| Total: 25/30 (83.3%) Total: 28/46 (60.9%)
Ago2  Light: 7/25 (28%) Light: 20/53 (37.7%)
Moderate: 6/25 (24%) 12/25 (48%) Moderate: 14/53 (26.4%)  5/53 (9.4%)
Heavy: 12/25 (48%) Heavy: 5/53 (9.4%)
Total: 25/25 (100%) Total: 41/53 (77.4%)
nsP3  Light: 1/32 (3.1%) Light: 1/28 (3.6%)
Moderate: 0/32 (0.0%) 0/32 (0.0%) Moderate: 0/28 (0.0%) 0/28 (0.0%)
Heavy: 0/32 (0.0%) Heavy: 0/28 (0.0%)
Total: 1/32 (3.1%) Total: 1/28 (3.6%)

Key for infection intensities:

Light: 1-33% of midgut cells infected
Moderate: 34-66% of midgut cells infected
Heavy: 67-100% of midgut cells infected
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Figure 4.4: Whole mosquito midguts assayed for the presence of TR339-eGFP by
blue light microscopy after blood feeding. Composite images of HWE Ae. aegypti
midguts showing of eGFP expression at 4 dpi. (A) An uninfected midgut, displaying no
eGFP expression. (B) A single midgut, photographed under both blue light (top) and
white light (bottom) showing a single focus of infection. (C) This shows eGFP
expression in approximately one-third of the midgut, and is considered a light infection.
(D) About one-half of the midgut expressing eGFP, considered a moderate infection. (E,
F) Mosquito midguts that have eGFP expression in two-thirds of the midgut or more,
considered a heavy infection.
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Injection of dsRNA homologous to AaAgo?2 followed by per os infection of TR339-eGFP:
Mosquitoes were injected with dsAaAgo2 to determine whether silencing of 4a4go2
would increase permissiveness of the mosquitoes to oral infection by TR339-eGFP and
increase dissemination of the virus from the midgut. At 4 dpi, 100% (n=25) of
mosquitoes that were injected with dsAaAgo2 expressed GFP in the midgut after an
infectious blood meal, compared to 83% (n=30) of mosquitoes injected with dsfgal. In
addition to the number of midguts expressing eGFP, the intensity of expression also
increased when dsAaAgo2 was injected. Forty eight percent of midguts injected with
dsAaAgo2 had high eGFP expression (Figure 4.4e,f), while only 6.7% of the dsfgal
injected mosquitoes had high expression of eGFP. The majority (70%) of the mosquitoes
receiving dsPgal had light expression in the midgut (Figure 4.4b,c). The number of
disseminated infections in the group injected with dsAaAgo2 also increased to 48%,
compared to 20% of dsPgal controls. At 7 dpi, 77% (n=53) of mosquito midguts injected
with dsAaAgo2 expressed eGFP compared with 61% (n=46) of mosquitoes from the
dsPgal control group. The majority of the mosquitoes, 77.4%, receiving dsAaAgo2 also
showed high eGFP expression in midgut tissues. In contrast, only 2.2% of mosquitoes
receiving dsPgal had similar eGFP expression in midguts. Fifty percent of the
mosquitoes receiving dspgal were considered to have a light infection. The number of
disseminated infections was also increased in the dsAaAgo2 injected group when
compared to controls (9% vs. 2 %) (Table 4.5).

Virus titers were determined by plaque assay in 15 mosquitoes per group. At 4
dpi, viral titers in mosquitoes that were injected with dsAaAgo2 were significantly higher

than titers in control mosquitoes (p=0.0042) as determined by paired t-test. At 7 dpi, the
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difference in titers between the groups was not statistically significant (p=0.0664),
although the average titer in dspgal injected mosquitoes was higher than in the dsAaAgo2
injected mosquitoes (Figure 4.5 A and B).

Quantitative reverse-transcriptase PCR analysis was performed on the 4a4go2
transcript after injection of dsSRNA and infection with virus. Five mosquitoes were
pooled for each RNA extraction and analysis. Quantitative analysis of 4a4go2 mRNA
did not show a reduction at 4 or 7 dpi with TR339 (p=0.1059 and 0.1007 respectively)
when compared to dspgal-injected mosquitoes (Figure 4.6).

At the time of blood feeding 5 mosquitoes each were selected from the dspgal and
dsAaAgo2 injected mosquitoes that did not ingest a blood meal. Five mosquitoes were
also chosen from a group of the same age that had not been injected with dSsSRNA. RNA
was extracted and northern blot analysis was performed on these individual mosquitoes to
determine the level of Aa4go2 transcript in the mosquitoes at the time the infectious
blood meal was ingested. The analysis revealed that the injection of dspgal did not alter
the level of AaAgo?2 transcript (Figure 4.7, compare lanes 6-10 with lanes 1-5).
Mosquitoes injected with dsAaAgo2 showed a reduction in the level of 4a4go2 mRNA

(Figure 4.7, lanes 11-14).
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Figure 4.5: Viral titers of TR339-eGFP in mosquitoes co-injected with dsRNA
homologous to TR339-nsP3 and AaAgo2. Compared with the non-specific f-gal
dsRNA, mosquitoes injected with dsnsP3 and then fed with virus had significantly lower
viral titers at 7 dpi ( (B), p=0.0238), but not at 4 dpi ( (A), p>0.05). Viral titers of
mosquitoes injected with Aadgo2 dsRNA and then fed TR339-eGFP increased
significantly at 4 dpi ( (A), p=0.0042), but not at 7 dpi ( (B), p=0.0664).
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Fold induction

Day 4 Day 7

Day post infection

Figure 4.6: Changes in Aa4go2 transcript determined by qRT-PCR at 4 and 7 dpi.
Analysis of the 4a4go? transcript following injection of dsAaAgo2 and TR339-eGFP
bloodfeed shows no significant change in the AaAgo2 transcript at 4 dpi (2.16 fold,
p=0.1059) and 7 dpi (3.05 fold, p=.0.1007) when compared to dsBgal injected controls.
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Fig. 4.7. Northern blot analysis of 4a4go2 mRNA after injection of mosquitoes with
Bgal or AaAgo2 dsRNA. Injection of dsAaAgo2 results in the reduction of Ago?2
transcript levels. Mosquitoes injected with dspgal (top rows 6-10) did not have altered
transcript levels from non-injected mosquitoes (top rows 1-5). Mosquitoes that were
injected with dsAaAgo2 without virus infection showed decreased levels of transcript
(top rows 11-14). Bottom row: Ethidium bromide stain of agarose gel showing ribosomal
RNA in each lane and verifying that equivalent amounts of total RNA were added to each
lane.
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Discussion

In this study, we examined the ability of RNAi to modulate alphavirus infection in
Ae. aegypti mosquitoes. In addition, we investigated the hypothesis that RNAL1 is the
mechanism involved in the midgut escape barrier preventing the dissemination of TR339
from the mosquito midgut. Myles, et al, (2004) showed that a midgut escape barrier is
responsible for the differences in dissemination from the midgut of Ae. aegypti between
MRE16 and TR339. One hypothesis presented by Myles, et al (2004) was that RNA
interference may be responsible for alphavirus modulation in the mosquito midgut.

We have previously shown that co-injection of an alphavirus and dsRNA derived
from the genome of that virus results in decreased viral expression. Here, we
demonstrate that injection of dsnsP3 cognate to TR339 RNA prior to an infectious
bloodmeal prevents eGFP expression from the viral genome in the midgut and
dissemination to secondary tissues after infection. We also show that injection of dsSRNA
with cognate sequence to genes in the RNAi pathway leads to increased viral gene
expression in the midgut, increased viral dissemination from the midgut, and increased
viral titers in the mosquito.

As seen in Drosophila and Anopheles, the genome of Ae. aegypti contains two
dicer genes. The conservation of the number of dicer genes and domain organization
may allow us to predict to the function of these genes in Ae. aegypti. The number of
argonaute genes in Ae. aegypti may be greater than found in An. gambiae and D.
melanogaster. BLAST analysis using An. gambiae argonaute genes revealed nine
unique sequences that had high homology to the Anopheles sequences and contained PAZ

and PIWI domains. The only known genes that contain these domains are in the
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argonaute gene families. It is possible that this gene family has been expanded in Ae.
aegypti. The completion of the Ae. aegypti genome sequence and annotation will
confirm the number of argonaute genes encoded by the genome. More research will be
needed to determine the function of any additional ago genes.

Injection of a dSRNA with cognate sequence to TR339 prior to an infectious
blood feed reduced infection of the mosquito midgut as monitored by eGFP expression.
Only one mosquito of totals of 32 and 28 assayed at 4 and 7 dpi respectively, showed a
single focus of a few cells that were expressing eGFP. Viral titers from nsP3 dsRNA-
injected mosquitoes were significantly lower than the dspgal injected controls at 7 dpi,
but not at 4 dpi. Small sample sizes were likely the reason for this result. Reduced
expression of eGFP from the virus genome indicated that there was little virus infection
of these mosquitoes at 4 dpi. In addition, only one mosquito out of 15 assayed by plaque
titration contained a detectable level of infectious virus. Whole intact mosquitoes were
utilized for plaque assays, and therefore, these mosquitoes were not dissected and
examined for midgut infection and/or dissemination.

Injection of dsAaAgo2 prior to viral infection intensified the infection in the
midgut at 4 dpi based on percentage of midgut cells expressing eGFP. The number of
mosquitoes displaying a disseminated infection also increased when compared to the
control dsPgal injected mosquitoes (Table 4.5). At 4 dpi, viral titers in mosquitoes

injected with dsAaAgo2 prior to infectious bloodfeed increased significantly compared to
controls (Figure 4.5A). This correlated well with more eGFP expression in the mosquito

midgut and increased levels of dissemination demonstrated by eGFP expression (Table
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4.5). These results provide evidence that the RNAi pathway can naturally limit TR339
infection in the de. aegypti mosquito, including the midgut.

Injecting dsRNA prior to feeding the virus allows the RNAi machinery to be
primed for degradation of the incoming virus RNA in the case of dsnsP3, and in the case
of dsAaAgo2, allows the RNAi machinery to be “disabled” before the virus is introduced.
Northern blot analysis performed at the time of bloodfeeding showed that the amount of
AaAgo2 mRNA was reduced (Figure 4.7). Transient knockdown would allow the virus
to establish an infection without genome degradation by RNAI, and lead to an increase in
the amount of virus in the mosquito if the RNAi pathway controls virus infection.
Specifically, it should allow for an increase of virus replication in the midgut, which is
the first tissue the virus encounters. If the RNAi pathway were a factor in the midgut
escape barrier, then down regulation of the pathway would increase dissemination from
the midgut. An increase in dissemination from the midgut was seen in dsAaAgo2-
injected mosquitoes. The exact reason for increased dissemination is unclear, and two
possible explanations exist. The first is that the RNAi pathway controls the midgut
escape barrier (MEB) and silencing of Aa4go2 results in a breakdown of the barrier that
allows for dissemination. The increase in dissemination rates could also be correlated
with the amount of virus present in the midgut. 4a4go2 silenced mosquitoes had more
eGFP expression in the midgut and therefore a higher titer of virus. The increased virus
load may be sufficient to increase dissemination rates from the midgut.

The knockdown of 4a4go2 appeared to have a greater impact on viral escape
from the midgut at earlier time points. This may be due to the design of the experiment.

In order to test how initial infection and early dissemination changes in silencing certain
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genes, it was necessary to inject dSSRNA and allow mosquitoes to recover prior to
bloodfeeding. As a result, observations at early time points of viral infection occurred 7
days after dsSRNA injection. The effect of the dSRNA may be diminished by this point, or
if a viral suppressor of RNAI is present, then the results may be altered as well.
Evidence for the reduced effect of dSSRNA over time was exhibited in the ONNV/4n.
gambiae experiment. Mosquitoes that were injected with dsRNA targeting the dicer
genes showed significantly increased viral titers at 3, but not 6 dpi (Figure 3.6).
qRT-PCR analysis revealed that there was no significant difference in A4aAgo?2
mRNA levels after injection of dsAaAgo2 followed by a bloodfeed with virus. These
results were similar to what was seen with co-injection of dsAgAgo2 and ONNV-eGFP
in An. gambiae. Although the levels of 4a4go?2 appear to increase after bloodfeed, the
fold increases in the individual replicates vary and the statistical analysis shows the
apparent increase is not significant. These replicates represent total RNA from a pool of
mosquitoes. To limit the amount of variation between replicates, individual mosquitoes
should be assayed to properly assess the variation of transcript levels between individual,
rather than a pool of mosquitoes. After virus infection, the mosquitoes were assayed for
AaAgo2 mRNA at 4 and 7 dpi. These time points assay the mosquitoes at least 7 days
after dsRNA injection, and may be too long to have a sustained decrease in Aadgo2
mRNA levels. Alternatively, the virus might encode a suppressor of RNAi, which could
prevent the dsAaAgo2 from being diced and incorporated into RISC, in turn preventing
further degradation of the targeted mRNA. However, it is apparent the knockdown of
AaAgo2 message prior to bloodfeeding was sufficient to change the dynamics of virus

infection in the mosquito.
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This study shows that RNAI can naturally modulate arboviral infection in Ae.
aegypti after an oral bloodfeed. The results of this study and our previous work in An.
gambiae indicate that RNAI is a common antagonist of viral replication in the mosquito.
Overall, knockdown of AaAgo?2 increased viral replication in midgut tissues and
increased viral dissemination from the midgut. However, the phenotype of TR339 oral
infection did not completely change to that observed with MRE16 oral infection (Myles
et al., 2004), indicating that other factors may be involved with restricting viral
movement out of the midgut. This may be due to other mosquito factors, or to genetic
difference between the two virus strains. This work also demonstrated that gene
expression can be effectively down-regulated by RNAI in the mosquito midgut, which
may aid in developing transgenic mosquitoes and other novel strategies for preventing

mosquito infection and transmission.
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Chapter 5:

Summary and Conclusions

118

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Arthropod-borne viruses remain a significant threat to human and animal
populations worldwide. It is essential to understand the interactions between arboviruses
and their arthropod vectors in order to develop new strategies to reduce transmission of
these viruses, thereby reducing disease incidence and burden. Many approaches have
been used for controlling vector-borne disease, with different levels of success. The
study of the vector immune system should provide insights on how to possibly render
vectors incapable of transmitting disease agents, in conjunction with other techniques
such as transgenic technologies. In this dissertation, we investigated the role of RNAI as
a component of the mosquito innate immune system in the response to viral infection.

RNAI has been used successfully to study gene function in mosquitoes (Blandin
et al., 2002; Levashina et al., 2001). These studies demonstrated the silencing of genes in
mosquitoes and mosquito cell culture can be accomplished by an RNAi-like mechanism.
Included in these studies were experiments that targeted viral replication in mosquitoes
and in cell culture (Adelman et al., 2001; Adelman et al., 2002; Sanchez-Vargas et al.,
2004; Travanty et al., 2004). The use of dsSIN viruses has been employed to express
portions of DEN viral genomes to interfere with DEN replication (Adelman et al., 2001;
Gaines et al., 1996; Sanchez-Vargas et al., 2004). A mosquito cell line engineered to
constitutively express an inverted repeat RNA derived from the DEN-2 genome
prevented viral replication in these cells (Adelman et al., 2002). siRNAs derived from
the DEN-2 genome and transfected into mosquito cells prevented the accumulation of
viral RNA and viral antigen in these cells after challenge with DEN-2 (EA Travanty,

Ph.D. dissertation 2005). This protection was determined to be sequence-specific, as the
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siRNA did not provide protection when the cells were challenged with West Nile virus
(EA Travanty, Ph.D. dissertation 2005).

Mosquitoes are responsible for the transmission of many arboviruses. Culicine
mosquitoes show tremendous potential and ability to transmit many arboviruses, whereas
anopheline mosquitoes do not show the same ability even though their geographic
distribution is as diverse as culicines. Anopheline mosquitoes are the main vectors for
Plasmodium spp, the protozoan agents of malaria. One hypothesis for this difference is
the abilities in the RNAi responses of the two groups to recognize and eliminate viral
pathogens. The complete sequencing of the Aedes aegypti genome and other mosquito
genomes will provide more information about the RNAi genes in culicines. Additionally,
studies to determine whether differences in transcript or protein levels of RNAi pathway
components exist could provide insight on the robustness of the response in different
mosquito species.

ONNYV is an unusual virus based on its ability to be transmitted by anopheline
mosquitoes (Brault et al., 2004). ONNV replicates slowly in the tissues of An. gambiae,
but replicates well in Ae. aegypti (Appendix Table A.2). Based on our results, we
presented the hypothesis that ONNV encodes a suppressor of RNA interference. The
presence of a suppressor may allow for the virus to overcome the RNAI response and
allow for replication to occur. Currently, scientists in our lab our constructing a system

that will readily allow us to screen for RNAi suppressors encoded by arboviruses (B.

Geiss, personal communication).
Another important analysis that will further our knowledge and understanding of

the RNAi response in mosquitoes is to determine the baseline expression levels of
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important RNAI genes in different tissues of the mosquito, and identify changes in their
transcript and protein levels after bloodfeeding and infection with an arbovirus. For
example, microarray analysis of changes in transcript levels in the Ae. aegypti midgut
after bloodfeeding showed an increase in the level of AaDcr2 mRNA levels (Sanders et
al., personal communication). Could this be an activation of the RNAi pathway that
would be a pre-emptive strike against a viral pathogen, or is the RNAI response reactive
only to viral infection? It will be important to determine baseline RNAi gene expression
levels and responses to viral infection to compare the robustness of the RNAi responses
in different mosquito species.

These experiments used an RNAI strategy to identify genes in mosquitoes in the
RNAI pathway involved with defense against alphavirus infection. Other studies have
shown the applicability of downregulating genes in the RNAi pathway using an RNAi
approach to study their involvement with RNAi (Dudley et al., 2002). The early studies
were aimed to determine whether mosquitoes encode the genetic components of the
RNAi machinery. The best-described genes known to be involved in RNAI in other
organisms, such as Drosophila, are in the dicer and argonaute gene families.
Examination of the An. gambiae and Ae. aegypti genomes indicate that genes in these
families are expressed in the two mosquito species and are similar in structure to their
Drosophila counterparts. Similar experiments using arboviruses from other virus

families should determine whether RN A is a mechanism that mosquitoes use to target

other viruses as well.
It is important to note that the experimental design from Chapter 4 required

injecting the mosquitoes with dsRNA 3 days prior to blood feeding. This was done in
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order to allow the mosquitoes recover and ensure a high percentage of mosquitoes would
bloodfeed. In addition, this allowed Aa4go?2 to be silenced, and the pathway primed to
target the incoming virus using dsnsP3, prior to infection with TR339-eGFP. This
experimental design may have meant that at our chosen time points for analysis, the
RNAI response may have not been at optimal strength. Analysis of the ONNYV titer data
show that the differences in viral titers in mosquitoes injected with dsAgAgo2, dsAgDcrl
and dsAgDcr2 were not as significant at 6 dpi compared to 3 dpi. However, in the 4e.
aegypti experiment, it was important to inject dSRNA before virus was introduced in
order to observe the effects at the early time point after infection. If the effects of dsSRNA
do begin to wane, it will be difficult to assess the effects of gene knockouts using this
method at later time points of infection. In order to study arboviruses that require a
longer time to replicate in the mosquito, such as dengue virus, multiple rounds of dsSRNA
injection may be required. An alternative approach to this method would be to generate a
transgenic mosquito that has a component of the RNAi pathway, such as dcr2, silenced.
This approach should alleviate any issues with the waning effects of dASRNA and would
eliminate the requirement for multiple rounds of injection.

The experiments in this dissertation have showed the first pathway to be directly
involved with an immune response to arboviral infection. Multiple pathways have been
determined to be involved with defending the mosquito from bacterial, protozoal, and
fungal infections (Levashina, 2004; Meister et al., 2005). Apoptosis is another defense,
which may be involved with protection of the mosquito from arbovirus infection.
Although this has yet to be shown, apoptosis has been shown to be involved with clearing

densonucleosis viruses from mosquito cells, as well as baculovirus from other insects
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(Clem, 2005; Paterson et al., 2005). More research needs to be done to determine if this
is another mechanism the mosquito employs to clear arbovirus infection. Recent
advances in microarray and genome technologies, as well as reverse genetic techniques
should allow for the identification of other antiviral pathways.

The results reported here clearly show that mosquitoes are able to recognize and
target invading viruses. Used in conjunction with other technologies, the knowledge

gained here may help reduce transmission of mosquito-borne viruses.
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gtg ctg cgc aaa acg

gat gcc agt gcg ccg

ccg aac gtg cgt gat

aac gtt att

gaa ggt

gat act ggc gat aaa

aca tgg tcg aac gaa

gaa gaa ggt agg aga

gac tgt tcc agce aac
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ggc gat aag ccg ggc

gtg gtg aat ctg ggt

gcc gaa gcg atc gat

agc atc att gag cgg

aac gcg gtc gat ggg

gag <gg gag caa gcg

gac acc atc cgc cag
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gga tcc tgce tac atc ccg tac aat ttg gta acg cag cac agc atc ccc gac
1854 G S C Y I P Y N L v T Q H S I P D

aaa tcg gtg gct gac tgt gtg gaa gcc ctg atc ggt gcc tac ctc atc gaa
1871 K S v A D C \ E A L I G A Y L I E

tgt ggc ccc cge gga geg cte cte ttt atg gca tgg ctt ggce ata cgg gtg
1888 C G P R G A L L F M A W L G I R \

S2/Anop2F
ctc ccc atc cgt gag ccg ccg gtg aag ctt aat tca aac aac gag acg gcg
1905 L P I R E P P \ K L N S N N E T A

ctt act cct tac aaa gct act gga cag aac gat gga ccc ctg tec act ggo
1822 L T P Y K A T G Q N D G P L S T G

gta acg att gct gag tat ggt cac tgg gtt gca ccg ccc tcecg cce atg gtg
1939 Vv T I A E Y G H W v A P P S p M )

AgDcrl 6.3F
Cgg gcc aac att acg ttc ggt ggc atc gaa acc ggt gcc gcg gca acg tce
1956 R A N I T F G G I E T G A A A T S

cgc gag ctg gecc cgg ctg ctg caa ggg ttc gag gag ttc gag cag gcg ctt
1973 R E L A R L L Q G F E E F E Q A L
ggc tac cgc ttc cgg gac cgt tce tac ctg ctg caa gec atg acg cac gcet
1990 G Y R F R D R S Y L L Q A M T H A
tcg tac agc ccg aac cgg ctg acg gat tgc tac caq <oy oty gan Drnoohg
2007 S Y S P N R L T D C Y Q R L E F L

.<V_A.A-_VA7_*,.7ﬁ,.,,f*_ﬁ*f

TR

SE o
guo gal gcc atc ctc gac tac ctcec atc acg cgc cat ctg tac gag gac cgc
2024 G A I L D Y L I T R H L Y E D R

cgg cag cat tca ccg ggc gcg ctce aca gac ttg cgg tcg gcg ctg gtg aac
2041 R Q H S p G A L T D L R S A L \ N

aat acc atc ttt gct tcg ctc gecc gta cgc cac gga ttt cat aag tac ttc
2058 N T I F A S L A \ R H G F H K Y F

ctg cac ctg tcg ccc ggg ctg cag gag gtg atc gat cga ttc gtt cgc atc
2075 L H L S P G L Q E W I D R F \ R I

cag caa gag aac ggg cat cgc atc acg gag gag gaa tac tac ctg ccg gac
2092 0 Q E N G H R I T E E E Y Y L P D

gaa gat gac gag ctg ggc gag tac ggt gcg atg ggg gag gac ggt ccc ggce
2109 E D D E L G E Y G A M G E D G p G

gag ggc cgc ggt gtg ggg gag gcg gaa gat gtg gaa gtg ccg aaa gcg ttg
2126 E G R G v G E A E D v E v P K A L

ggc gac gtg ttc gaa tcg att gcc ggt gecc att ttcec ctc gat tcec gac atg
G

2143 D v F E S I A G A I F L D S D M

tcg cte gat acg gtg tgg aag gtg tat cgg aaa atg atg gga ccg gaa ata
2160 S L D T v W K 4 Y R K M M G P E I

gag aaa ttc agc agc tcg gtc cca aaa tcec ccg ata cgce gaa ctg ctc gaa
2177 E K F S S S v P K S P I R E L L E

atg gaa cCcg gag acg gcc aaa ttt gge aaa ccg gag aag ctg acg gac gga
2194 M E p E T A K F G K P E K L T D G
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cga cgc gtg cgg gta acg gtg gaa gtg ttc ggc aaa ggt aca ttc cgt ggc
2211 R R Y R \Y T v E v F G K G T F R G

att gga agg aac tat cgc atc gcc aag tgt acg gcg gca aag tgt gcc ctt
2228 I G R N Y R I A K C T A A K C A L

S2/Anop 3R
cgce cag ctc aag aag ctc gge tat gcecc aac cat cac aag cgc cga tag

2245 R Q L K K L G Y A N H H K R R *

AgDcrl 6R

Figure A.1: AgDcrl sequence. The nucleotide and amino acid sequences of AgDcr !
from 4. gambiae larvae are shown. The sequence in red indicates the 129 bp sequence

(beginning at a.a. 1819) that was determined from direct sequencing and was not present in
the Ensembl annotation.
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Figure A.2:
D. melanogaster and A. gambiae

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

63
63

111
123

170
183

227
243

265
303

325
363

380
419

431
479

491
539

550
599

610
659

670

Amino acid sequence alignment of dicer-1 gene products from

FHWCDNNLHTTVFTPRDEFQVELLATAYERNTIICLGHRSSKEFIALKLLOQELSRRARRHG
FHWTDGNIHTTALTPRDYQTELLATAREENLIVCIAHNSAKEFLAVKLIQSM-RTNRWSS

Kkk ok Kk kkk  kkkk ok okkkkkk ok ok ok ok Kk ok kkk Kk kk ok * %

RVSVYLSCEVGTSTEPCSIYTMLTHLTDLRV=-==-—===—= WQEQPD-~-MQIPFDHCWTD

HPEAPGKAIYLTRMDRSLLSSMVSNLTDLQVANVDDVEDSEGSHEPDGASNTPVTDVASA
* * Akkk x * % *

YHVSILRPEGFLYLLETRELLLSSVELIVLEDCHDSAVYQRIRPLFENHIMPAPPADRP-
DVLFEFGSETTLLQYIEQGTVRVQODISLLIVDECHKNYGRQELWEICARLTHQAPSSDRPA

* * * * ok * * ok * kK

-~--RILGLAGPLHSAGCELQQLSAMLATLEQSVLCQIETASDIVTVLRYCSRPHEYIVQC
QRTRILGLAGPLHGAGCTPERLCWELHYLERCLRARIETASDITSVLRFSTKPTELILEC

Kok kKR KK kK KRk * * ko kk kK kKK K okk * ok ok ok

APFEMDELSLVLADVLNTHKSFLLDHRYDPYEIYG-—-——=——~==—-m—mmm o ——— TDQ
IPPKPSNLTQLLRMLIQRQIAFLKQHRYEPLAVYGLDGNDSASDKPDTDGEPEKDEENDD
* * * kk kkKk ok * K *

FMDELKDIPDPKVDPLNVINSLLVVLHEMGPWCTOQRAAHHEFYQCNEKLKVKTPHERHYLL
LRRELKSIPDPTVGPLSYLKQYLELLDEFGPWGADRGALELLTTIDQEKVKVPYDRHEFLL

K kk kkkk ok kk * * Kk kok ok *  x * ok kK kk koK
YCLVSTALIQLYSLCEHAFHRHLGSGSDSRQTIERYSSPKVRRLLOTLRCF-—--~ KPEE
FCMVYTTLLQARATVASVFAQH-—--DTELERIKRYSTPKVRRLLEVLAWFGEQRNRPKD

*x Kk ok Kk K * * * kk ok Kk ok ok kk ok ok * * *
Vemmmmm - HTQADGLRRMRHQVDQ-ADFNRLSHTLESKCRMVDQMDQPPTETRALVATL
RNQPATLHHHQQVHNQQRILYCFCRNVECKELEKSYHTFGAQIADVDERIKQLDGLLASY

* ok * * * * ok

EQILHTTEDRQTNRSAARVTPTPTPAHAKPKPSSGANTAQPRTRRRVYTRRHHRDHNDGS
RKRTERLNLKHKVVDNASAEGGGTLGVQSPRHGHESRANNFRRKRFAGGGHSHHRSNDTT

* * * * * * * *

DTLCALIYCNONHTARVLFELLAEISRRDPDLKFLRCQYTTDRVA-DPTTEPKEAELEHR
DALCGLIFCNNRAMARILYVLLYEVSRSQREFEFISPQYTVDKVATNPONCLKQTTIEHR

* kk kk  kKk E *k ok kK * *okok ok ok ok * * * %k ok

ROEEVLKRFRMHDCNVLIGTSVLEEGIDVPKCNLVVRWDPPTTYRSYVQCKGRARAAPAY
KQEEVLKRFRMHECNLLIGTSVLEEGIELPKCNLVIRWNSPANYRSYAQCKGRAKAPGAY

hhkkohkkkkhkkhkhk  kk  kkkokokkokokkokok * ok ok ok kok ok k * *kk ok kkkkkk Kk * K

HVILVAPSYKSPTVGSVQLTDRSHRYICATGDTTEADSDSDDSAMPNSSGSDPYTFGTAR
HVLEVT P m === m = m e e ENAASRNEQQEDM~==~~~~

* ok * ok * * *

GTVKILNPEVFSKQPPTACDIKLQEIQDELPARAQLDTSNSSDEAVSMSNTSPSESSTEQ
———————————————————————————————————————— ASIEDVSLDGMIPEGPK~-~-~

* ok Kk *

154

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
Agbcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDerl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

Dmbcrl
AgDcrl

DmDcrl
AgDcril

730
696

790
741

843
801

903
837

963
841

1023
901

1083
961

1129
1021

1189
1081

1249
1141

1306
1201

1354
1261

1413
1317

1473
1367

KSRRFQCELSSLTEPEDTSDTTAEIDTAHSLASTTKDLVHOMAQYREIEQMLLSKCANTE
——————————————— DDNTRETIDDQDRRMIETATDAMIEQVAIYREVEKLLLAKCRNGE

* * * * ok kkKk X *k  kk ok K

PPEQEQSEAERFSACLAAYRPKPHLL-=--=-=~ TGASVDLGSATIALVNKYCARLPSDTEFET
PPDWELKHADCENHCLEVYRPSSGGAVALQSNGTCASLWLGNAIQTLNKYCAKLPSDTFET

* ok * * * * % * Kk k * k% * ok k% kokodk ok ok kok ok ok ok ok ok

KLTALWRCTRNERAGVTLFQYTLRLPINSPLKHDIVGLPMPTQTLARRLAALQACVELHR
KLTPIWRCATTVRKGRKLYQYTIRLPINSPWKEDIL-—---========-———————————

* Kk Kk * Kk * K * o okkk kkkkkkk Kk koK

IGELDDQLOPIGKEGFRALEPDWECFELEPEDEQIVQLSDEPRPGTTKRRQYYYKRIASE

FCDCRPVAGAPCYLYFIQLTLQCPIPEEQNTRGRKIYPPEDAQQGFGILTTKRIPKLSAF
FNECRPDAETVAYLYHIRMELICPIPEEQNTRGRKIYAPEESAQGFGILTTKLIPKISSE

* * Kk Kk  Kx * ok ok k * hkkkkhkhkkhkkkhhkkhkkhkkhk  kok hkkokkkkkk kkk Kk ok

SIFTRSGEVKVSLELAKERVILTSEQIVCINGFLNYTFTNVLRLOKFLMLEDPDSTENCV
PIFTRSGEVKVSLDLCPQRVKLSAHQLEMVNCEFVKYTFTKVLRLOKSLMLYDANATENCE

*hkkhkhkkkhkkkkk K * ok ok * * K hhkhkk kkkkkk kkk Kk * kK Kk

FIVPTVK---APAGGKH--——-————-- IDWQFLELIQANGNTM-PRAVPDEERQAQPFEDP
FIVPTVKQAVAGAAGKDEPPLQSDDVMVDWEFVEKIATNVHRSGPTFIPDEARKGYTFDV

* ok kK ok Kk ok * Kk k% *k ok ok %k * * *k k% * %

QRFQDAVVMPWYRNQDQPOYFYVAETICPHLSPLSCEPGDNYRTFKHYYLVKYGLTIQNTS
GKFRDAVVMPWYRNRDQPQYFYVAEICNHLSPKSTFPGSNYATFEEYYHRKYKIHIQNQR

d okkkokkokokkokk kkkkkkokokkkkk kkkk ok kkk kk kok * k * % * K K

QPLLDVDHTSARLNFLTPRYVNRKGVALPTSSEETKRAKRENLEQKQILVPELCTVHPEP
QPLLDVDHTSARLNFLTPRYVNRKGVALPTSSEETKRAKRENLEQKQILVPELCTIHPFP

hokkkkkkkkkkkkhhdhdhhhhdhhhhhkhhhkkdkdkhkkhkhohkkhrhkhkhkkkhkhkhkkhkhkhkhkhkhkd *Khkhkk

ASLWRTAVCLPCILYRINGLLLADDIRKQVSADLGLGRQO---QIEDEDFEWPMLDFGWSL
ASILWRAAVCLPCVLYRINALLLADEIRRQVARDLRLGWENVDELQEGQFQWPMLSFGWNL

*hkkkk hkkkkkhk kkhkkkkhk kkkkk kk k& *k kok * K*hkhkk Ak k ok

SEVLKKSRESK---QKESLKDDTINGKDLADVEKKPTSEETQLDKDSKDD-~———~——-— K
ADVLRKTKEQKIAQAQEAIDASAPEVEDEVELDKEAPNVRDAAEVDEEDGLKMENGVIAE

*k K * ok * * * * *

VEKSAIELIIE-GEEKLQEADDFIEIGTWSNDMADDIASENQEDDDEDDAFHLPVLPANV
VEKSQVDGEDDTGDKKTDSDGTLLEIGTWSNEMAVGVGTDNDMGEEGRRGASSPSF~-——~

* K K Kk * * kokkok ok ok ok kk * *

KFCDQQTRYGSPTFWDVSNGESGFKGPKSSONKQGGKGKAKGPAKPTEFNYYDSDNSLGSS
—————— LRYDS----DCSSNSSANFYSSDEYDEEDDYYLYDGSEKPKNAIEPSQEAVSGT
*k ok * ok * * kK *

YDDDDNAGPLNYMHHNYSSDDDDVADDIDAGRIAFTSKNEAETIETAQEVEKRQKQLSIT
DNANDSGDKPGSRNRTITQOSQDTVVNLGGRLKIEFKSETDAEAIDSECDLOQRORTQQSII

* * % *  k  *x * Kk Kk * ok ok ok

155

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcril

DmDcr1l
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

DmDcrl
AgDcrl

1533
1427

1588
1487

1635
1547

1672
1603

1722
1663

1782
1723

1842
1783

1885
1843

1933
1903

1979
1963

2034
2023

2094
2083

2135
2143

2195
2203

QATNANERQYQOTKNLLIGENFKHED==-—-- QKEPATIRYEESIAKLKTEIESGGMLVPH
ERSRONDMLYQSSKNAVDGFCYSPSDRQCAEEREQAEQRFERQKNHTKDTIRQQGSLVRW

* * * * * * * * * ok * Kk * * L
DOOLVLK--RSDAAEAQVAKVSMM—— -~~~ ELLKQLLPYVNEDVLAKKL-—-—-- GDRREL
NEPLSVSHWRSKLDESEAATLGALMDDLGGQPEFTELVPYVEPEQLFELLVRNGSSGERWL
* * % * * L * * * ok

LLSDLVELNADWVARHEQETYNVMGCGDSFDNYNDHH-------=-——---mmmmm e -
RLHDLYCLNRPFF----PERYTIFRGGSQFDNFLDESCQEGEGASSPPKVIELTIGDPEP

* Kk k * % * K * * k% *

——————— RLNLDEKQLKLQYERIEIEPPTSTKAITSAILPAG---FSFDROQPDLVGHPGP
AIAAGOMACNYKPKQHSMRSDEANKNGHDSAGVLSTTDEAGGVDYEFSFDYQPDLSQHPGP

* * % * * *ok ok ko kok ok k * %k %k %k

SPSIILOALTMSNANDGINLERLETIGDSFLKYAITTYLYITYENVHEGKLSHLRSKQVA
SPATILQALTMSNANDGINLERLETIGDSFLKYAITTYLYCRYDNVHEGKLSHLRSKQVS

hk kkkkkkkhkkhkhkhkhkhkhkhkkhkkkhkrkkhkhkkkhkhkkhkhkdkkkkk * ok k ok ok ok ok ok okk ok okok ok ok ok

NLNLYRLGRRKRLGEYMIATKFEPHDNWLPPCYYVPKELEKALIEAKIPTHHWKLADLLD
NLNLYRLGRRKRLGDCMIAAKFEPHDNWLPPCYYVPKELEQTLIDAKIPACHWNLADLPD

*k ok ok ok hkokkkohkokkkok Kkokok koo sk sk ok ke ke ke ke ok ok ok ok ok ko ke k ke ok *k kokokok *k kkkk Kk

IKNLSSVQICEMVREKA-—-—-—-—-————- DALGLEQNGGAQNGQLDDSNDSCNDE-———-—
IKRLSCAEICQLVKERARAKRREDVDREFDLOQHADSNGGEDGNEDDDEDDEDDDDDDDDTT
* Kk kok * ok * Kk % * Kk Kk * Kk * *

———————————— SCFIPYNLVSQHSIPDKSIADCVEALIGAYLIECGPRGALLFMAWLGV
TGEGNEHEADNGSCYIPYNLVTQHSIPDKSVADCVEALIGAYLIECGPRGALLFMAWLGI

kk kkkkokk kokkokkkkok kkkkkkhkkhkhkkhkhkkhkhkhkhkhkhkhkhkhkhhkhkhkk

RVLPITR---QLDGGNQEQRIP----GSTKPNAENVVTV--YGAWPTPRSPLLHF-----
RVLPIREPPVKLNSNNETALTPYKATGONDGPLSTGVTIAEYGHWVAPPSPMVRANITEG

* Kk k% * * * * * K * kK * koK

————— APNATEELDQLLSGFEEFEESLGYKFRDRSYLLOAMTHASYTPNRLTDCYQRLEF
GIETGAAATSRELARLLOGFEEFEQALGYRFRDRSYLLOAMTHASYSPNRLTDCYQRLEF

* * K *k kk ok ok ok ok * ok ok ok k ok ok ok ok ok ok ok ok ok ok ok ok ok ok ke ko ok ke ke ke ke ok ok ke ok ok

LGDAVLDYLITRELYEDPRQHSPGALTDLRSALVNNTIFASLAVRHGFHKFFRHLSPGLN
LGDAILDYLITRHLYEDRRQHSPGALTDLRSALVNNTIFASLAVRHGFHKYFLHLSPGLQ

kkkk kkkkhkkkhhhhdh hokkokdkokkkkkkkkkkkkrrrrkrrhkkrhkhkhkhhk * K*hkkhkkhkkk

DVIDREVRIQQENGHCISEEYYLLSEEECD-—————-—-—-—-—-——————-——~ DAEDVEVPKAL
EVIDREVRIQQENGHRITEEEYYLPDEDDELGEYGAMGEDGPGEGRGVGEAEDVEVPKAL
Kk ko kkkkokkkhkkk Kk kk ok kK Sk Kk ok ok ke

GDVFESIAGAIFLDSNMSLDVVWHVYSNMMSPEIEQFSNSVPKSPIRELLELEPETAKEG
GDVFESIAGAIFLDSDMSLDTVWKVYRKMMGPEIEKFSSSVPKSPIRELLEMEPETAKEG

*hkkhkhkhhhkhkrhkhhhkk dhkkdk Kk kk ok hkhkkkhk hkk hhkhkhhkhhhhhkhkd khkhkkkkokok

KPEKLADGRRVRVTVDVFCKGTFRGIGRNYRIAKCTAAKCALRQLKKQG
KPEKLTDGRRVRVTVEVEFGKGTFRGIGRNYRIAKCTAAKCALRQLKKLG

dhkkkk hokkkkkkkk ok khkkkkkkkkkhkkhkkkhkkk kbbb hhkhkhkhx *

156

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A.2: Viral titers of ONNV-eGFP and MRE-16-eGFP after injection into
A. gambiae and A. aegypti, at 3dpi
PFU
A. gambiae A. aegypti
ONNV-eGFP 3.0X10° 73X 10°
MRE16-eGFP 15 9.5X 10°

* 0.5 ul of ONNV-eGFP or MRE-16-eGFP was injected into each species, 15 mosquitoes /
group. Each virus was diluted to the same titer prior to injection.
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Figure A.3
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Fig. A.3: qRT-PCR results for AgDcr2 expression comparing dspgal and mock
injected mosquitoes. Injection of dspgal results in the induction of AgDcr2 transcript
levels at 1 dpi (1.933 fold), however, the result was not statistically significant (p > 0.05).
At 3 and 6 dpi, the fold change is close to zero.
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Figure A4
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Fig. A.4: qRT-PCR results for AgDcr2 expression comparing ONNV-eGFP and
mock injected mosquitoes. Injection of ONNV does not result in a significant change of
AgDcr?2 transcript levels at any time point sampled.
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Figure A.5
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Fig. A.5: qRT-PCR results for AgDcrl expression comparing dspgal and mock
injected mosquitoes. Injection of dsBgal does not significantly induce expression of
AgDcrl at any time point.
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Figure A.6: TC64262 (TIGR Blast result AaDcrI)

GTAGCTCCCAACGTTACGAAAAAGATGGCATTGCTATGCAATCTGTGTACGGATACTGGGTACCGCCGAAATC
TCCACTCTTGATGTACGCCCCAAATCCACAGCAAACTCTGGAACATCTCTTGGATGGTTACAGTGCCTTCGRA
GACTCGTTAGGATATCAATTCACAGATCGCTCTTATCTGCTCCAAGCCATGACTCACGCATCATACTGCCCGA
ATCGATTAACAGATTGTTATCAACGTTTAGAGTTCCTCGGTGATGCACGTCCTGGACTACCTCATAACTAGGCA
TCTCTACGAAGATCCAAGACAACATTCTCCCGGCGCATTGACGGATTTGCGATCAGCCCTAGTCAATAACACG
ATCTTTGCCTCGCTAGCAGTACGGCATGATTTCCACAAGTATTTCAGGCACCTTTCGCCGGGTCTARACGATG
TGATAGACCGGTTTGTTCGGATTCAACAGGACAATGGACACATCATCAGCGAGGAGTACTATCTAATATCCGA
GGATGAATGCGATGAGGCGGAAGATGTCGAGGTGCCGAAGGCCTTAGGCGACGTTTTTGAATCCGTAGCGGGA
GCTATCTTCTTAGATTCAAATATGTCGTTGGACGCTGTGTGGAAGGTATACCGAAGTATGATGGGACCTGARAA
TCGAACAGTTCAGCAATTCTGTACCAAAATCACCAATTAGAGAACTTCTTGAACTAGAACCAGAAACAGCTAA
GTTTGGCAAACCGGAGRAAGTTGGCCGATGGACGACGCGTTCGAGTGACGGTTGAAGTATTCGGAARAGGAACA
TTCCGTGGCATTGGGCGCAATTATCGCATTGCGARATGTACGGCGGCARAATGTGCCCTCCGGCARACTGAAGA
ARATGGGGCTAATCAACAAACGTCGTTAAAATATCACCAACCAGGTAGGCAARATCAGAARATAGCAGTGCAG
TGAAGCAATCTTATTTAGAACTCAAAGTTTACC
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Figure A.7: Aedes aegypti
Red region indicates TIGR
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Figure A.8: Nucleotide sequence of TC59742 (AaDcr2). The nucleodtide
sequence with highest homology to AgDcr2 from the TIGR A. aegypti
genome database.

TCCTTTGCTGAATGARAGGAATTTGATTAAATTCAATATTTATCAGATTATCCCAAACGACTGTATGCCAAAT
TGTAAGCAATCGCAACCTGGTCTATTGTGCGATAAAGTACGGACTACCTGGAATGCTAAAAATTCACAAATTC
GATCCCAAAAACGACTGGCAACCACCTCTAGCAACGGTTCCGAAGAACATCAAACGAACGATGCAATCTGTGA
ATCATTCCGCCCGAGTGCTATATCGGTTGACCTTAACAGAGGAGGAAATCAAAACCGGTGTGGTGACAGCAAA
GAACATTGATGATTTTATTGCTCAGCTTGAGCTGCATGGTAACATGCCTGATCCCTCGCCAATGGCAAATTAT
CTCTCACAGCAGACCATGGGGGACAAGACACCGGCGGATGCCATGGAAGCATTGCTAGGCGTCTGTGTGCAAT
CAGTTGGCATCGAGCGTTCCTTCAAACTGTTGCCACATTTTGGAATCCTGCCGARAAACGCACAATGTCCTAAG
ACTCCTTGCTGACAAGATCGAAAACCAACGACTGAAAACTCATATTGATATTCGTGAAGTAGATGCATTCCTC
AAGAACTACAGAAGAATTGAAGGTATTCTGGGATATAAGTTCAAGGATAGAACTTATCTCCTACAAGCACTCA
CCCATGCGTCATACCCTACCAACAGAATTACGGGAAGCTACCAACAGTTGGAATTCCTCGGCGATGCGGTATT
AGATTTCCTCATCTCGATGTACATCTTTGAGCAGAACCCTACCATGAGTCCCGGGCAGTTAACAGATCTGCGC
TCGGCTTTGGTGAATAACGTCACTTTGGCGTGCATACTTGTTCGCCATGGTCTCCACTTGTACATCCTGGCAG
AGTCGGCATCTTTCACCGACACAGTTAGCAAGTTTGTGTTGTTCCAAGAACAACACAAACACGAAATTACCGA
TCAGGTGAACTTGCTCGTCGAAGAATCAGACCGGAAGATGGCCGAATTCGTAGACGTTCCGAAGGCGLCTGGGEE
GATGTGTTCGAGAGTCTGGTGGCTGCGGTCTTTTTGGACTCTGGARAACGACTTTGCCGCCACCTGGCAAGTCA
TTTACGGCATGATGGGCAATGAAATATTGACCTTCACCGAGAACACACCGATCCAGATCGTGCGACAGTTGTA
TGAGTTCAAGCCGTCGTGCAAGCCAACCTTCAGCAGGGCCATCCCGGACGAGGACACGGTGCTTGTTAAGCTG
CGGTACGAGATAAGGAACCAACAACACGAAGCGTATGGTTTTGGTCAAAACAAGGACGACGCAAAGAGGGCAG
CGGCCAAAGCGGCACTGCAAGTGTTGCGCAAGCACTACCGCAGTGCTAAGTAATGTTTCGTTTTGTTTAATTT
TCTTTGTACTAGTGTCGTTTACAGATGGGAGTTGTTGAACTGTTTTCGCATGTGAATTAATATTARATGGCGA
TAAAATGTTTTATAGARAGCGTTTGAACGATTTATCGAGTATTAAATCAAACATAATTGTATGGAGGCAATGT
CGCARAAATGTCGACATTTTTCAAGTGTTTGTAAAACTCTAATCGTCCTACAATACTCTAATGTAAAAAAACTG
TGGAAGTGCTCATCARATGTGTACTAAGTCGTTTGAGTCGAATCAGAACATAGTTTTAATAAAATTCCAATAG
AARATACCTATACAAAAAAAAATAGAATGAAACTCCAAATCTGACTGTTTACATGAAACCATTGACTCTCTTTT
GTGATAGAAGAGAATTGAAGACTTGGCAGTAGGTTATCTCAGATTGGCTTCCATGCTTTGTTATTAGCTTCTA
AGAGGGCGGGTTTGGAGAAGATCATTATCTAACAATTTGAATATCGGATCAAGCCAACGGTAAATCGCTGTCA
AAGCAAATACTTGTCTACGTGTGCTGGACGTTTATGATCTTCGGAACTGCGAATATGCATTTAGGCARAGTGT
GCTTAAGATTGTCAAAGAAATGTTTTCCTTCTCAGAAGGAAAACATGAACAATAATAAGAAAAGCTATTTGAT
TGAATATATGCACGTTTTATATTACCTTT
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Figure A.9:
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Figure A.10: Aedes aegypti argonaute sequences from the TIGR database

Highest match to AgAgol

>NACBNG4TR
GACCGAAAATGACGACTCACTATAGGGCATTTGGCCCTCGAGGCCAAGAATTCGGCACGAGGAGGTATTCGAC
GAACCGGTTATCTTCCTGGGTGCGGACGTAACTCATCCACCGGCCGGAGACAACAAGAAGCCCTCGATTGCGG
CCGTGGTCGGTTCGATGGACGCCCATCCATCGCGTTACGCTGCTACGGTCCGGGTGCAGCAGCACCGCCAGGA
GATCATCCAGGAGCTGAGCAGTATGGTTCGGGAGTTGTTGATCATGTTCTACAAATCGACGGGCGGTTTCAAG
CCCCATCGGATCATCCTGTACCGGGATGGCGTATCGGAGGGTCAGTTCCCGCATGTGCTGCAGCACGAGCTGA
CGGCCATTCGAGAGGCGTGCATCAAGCTGGAAGCCGACTACAAGCCGGGTATTACGTTCATTGTGGTGCAGAA
GCGTCATCACACGAGACTGTTCTGCGCAGACAAGAAGGAACAGAGCGGCAAGTCGGGCAACATTCCGGCCGGET
ACGACCGTCGACGTGGGCATCACCCATCCGACCGAGTTCGATTTCTATCTCTGCAGTCACCAGGGCATTCAGG
GCACCAGCCGCCCGTCGCATTATCACGTCCTGTGGGACGACAATCACTTCGAATCCGATGAGCTCCAGTGCCT
GACGTATCAACTGTGCCACACGTATGTCCGGTGCACCCGTTCCGTTTCGATTCCGGCACCGGCGTACTACGCC
CATTTGGTGGCATTCAGGGCCAGGTACCACTTGGTCGAGARAGAACACGATTCGGGCGAARGATCTCACCAGA
GTGGTTGCTCCGAGGACAGAACGCCGGGTGCGATGGCTCGTGCAATCACCGTACATGCCGATACCAAAAAAGT
TATGTACTTCGCTTAAGAAAGTATTTTTTTATACAGTTTGTTCGATATATTAGTTACTTTTATAATTTTTACA
AAATTTTACATATTTATGCAATTGAAAACTTGTTTCGTATACAAAGARATCGCGTGAATTTCAAACTTTAGTA
GCATGCTTACTGATAACAACCAGTAAAAGGTACTATTCGTCGCAAACGCCAGCTGAATAAARCCTAGAACTCA
ATTTGAAACACGCAAACACTAACCAACAAACGATATAACAGAACCGATCGATATTATATGGCT

Highest match to AgAgo2

>TC63572
GGATTTGGTGTTTGTGGTAATTCCATCCCCGGGAAGAGACGGCGACGTGTACGCCAAAGTTAAGCAAAAGGCA
GAACTTTGCGTTGGGCTGCTCACCCAATGTATCAAGAGCTTCACATTGGATAAGAAACGAGGCGATATGAGCA
CCATCAGCAATATTTGGCTCAAGATCAACGCCAAAACGAACGGTTCCAATCACGTGTTGGCGAAAAATTTCAA
ACCGCCGATTGCACGCAAAACGGTGATGTACGTCGGAGCCGATGTAACCCACCCTTCGCCGGAGCARACARAAT
ATCCCAAGTGTGGTGGGATTGGCCGCTTCATACGATCTCGAGGGTTTCCGTTACAATTGCTGCTACCGTCTGC
AAGGGCCCAAAGACGAGATGATTAGAGATCTGCAAAATATCGTTATCARACAGCTGAGACAGTTCAAGCAGAC
GAACCAAAGTCTTCCGGAACTCATCATGTACTACCGCGACGGAGTCTCCCGAGGGTCAATTCCAAGAGGTACTG
ACCATAGAACTTCGTGCCATGCAAGCGGCGGCTGCTAGTGTCCAACAGGGTTACAAACCGAATATCACCTTCA
TTGTGGTCCAAAAGCGACACCATGCCCGTTTCTTCCCGACTGCCAACTGCCCGACTGAGGGAAGAAACAACAA
CGTTCAGCCGGGAACTATCGTTGACCGTTACATCACTGCTCCGAACCAGTATCAATTCTTCCTGGTTTCACAT
GCTGCTGTGCAAGGTGTGGCCAAACCCACCAAATATTGTGTGCTTTACGATGATGARAACTGTAACCCCGATC
AGTTGCAAGCGCTGACTTACTATCTGTGCCACATGTTCACGCGCTGCAATCGAGCTGTGTCCTACCCGGCTCC
AACCTATTATGCACATCTGGCAGCCTACAGAGGACGCGTCTACATCAAAGATCGTCCTCTGAACATGAACAAC
CTGACCAAGGAGTACGAGAGAATGCAGATCAGGACCGAGATACAGGACGGTCACCCGATGTTCTTTGTTTGAA
TTCCCACGAGAAAGGGAAAATTCATTTATATTTTTTAAACTACCCATAACAAATATTTTTTCTGTGCAGTATA
AATCGCTATTTGCGACTACTACAACTAATCTGATATTTAAAAATATATTATATAATCGAAAGGAATCACATCA
TCCATCAAAACAAAATTTATAAATTTTATGAGATACATGAATGAGCTAAAATATCATCTTTACACATTACTTA
AATAACATTGGACAAAAAATGACTGACGTTTAATGTGATTCCGCTATACCCAC
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Highest match to AgAgo3

>TC54141
TCGAATTTATTTACCATACATTTTAGATTGATTCGCGATTTGTGCGCACCTGTTCTGATCGTTGGTGAATGTG
GGTGTTGGAAAGAGTGGAGATTTCAACCGGGCCGTCACCAGTAACAACGTTCTGCAAGCGGTCAACATTCGCA
ACTGGCTCTTGGTGCACACGGCGAAGGACACCAGAATTGCCAAATCGTTTATGGATTGCGTTGAACGCAGCTG
TCGTCCCATGGGTATTCARATTGGACCGCCAGCAATTGAGGTTCTGCAGGCCGACAAAACCGAGCTGTACGTA
CAGCTGCTGCGTACGAARATTCGCCAGGARACGCARATCGTTGTTATAATCTGCCCAACGTCAAGAGATGACC
GATACGCTGCTATCAAACGTATTTGCTGTTCGGAAATCCCAGTCCCATCGCAGGTCATCAACGCTCGCACTCT
GAGTAACGAGGCCAAAAACCGAGCCATTGTGCAGAAGATCATCCTCCAGATGAACTGCARAACTGGGTGGAACG
CTGTGGAGCATTCGTATCCCGTTCGACAACGTGATGATCGCCGGCATCGATACCTATCACGATCCGAAGCAGA
AGAGCAACTCCGTTTCGGCATTCGTAGCTTCGTTGAATGGTGACTACACCAGATGGTATTCACGTGCTTGCAT
TCAGAGCAAGAAGGAGGAGTTCATCAACGGATTGTGTGCATCGATGGAGAAGTCTTTGAAGGCTTACCAGAAG
GCAAACTGTCAGCTGCCGAAGAAGATTATCATTTTCAGAGATGGCGTTGGAGACGGTCAGCTGCGAATGTGCT
CCGAGTACGAAATTCCACAACTGCAGGAGTCGTGTAAGCTAGTGGAACCGGATTACAATCCGGAGATAACATT
CATTGTCGTCCAGAAGCGTATCAACACCCGTATGTTCCGTATCGACGGTAACAACTTGGAAAACCCGAACCCT
GGCACCGTTCTGGATCACACCATCACCCGACGCAACCACTTCGATTACTTCCTGGTGCCGCAGTCGGTCCGGL
AGGGCAGCGTCTCGCCCACTCACTACATTGTGGTCCACAACCAGTCGAACCACTCGCCGGACATCCTGCAACG
GTTGAGCTACAAACTGTGCTATCTGTACTACAACTGGCCCGGAAGTGTTCGAGTTCCTGCTTGCTGTCAGTAL
GCCCACAAAATGGCCTATCTCATTGGACAGTCGGTGAAACGGAATCCGGACGAGGCGCTGAACGACAAACTGT
TCTACCTGTGAATGGCGTCATCGGTTTACCGCCAGCTGGGAGTTTTGTTTTATCCAAAGGGACTGAGTTGTTT
TCGATTTATGTTTTCTTCTCGAAATGAGATGTGTTTTATCAAGTTTCTATAGAGAGAGAGATACCTAAAATGA
GTGCCTTGTTAATCAGCGACATGATTTTCCCGCTGAGATAACCTATAAAATGTTTTTGTTACAACATATTCGG
TAACTARAAGACTGAATTCCATCTATTTTTGAGTTACCTCATCAATGACGCGTTTTGAGTGAACTAGAAGAGAA
AAATCTAACGTCTTTGAGCTCCTCGCTCGCCCTGGTTTTCAATTTCAGGCACTCGATACATTTTAAAACATTT
CAACACATCTGAACACGCCAAATACGTCGTTGGCTGTTTGTACCAGAGTCGTACAAATTACATTCTCCACAAT
ATGTTAACTTCTAACGTTGGACTGAGCAATGATAACGTTCTACTAACCTACATTTATTAGAATGAAATAACAG
TTAGTGCATAATCAAGGAAGTTTTTCGTTATTTTTTTATAAACTCCAATCCTATCGGAAGGTACCTACAGGAT
TTAAGTGCCCATCCGATGGATCGTTAGGGAGAAATCTCATATTTTATCTAATAAAATAAACATAAATTCAT

Highest matches to AgAgo4

>TC65831
GCATTTCCGCAACAATCCGATGCTGTCAACCGTTCGGTTAGACCATTGGTACATTATTGTACCGAGTCGGGCC
CAGCGAGAAGCCAACGAATTCCTAGGCTGCTTGATGCAGGCTGCCCAGGGAATGCGATTCGATGTCAAACGAT
GTGAGTTTGTTACCATCCCGGACGACAGTCCCGGAACCTATGTTCGGATGTTGGACAATGTTGTGAACAAGGA
TCCCCAACTGATCATGTGCGTTGTGACGAATCAGAAGGCCGATCGGTACACGGCCATCAAARAGAAGTGCTGC
GTTGATCGCGCCGTTCCAACGCAGGTCATTTGCCAGAAGACCATCACACCGAAGGTAGGCAATGTGCGGACAC
TGATGTCCGTTGCCACCAAGGTTGTCATCCAGATGAATTGCARACCGGGCGGAGTACCGTGGAAGGTGAAGAT
CCCGCTCAGCGGCATGATGACCATCGGTTTCTATGTGTGTCACGACACGAACGATAAGTCGAAATCTTACGGA
GCGATGGTGGCCACGTTCGATCACGATAACCGAGGCACTCCCAAGTTCTTTTCAACCGTGAGTCAGCACAGAC
ACGGGGAAGAAATATGCAACTATCTTCCTCTGAACACGATCAARAGCTCTGAACGAGTATCGCAAGGAGTACAA
CGAACTGCCGAAGCGTATCTTCTTCTACCGGGATGGTGTCGGAGAGGGTCAACTGCACTACGTGTACGAACAC
GAGGTCAAATCGATCGTGGACAAGCTGAACGAGATCTACARATCCGCCGGAGCCGAGCAGGACGTCATGTTCA
CCTTCATCATCGTGAGCAAGCGCATCAATACGAGATTCTTCGATCGCAAACAGAATCCAAGGCCAGGAACGGT
GGTCGATGATGTGGTGACAAACCCGGAACGTACCGATTTCTACATTGTTTCGCAGTCGGTCCGCCAGGGAACG
GTTTCCCCCACGGCGTACAACGTTCTCTACGACACGTCCGGGCTGAAAGTGGACCACCTGCAGATGTTGTCCT
ACAAGCAGTGCCATCTGTACTACAACTGGTCCGGAACAACGCGGGTACCAGCGGTTTGCCAGTACGCGCACAA
ACTGTCCTTCCTGATCGGCCAGTTTATCCACCAGGCGCCGAGTAATCTGCTCGAGAAGAAGCTCTACTTCCTG
TAGGGGAAGTAATGCATCGTACTCTGGTTTTGGTTGGTTTTACAGTCTTTTACAATATTTAACTACGTTGACT
TCAAGCATTGCATGTTGACCAAGCAATTAGCGCATGTATTTAAGCAGATACCATTGCCGTAGATTTATTTTAC
TTCTTTTCGTTTCATAATATTGAATTGGCTAAGCATAATATAATAATACTTATATTATTTTTGTTGGAATTGA
CTAGTTTGTTGATACATTATTTTTATGTAAAGTAAAATTATTGCTTTAATAAATATTCGCTATTCCAGTATGG
CAC

173

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



>TC65529
CGGCACGAGGCAAAGGTTGTCATCCAAATGAACTGCAAACTGGGCGGTGTTCCATGGAAGGTCAAGATCCCAC
TCRAACGGTTTGATGACCATTGGGTTCGACGTTTGCCATGATGGAAAGGACAAGTCCAAATCCTTCGGAGCCAT
GGTTGCCACGTTAGATCACGATAACAAGGGTACTCCGAAATTCTTCTCGACTGTGAGTCAGCACACGCACGGT
GAAGAAATTTCCAATTATCTGCCCATCAATACGGTCAAGGCATTGAACGAATATCGTAAGGAATTCGGAGAGC
TGCCCAAACGTATCATCTTCTACCGAGACGGTGTCGGCGAGGGTCAACTTCACTACGTGTACGAGCATGAAGT
TAAATCCATCGTTGAGAAGCTGAACCAGATCTACAAATCCGCTGGAATCGATCAGGATGTGTTGCTCACCTTC
TTCATTGTGAACAAACGAATCAACACACGCTTCTTCGATCATCGTCAGAATCCCAGACCCGGAACAGTGGTCG
ATGATGTCGTCACCCTACCAGARAGAACTGATTTCTACCTTGTGTCGCAATCGGTCCGTCAAGGTACGGTTTC
GCCTACGGCGTACAACGTTATCTACGATACATCAGGCCTGAAGTCGATCACCTGCAGATGCTGTCGTACAAGC
AGTGCCACTTGTACTACAACTGGTCCGGAACGACTCGTGCTCCCCGCGGTATGCCAGTATGCACACAAGCTGTC
CTTCCTGGTGGCGCAGTTCCTTCACCAGGCACCGAGCAATCTGCTTGAARAGAAGCTGTACTTCTTGTAAACA
GCTGGAAAAAGATTTGCATGCCGAAAATGATCGCGGTTCTAGCTCATAAGTATTGCAGTTACTTTTTATTAGT
TAGGTATACACGTTCTTTCCAACCAGAGAGATAATTTTTACATTTTGACACGTTCCCGCAGCTGTGAATTTTT
TAAACAGTTGTCAACGACCTCAGATCAAGATTGAAAAAATGAAARAAGATAGTAATTTGTATAACTTGCGCAT
CTTCTTAATCGATGTTAAAGAAATCCCCGCCCAGTAATTTCTAATTTTCCGAAARAAAAATGTGTTACAACTGC
AGAACGTATATATCACAAATAACTAATATAAACATTACCTATAGCATGCTTACTCACAAAGTAATTTTAATCG
TGTGTCACTAAAAATTGAATAAACGTTCGATGACAAATAAATGAAGC

>TC65832
GAGATTCCTCTCAACGGACTGATGACGGTAGGATTCGATGTGTGTCACGATACGAACGATAAGTCGAAATCCT
ACGGAGCAATGGTGGCCACGTTTGACCACGACAATCGAGGCACCCCCAAGTTCTTCTCCACCGTGAGTCAGCA
TGGCCATGGCGAAGAAATTTGCAACTATTTGCCCCTGAACACGGTCAAGGCTCTGAACGAGTATCGCAAAGAG
TACAACGAACTGCCAAAGCGTATCTTCTTCTACCGGGATGGTGTCGGAGAGGGTCAACTGCACTACGTGTACG
AACACGAGGTCAAGGCCATTGTGGACAAGCTGAACGAGATCTACAAATCCGCCGGTGCCGAGCAGGACGTCAT
GTTCACCTTTTTCATTGTGAACAAGCGCATCAATACGAGATTTTTCGATCGCAAACAGAATCCAAGGCCAGGA
ACTGTAGTCGATGACGTGGTTACGCTCCCGGAACGTACCGATTTCTACATCGTATCGCAATCGGTCCGCCAGG
GAACGGTCTCCCCCACGGCGTACAACGTCATCTACGACACGTCCGGACTGAAAGTGGACCATCTGCAGATGTT
GTCCTACAAGCAGTGCCATCTGTACTACAATTGGTCCGGAACGACGAGGGTGCCAGCGGTTTGCCAGTACGCC
CACAAACTGTCTTTCCTGGTCGGGCAGTTTATCCATCAGGCTCCGAGCRAACCTGCTCGAGAAGAAACTTTACT
TCCTGTAGCGAAGTATCCCATCTGTTTGGAACCGTTCCCCCTGGAGCAGCGCTTGCGGGGAACGATATTTATT
ATTTTGTTTTCTGACTGGTTAACAGCCTGAGAGGAATTATTATTGAGTATTTGTGCGTTTTGGATTTACCAAT
TAATCCAATTGCCAAGGTTTTACGTTTTTATATATCTGACTTATGATATGTTCCTACCGCGTCGTGTGAATTA
TATATACATTGGAACAACATATTTTTACGTTTCGCAATGGTTATGATAATGTAAATAGAGACAATAAAATTAT
CA

Highest matches to AgAgob

>TC62198

CGGCACGAGGGCAATGCCTTCGACAAGCGGCACGTGGTATGCGTTTCCAGATTGAGGATCCCCAACTCATCGT
CATTCCCAACGATTCACCGGCGGTCTACATCGACAGTCTGAATTCGATCGTTCAGCGGGACCCACRAAATGATC
ATGTGCGTGGTTACGAACGATAAGGCTGATCGATACGCTGCAATCAAGAAAAAGTGCTGCGTTGATCGCGCTG
TTGCAACACAGGTCATCAAAACGCGTACGATCACACCCAAAGGTGGGAATGTACGAACGTTGATGTCCGTCGC
AACGARAAGTTGCAATCCAAGTGAACTGCAAGCTGGGCGGTATTCCTTGGATCCTGAAGAACCCTCTGAGCTCT
ATCATGGTCGTTGGATTTGACGTTTGCCATGATACCCGAGATAAGTCCAAATCATACGGAGCGCTGGTGGCGT
CGATGTATGGGGCGGGATGTCGACATCCGAAGTATTTCTCCACGGTTAACCACCACTCARATGGGGAGGAACT

TTCGAACTTTATGGCTCAAAACATAATCAAAGCTGTGCATTCGTATCGCGCGGATTTCGGAAATGCGCTACCC
GAACGCATCATTGTGTATCGCGACGGAGTCGGCGAAGGACAACTCAAATACGTCTACGATCATGAAGTGAATG
CGATCAAGGAGAAACTCCTTCTAGCATGTAAGGARAGGCGAGAAGCGGCAAGATTAACATTTTTCGTAGTTAA
CAAACGAATCAACACTAGACTGTTCCATCAGAAGCGGAATCCCGTGCCGGGTACGATCGTGGATGACGTTATA
ACCCTACCCGAAAGGAACGACTTCTACCTCGTTTCACAAAGCGTCCGGCAAGGTACGGTTTCGCCCACAAGCT
ACAACATACTCAAGGACGAGTCCGGTTTGAATGCCGACAAGCTACAGTTGTATACCTTCAAGCAGACGCACAT
GTACTACAACTGGTCCGGAACGGTTGGCGTACCTGCGGTTTGCCAATACGCACACAAGTTGGCAGCATTGGCC
GGGCAGCACTTGCATCAAGCTCCCAATAGTTTGTTGGAGAAAAAATTGTATTATTTGTAAATTTTGCATATTA
TCACATGTATTCACACGAAT
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>TC63456
GAGTCTTATCGTGCAACGAGACCCCCAGCTGATCATGTGTTTGGTAACGAATGACAAGGCCGATCGTTATTCG
GCCATCAAGAAGARATGCTGCGTGGACCGAGCCGTACCAACACAGGTCTTGAAGACCCGAACCATTACACCCA
AAGGAGGAAATGTACGTACGTTGATGTCCGTGGCCACCAAAGTAGCGATCCAGATGAACTGCARACTGGGTGG
AATCCCATGGGTTATCAAAAGCCCTCTGGCTTCCGTGATGGTCATTGGGTACGACGTATGTAAGGATTCTAAG
GATAGATCGAAAGGATACGGAGCATTGGTTGCCTCCATGTACGGAGGTGGCGTCAAGCATCCAAAGTACTATT
CCACTGTTAACCAGCATGCCTATGGAGAGGAACTGTCCAATTATTTAGCCTTGAACGTTATCAAGGCGATCCG
TGCATATCAGTCAAGCTTCGGAAATATCCTTCCGCAACGTATCGTCATCTATAGGGATGGCGTCGGCGAAGGA
GAGTTGGGCTATGTGCATGAGCATGAAGTCGGGGCCGTGAAGGAGARAACTGGAGGCCGCTTACAAGGCACACG
AATTTCAGTCGAAACTGACCTTTTTCGTAGTTAATAAACGCATCAATACGCGATTATTCCATGACAGGAGARAA
TCCCACGCCCGGAACTATAGTAGATGACGTCATTACACTACCAGAAAGGAACGATTTCTACCTGGTTTCCCAG
AGCGTCCGGCAAGGAACGGTGTCCCCAACGTCGTACAACATTCTCAAAGACGAATCCGGACTTAGTGCCGATC
GGTTGCAGTTGTACACATTCAAGCAGACGCACATGTATTACAATTGGTCCGGTACCGTCGGAGTGCCGGCCGET
CTGTCAGTACGCCCACAAATTGGCCGCCCTGGCCGGTCAGTATCTCCACCAAGCGCCCAGCACGTGGCTGGAG
AAGAAACTTTACTTTTTGTAGACCTAAGCAGATATCGACTATGGTTTGTACGTTTATGGATGTTTTAGATGTT
TCGAAGAATCTTAATAAATTGACGGTAATGAAACG

Matches with Argonaute genes but unknown A. gambiae homologues

>AEMTBAO3
AATACGTACACAATCGCCGATGTGGAGTTCAACACAAGTCCAGAGAGCGCATTCGATGCAGCTGGTACACGGG
TTACGTTTATGCAGTACTATAAGGATCGGTACAACATTACAATTCGCGATCCCCGTCAGCCTATGCTGGTGTC
TCGTGCTAAGCAGAGGGATATTCGAGCTGGAAAGTCGGAGCTAATCTATCTTGTTCCGGAACTTGTTCGAGCT
ACTGGCATTACCGACGAAATGCGGAAGAACTTCAATCTGATGCGAACGCTTGCTGATCATACTCGATTGACGC
CGGATAAACGTATACAGCGCTTGGAGCATTTTAACCTTCGATTCAACAGTCGAAGGAAAGCTCTGAAATCTTC
CAGTTTTGGAAGACAGAGTTGGATCGACGCCTAGTCGAGGTGCCGGCAAGAGTGCTTAGACCAGAAGAAATCT
TTTTCCATCCTTCGCAAGAAAATTCAAAGTGACGGCAGGAGACGTAGCCGATTGGCAAATGGCCTTCAGARAC
AATCCAATGTATATCTCGATTCCGTTGGTCAACTGGTACTTTATTGTGCCGGCAGGATCGGAGAAGCTTATGG
TTGATTTTATGCAGTGTCTGAAACAGGCTTGCCAARAAGGATGCGTTTCCAAATTG

>AT648322
AMTADAADCGAAGTTACGATCAAGATCATTTACAAGCGCAAACAGCGAATGAGCGAGAACATTCAATTCTACA
ACATTCTCTITCCAACGCATTATGAAAGTCCTGAAGATGGTCGAGATGGGTCGTAAGAACTTTGACCCCTCGGL
CCCGAAACTGATTCCGCAGCATCGTCTGGAGATCTGGCCGGGATACGTTAGCGCTGTGGACGAATATGAGGGC
GGCTTGATGTTGAATCTCGACGTGTCCCATCGTGTGCTGCTCCAGACGACGGTTTTGGATCACATCCGAACGC
TGGCAAGGGCCAATCCCCAAGATTACAARAACATGGCCACCARATCGCTGCTGGGAGCCGTTATATTGACCCG
ATACAACAACAAAACGTACCGTATCGACGACATTCTGTTCGATCAGAATCCGACCATGACTTTCGAAGCCAAC
GGGCAGCCAATTTCGTACCTGCAGTATTACAAACAGCAGTACAACATCGACATCCACGATCTGAAGCAGCCGC
TGCTGATTAATCGCAAGGAGCGTCGTGTATCTGGCCAAGACARACCGATGGARATGATCATGTGCTTGATCCC
GGAGATTTGCTACCTTACGGATTGACCGACC

>NABWG64TR
AGAACTAAATATCATAGTTCGATGCTACTCCTATAGGGATTTGGCCCTCGAGGCCARGAATTCGGCACGAGGA
AATATAATTCTATTAAATGCCCGGCGAATCAGCAAAAATTCAAGCTTGAAAATGGCTTTGAAATGACCATTGA
TCAATACTTCCGGTCGAAGAACAAACAACTTCGGTATCCTTCTCTGCCGGTTCTACATGTTGGRAGCCTCGTG
CGCAACGTAATGCTGCCGATTGAACTGTGCAGTATTCCGCCAGGACAGGCCCTCAACAAGAAACACCCGGATC
AATGCACTCAGTTCATAATTAGGAAGTCGGCCACCGATACCGCAACCCGAAAGCGCAAAATCATGGATTTGTT
CAACCAGATCGGCTACAACAATGCTCCAACCATCAAAGAATTTGGAGTGAGCGTCGGAAATAACTTCGARAACG
GTTGACGGCTGTATATTGGATCCTCCTGAGCTGTCCTACCGCAATGACCGTAGGGTARAACCAATGAGGGGAG
TTTGGCGGGCTGACAACATGAACTTCATAATCCCGAGTACGGAGATTACAAGACGGGAATTGAGTTGGACAAT
ATTGAACCTGGACGGCAGAACTCGTCCAGATGCCATCGACGAGTTTGGACGTAACATTTATCAGATGTCCCTA
AAGCAGGGTGTCCAACTACAGCAGTTCAGCATGAAGAACAATTTTCTATGAACCTAGAGATATGAGATTCGCC
GTGAAGGATCTGGACACATTTTTGATGAGCTCAARAAAGCGCAAAATTGATTTGGTGTTTGTGGTATTCCATC
CCCGGGAAGAGACGGCGACGTGTACGCCAAAATTTAAGCAARAGGCACAACTTTGCGTTGGGCTGCTCACCCA
ATGTATCAAGAGCTTCCACATTGGATAAAAAACGAGGCTATTATGAGCACCATCAGCAATATTTGGGCTCAGG
ATTCACGCCAAAACGGACGGGTTCCAAACACTTGTTGGGCAAARAATTTTCAAACCGCCCARATGGCCCGCCARAA
AGGGTGA
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>TC57115
GAGTTTGCTGGAACGCTACCTCAGCGTATCATCGTGTACCGTGATGGCGTTGGCGAAGGTCAACTACAATACG
TGTACCAACACGAAATCACTGCTATGAAGGAAAAATTGAATATTGCCTTCAAAGATCAACCAAATGCTTCCAG
ACTGACGTTCTGTGTGGTGAGCAAAAGAATTAACACCCGTTTGTTCCAAGGCGGCCAARACCCACTGCCCGGA
ACAATTGTCGATGATGTCATAACTCTGCCAGAAAGGAATGATTTCTTCCTTGTTTCTCAAAGCGTTCGCCAGG
GAACTGTGTCCCCGACCAGTTACAATATTCTTAGAGATGAATCCGGTCTGACTGCTGACCAGCTATAACTCTA
CACCTACAAGCAGACCCATCTTTACTACAACTGGTCCGGTACCGTGGGAGTTCCAGCAGTTTGCCAATACGCC
CATAAGTTAGCCTTCTTGGCTGGTCAACATCTGCATCAGGCTCCCAACAATTTGCTGGAAAAGAAACTCTATT
ATCTGTAAACGTAATGTTGCTGTTTCGAATGTAAGCTCAAGAGATCARACGCGAATGTTTGATGTAAAGGAGC
TTTTCTTAGAATTTGGCTGTGCTTTCTAATGAGCTTGGCAAGTGTTGTGAAGAAAAACTTGAGATTTATTGAC
ATATTTCATAAAGAATAAAAAATAACATAGTACAAAATGGATGTGCTGCTTTACCCCGAATGTTAGTTTACAA
ACGTCAGTTTCTCGATTTTATCTTCCCAGAAGTGTCCATTGTTCCAATTTTTTTTTTCAATTTTATTAGAGAG
GTTTTAATAATCTCGTGATCATTCACCTCTAATTGTTCCAAATCTTTTCGTAATAGAAATTTCCTTTACTTTC
CTGGGTATAGAGTTTCATAGTACCTGTCACATGATATACGAATGCAARARAATGGCAACTTAGGCAAAACAAGCT
CTCAGTAAATAGCTGTGGAAGTGCTTTAGAACACTCAGCAGAGAAATAGGCTCCGTCCCAGTTGGAACGTAAT
ATCGATAAGAGAAAATCTTGTAGTGTTTCACGCACCATATTTTAAGTTCAGTCAGCACTGTCTAGTTTTCCTT
CCTAGACATCACCCCATTTAACATTGCGTGATGCACTTCTAAGAGTCAAGAAATATGAATTGAAAAAANARAT
CGAGTACATTTTCTTATTCTATATTCTGAAACTTGCTCAAAATGTCGAGAAAAGGGAAAGTTCACTTTGGCAA
AATGTATGAAAATAATTCTACAATCACGCTTTAATTCAACCGGAGGTCTCACATCCAGTAGAAARACARATAAC
CTGTTCAGGTTCATTAGATTGCATTGCCGAGTTTATCATTTCCATTTCAGAAGGTAGAAGTATGTCGAACAAA
AATCAAAGCTTTTGTTTTACGAATAGATTTGTGATTAGCTATAAAAATGTTCGTAATATTTTCAAAGATTCAA
TAAAAAATTTATATTTTAAAAAAAAAAAAAAAAAAAAAAAAARARARARAAANNGGCCAGCGTTGCGGCCGCTCC
AACATCAGAATGGTC
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Figure A.1l1l:

Amino acid alignment of AgDcrl and AaDcrl

50.3% identity in 2370 residues overlap
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Figure A.12: AgDecr2 and AaDer2 amino acid alignment (51.7% identity)

AgDcr?2 6 EDFAPRNYQVQOMKEICLAKNTIIFLPTGSGKIYIALMVMKEISHQLRNTVHEGGKRTFFL
AaDcr?2 9 DDFIPRDYQRTMKTICMQKNTIIYLPTGAGKTHIALMVIKEMGKDLDKPLTEGGKRTFFV
kk kok kk * K koK kkkhkhk kkkk kkhkk khkkhkk kK * * kK ok ok ok ok k

AgDcr2 66 ANTVALAKQQAQFFARHMPFNVRLYTSEVNVDAWKSDRWHEEFSEGQVIICTAQILLDVL
AaDcr2 69 VNTVALAKQQAEFLSHNLTYDTSIYTSDRNVDAWKQDKWLEEFAKYQVIVCTCQILLDVL

*hkkhkhkkhkhkkk Kk * %k Kk *kkkkk ok Kk kkk *hkk  kk kkokkokokk

AgDcr2 126 RHGYMSPANINLIVEFDECHRAVGQHPMHAIMKEIVAAPASERPRVLGLSGTLLEFKELKMA
BaDcr2 129 KHGYLSVKHINLLIFDECHHGVGEHPMHGIMEQFLRVPKSDHPRVIGLSGMLLYKQIKSV
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AgDcr2 186 SQVPDELERLENTESSTIATVANYDDYATVASESTNPNEVLVTYSKPAVHLMPLVKEMWP
RaDcr2 189 ALVSPELERLENTENATIATVGSYDAFTEVCKFSTDPNELLVSYS--TLRLSPVMADIVN
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AgDcr2 246 RIDAFVEWLLQVYLPEYSTQSTRTLOKSFCKPLKEVKRALTEFKHQLEEHGMYAGSLAIL
RaDcr2 247 NINAFSQTIEEFHLPKYLNQON-KALLKDRPKPLKEIRKLFTELIYQLGDTGLFGGSIALL

* kok * Kk * * * ok * ok ok Kk ok * % * % * * ok Kk K

AgDcr2 306 AVIVQLEVSKRQSPCDKARQVYRSAISFCESIRHELVEAMSGLRGTHQILSFSSDQARKL
AaDcr2 306 GLIVQFELDKRQSDSSMLRLALRSCITFCESLRHQIEKLMSGLDMKTKLTKFSSLKVRQL
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AgDcr2 366 LKYLEDSYRTAEDKNKQALVEVKRRFTAKVLYHLIRIYFHCLSKRDNEDELVEPIVKPDEF

AaDcr2 366 IDQLEKLYEENRDKKAKTLIFVQRREFSAKVLYHLLKIYF-=--- AETEDA---NLIVPDF
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AgDcr2 426 IVGANAALEESIDAILVVREDRRVIENFRKRKINVLCATNVLEEGIDLOMCNMVIMYDAP
AaDcr2 418 MVGNNGSMPESIEQILSAKKDRRVLERFKKNETNVIVTTNVLEEGIDLOMCNTVVKYDHP
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AgDcr2 486 LSYASFMQSKGRARMKTSTYLMMTPAADLQQFAKRMKLYRDIENRLKEELVGKTINRPEP
RAaDcr2 478 QTFASYQQSKGRARMKNSQYMVMLDNENRHIFLEKYRLYKSIEEELRRCLIGKTINRPDP
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AgDcr2 546 LENDVRKELLDDLIPPEFYTPFKAKLDALSAIQLLNRYCMSMPRDLFTGSNVIWERIDRSP
AaDcr2 538 LDADVHKELYNEIIPPFFTAKGAKLDALSAIQLLNRYCMGMPRDAFTNTNVIWERIDLKD
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AgDcr2 606 TEIIVTVKLPLOSTVREVIHGQOTMKNLKLAKQSAAFNACKRLFEVGELNMYLLPIATKDK
AaDcr2 598 GRIIVEVLLPLQSTVREKISGNPMRNIKLAKRSAAFNACRKLYENKELNEHLIPIDCKYQ
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AgDcr2 666 VEELSEQYFKLWRKMSDEPNPKQAGTMKYVRGHKIVYPEETVGCTPQADGEQCYVYIVRM
AaDcr2 658 LNNLKDVYFRHWKDF-DADLGKLAGTQKCIRTHAIQYPKQTTECFPQP-GKPCYIYVLRI
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AgDcr?2 726 RAHFDANTHLENVRIFQELYSSANNFGILTRKRLPRLARMKLEVTLGAIGVEIVPEPVCI
RaDcr2 716 AAGFAQDPTNDNVNIFHSLYSSENNFGLMITKPLPALAKMKFEVILGLINVHIEETPIVL
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AgDcr2 786 TLAPDSGELQRLKRFHLLLFRDLLKVWKPETVLDALPEENGFLIVPMLRSQSIDWELMGK
AaDcr2 776 PNGGSEIELALLRQFHVTVFRDVLKLWKEFLCCDYDNEENSEFLVVPLKNSTHLDWKLIRE
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