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ABSTRACT OF DISSERTATION

ANALYSIS OF VIRUS-DERIVED SMALL RNAS REVEALS THAT HE RNA
SILENCING RESPONSE TO FLAVIVIRUS INFECTION DIFFERS

DRAMATICALLY BETWEEN C6/36 AND AAG2 MOSQUITO CELL LINES

The exogenous small RNA pathway has been shown to ipepartant antiviral
defense in mosquitoes against arboviruses such as denguDEMNY), but little is
known about how the pathway and the virus interact ircéfle The studies described in
this dissertation examine the how small RNA pathwategsact with DENV and a
mosquito-only flavivirus, cell-fusing agent virus (CFAW),mosquito cell cultures.

Deep sequencing of virus-specific small RNA&edes aegypthag? cells
indicates that DENV?2 is targeted by the exogenous RN&fertence (RNAI) pathway in
this cell line, which is consistent with the DENV2-siecsmall RNAs seen in DENV2-
infectedA. aegyptimosquitoes. When the DENV2-specific small RNAs fithAedes
albopictusC6/36 cell line were analyzed, the size and polarity@tthall RNAs was not
consistent with the exogenous small interfering RNRN&) pathway. Further
molecular analysis of the C6/36 cell line indicated thappears to lack functional
Dicer2 processing of long double-stranded RNA (dsRNA).

CFAV small RNAs were also discovered in the Aag2 lesl during the deep

sequencing analysis. It appears that this cell line sgtently infected with this



mosquito-only flavivirus, and the virus is also targetedhgyexogenous siRNA pathway
in the cells. Sequence comparisons between CFAV andVRENNA did not show long
regions of sequence identity between the two virusdgating that a sequence-specific
mechanism for virus-derived small RNAs from one virusiterfere with replication of
the other virus during dual infections seems unlikely. T&#&&cell line was
inadvertently infected with CFAV, but the CFAV-specifimall RNAs in C6/36 cells did
not appear to be generated from the exogenous siRNA patbaregistent with the
DENV2-specific small RNAs in this cell line. The larggzed, mostly positive sense
virus-specific small RNAs found in the C6/36 cells suggest\mus infections may be
targeted by another small RNA pathway (such as theiptetiacting pathway) in this
cell line.
These studies provide a better understanding of thectitera of DENV2 with
the mosquito antiviral RNAI pathway in infected mosquiglis and have revealed a
dysfunctional RNAI pathway in the C6/36 cell line. Thisrkwalso provides a basis for
further studies examining the interactions between musquily flaviviruses,
arboviruses and the antiviral RNAI pathway.
Jaclyn Christine Scott
Department of Microbiology, Immunology and Pathology
Colorado State University

Fort Collins, Colorado
Summer 2010
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CHAPTER 1

LITERATURE REVIEW



Introduction:

The resurgence of mosquito-borne diseases is an impgttdnatl health concern.
Arthropod-borne viruses (arboviruses) cause consideratleiaity and mortality around
the world, and the number of cases has gone up dramaticéhy last 30 years, due to
poor vector control and a lack of effective vaccinedrags. Previously little-known
viruses such as Chikungunya have emerged and caused thousaswsases. Dengue,
arguably the most important arbovirus, causes 50-100 milliseso@ach year of dengue
fever in tropical regions of the world. Research imbav arboviruses interact with their
mosquito vectors will lead to new strategies to reduaes\transmission and arboviral-

related disease.

Dengue virus genome:

Dengue viruses are in the famHaviviridae, and have single-stranded positive
sense RNA genomes. There are four distinct serotypgsngiue viruses, numbered 1
through 4. The four serotypes are distinguished by the immaspense they induce.
The four serotypes are spread throughout the tropicalnmggibthe world. Other
mosquito-borne flaviviruses include West Nile virus (WNWw}ich has emerged in the
United States in the last decade, Kunijin virus (KUNV), which subtype of WNV and
is found in Oceania, Japanese encephalitis virus (JEVghvifound mostly in Asia,
and yellow fever virus (YFV), which is found in South Amga and Africa.

The genome of the dengue viruses is approximately 10. ak#si(kb) in length

and has a 5’ cap structure, but lacks a polyA tailndbdes three structural proteins and



five non-structural proteins, some of which are processelefuinto shorter proteins
(See Table 1.1 for description of genome organization).

Table 1.1: Genome organization of DENV2 from NCBI Reference Segeien
NC _001474.2

DENV2 Gene Proposed Function Nucleotide Position
5’ Untranslated Region Cyclization, replication, 5-96

(5’'UTR) translation initiation

Capsid (C) Encapsidates viral RNA 97-438
Membrane Glycoprotein | Blocks envelope fusion 439-711

Precursor (prM) with host cell membrane

Membrane Protein(M) Viral envelope protein 712-936
Envelope Glycoprotein (E)| Viral binding to all 937-2421

membranes and fusion

Non-structural Protein 1 Replication, has a secreted 2422-3477
(NS1) form

Non-structural Protein 2A | Interferon (IFN) inhibition?| 3478-4131

(NS2A)

Non-structural Protein 2B | NS3 co-factor 4132-4521
(NS2B)

Non-structural Protein 3 | Triphosphatase (capping), | 4522-6375
(NS3) protease, helicase

Non-structural Protein 4A | Membrane modification, | 6376-6756
(NS4A) replication

2K Peptide NS4B signal peptide 6757-6825

Non-structural Protein 4B | Replication, IFN inhibition | 6826-7569
(NS4B)

Non-structural Protein 5 5’-methyltransferase 7570-10269
(NS5) (capping), RNA-dependent

RNA Polymerase (RdRP)
3’ Untranslated Region Cyclization, replication 10270-10723
(3'UTR)

The order of the genes on the genome from 8’ is: C-prM-M-E-NS1-NS2A-NS2B-
NS3-NS4A-2K-NS4B-NS5.

When the virus RNA enters the cell cytoplasm, itams$lated to make a large
polyprotein, which is cleaved co-translationally into wndual viral proteins. Viral RNA
replication occurs in the perinuclear region of thig asost likely in membrane-enclosed

replication complexes (Henchal & Putnak, 1990). During capbn, full-length double-



stranded RNA (dsRNA) forms from a positive sense genameaded to a negative sense

genome (Henchal & Putnak, 1990).

Dengue clinical disease:

Dengue infection in humans commonly causes dengue fawecan also cause
the more severe dengue hemorrhagic fever (DHF) and dehgake syndrome (DSS).

In the more common dengue fever disease, infected dhdils experience a biphasic
fever, headache, body aches and rash. Classical denmgu®déeurs after an incubation
period of 3 to 15 days, with an abrupt fever onset, followed tstroorbital headache.
The fever usually persists for 4 to 6 days, and viremiarapaaies the fever. After the
fever, a maculopapular or morbilliform rash sometimyegears and lasts from 1-5 days,
and a second fever can then appear with the rash. Wédaver and rash subside,
pinpoint hemorrhagic lesions known as petechiae mayaapethe extremities
(Halstead, 2007, Henchal & Putnak, 1990).

In the more severe forms of the disease, DHF a8, Dife early stages are
similar to dengue fever, but 2-5 days later, the patigudisadeteriorates and death can
occur. There is a rapid onset of capillary leakagetdumcreased vascular permeability,
thrombocytopenia, liver damage and problems with hemostlsisovolemic shock
occurs when fluids are lost to tissues and are najuadely replaced in the patient, and
can lead to profound shock and loss of blood pressure, pulskeatid Treatment
involves supportive care with fluid replacement, and gneiics and analgesics

(Halstead, 2007, Henchal & Putnak, 1990).



There are two main theories for the cause of DHF/Dia$he first theory, it has
been suggested that antibodies from a previous infestibranother DENV serotype
enhance the ability of virus to infect cells with the seteerotype; this is often referred
to as antibody-dependent enhancement (ADE). Previmfelgted people have non-
neutralizing, cross-reactive antibodies that may algthalp the virus enter immune cells
and cause a complex immunological response resultibddiF'DSS (Holmes & Twiddy,
2003). Epidemiological studies show that there is a higteralence of DHF/DSS in
secondary infections than in primary infections (HameTwiddy, 2003).

The other theory to explain more severe forms of dengeask implies that
some virus strains are more virulent than others. eSganotypes, such as the American
genotype of DENV2, are rarely associated with DHF/D&8Ile others such as some of
the Southeast Asian genotypes cause more seversal{®data & Rico-Hesse, 2009,
Rico-Hesse et al., 1997). There are also some cad#3FIDSS from primary DENV
infections (Holmes & Twiddy, 2003, Weaver & Vasilakis, 2009Ylore research is
needed to determine the role of variable virulence of \gamtypes in disease severity.

There are an estimated 50-100 million dengue fever andasénerdred thousand
DHF cases each year around the world, with a thirtdeftorld’s population (2.5
billion) at risk for infection. The case fatality kataries from <1% up to 15% (Gubler,
2002). Estimates indicate there may be as many as 20,008 gea year due to dengue
virus diseases (Weaver & Vasilakis, 2009). There af@ENV-specific treatments for
those that are infected other than supportive care.odagroups are working on
vaccines, although this is a difficult task, as the wecwill need to provide immunity to

all four serotypes simultaneously to avoid any ADE reastafter exposure to the virus.



It is also important for the vaccine to be incapabl&garismission by mosquitoes, which
might allow for the virus to revert to its more viruldorm. The most promising
candidates so far have been live attenuated vaccin&sraag all four of the serotypes
or a vaccine using the 17-D yellow fever vaccine backbongpi@ss the DENV

envelope and pre-membrane genes from all four serotypes&@imond, 2008).

Dengue transmission cycles:

DENV is transmitted predominantly betweedesmosquitoes and humans in an
urban cycle. The most common mosquito species involvétkeitransmission of DENV
is Aedes aegyptiAedes albopictuare also able to transmit the virus, although they are
less efficient and produce slow-moving outbreaks compartdeeteharp epidemics seen
with A. aegyptiHalstead, 2007)A. aegyptis a peridomestic mosquito that lives in
close proximity to humans, lays eggs in water contaigerss into human homes and
takes bloodmeals from people multiple times througgatsotrophic cycle, all of which
contribute to increased ability to transmit viruses sscBBNV between humans.
Sylvatic DENV has been found in non-human primateerforest of West Africa and
Malaysia. These viruses are transmitted betweenrgpeimosts by variousedes
mosquito species, such AsfurciferandA. luteochephalysand are genetically distinct
from the viruses found in urban cycles (Weaver & VaslakR009). Evolutionary
analysis showed that the four serotypes of DENV evadwednd 1000 years ago, and
most likely started causing larger human epidemicsariast several hundred years.
After World War I1, the more severe form of DHF/DS&gan appearing in Southeast

Asia and has spread to many areas around the world anddwmada significant



problem in the Americas beginning in the 1980’s. The exaginasf DENV is still
unclear, although it appears that all of the DENV weigirally found in primates, and

that each serotype independently crossed over to huidaimds & Twiddy, 2003).

Dengue and mosquito interactions:

Mosquitoes acquire DENV by imbibing blood from infected haosaThe virus
first infects the midgut epithelial tissue of the mosguitisseminates from the midgut
(possibly through the tracheal system) into the hemaaeventually infects the
salivary glands, where the virus can then be injectedaip@rson when a mosquito takes
a blood meal. The time from when a mosquito first shge a virus in a bloodmeal to the
time that the mosquito is able to transmit the visulsnown as the extrinsic incubation
period (EIP) (Salazar et al., 2007). For DEN\Ainaegyptimosquitoes, this EIP is
typically 7-14 days and is affected by environmental factoch as temperature and
humidity, and factors such as mosquito vector competanosquito and viral genetics
(Black et al., 2002). Some strainsAofaegyptihave an even shorter EIP. For example,
some mosquitoes of the Chetumal straido&egypti originally isolated from the
Yucatan Peninsula of Mexico, were experimentally shawimatve virus in the salivary
glands as early as 4 days after taking a DENV infectitamdmeal (Salazar et al., 2007).
A short EIP gives the virus a better chance to be tratestrito a new human host during

the mosquito’s life span and thus has important epidegicdbimplications.



Alphaviruses:

Alphaviruses are single-stranded positive sense RNA wnnsthe family
Togaviridae Their genomes are approximately 11.7 kb in length anel Basap and a
polyA tail. The genes are arranged 5’-UTR-nonstrutctuaiem(nsp)1l-nsp2-nsp3-
nsp4-capsid-envelope(E)3-E2-6K-E1-UTR-3'. When the virus RN#&rs the cell, the
ribosomes translate the first two-thirds of the gencowaining the non-structural
proteins, which form a replicase that generates theimegdarand template. The
negative strand is then used to generate more full lgggtbmic positive strand RNA
(referred to as 49S) and the subgenomic (26S) 3’ third gfeheme containing the
structural genes (capsid, envelope proteins and 6K protein)26h&NA is capped and
translated into a long polyprotein, which is cleavedtonfthe structural proteins. The
E2 and E1 glycoproteins are present as heterodimers oartheesof the virion (Strauss
& Strauss, 1994). E1 protein is involved in fusion of thawienvelope with the
intracellular (endosomal) membranes in the hostacellE2 protein is responsible for
receptor recognition, host tropism, and virulence (Gardnat., 2000, Klimstra et al.,
1998, Levine et al., 1996, Strauss & Strauss, 1994).

Many alphaviruses are transmitted by mosquito vectorsamse disease ranging
from mild arthralgias to encephalitis in their vertglerhosts. Alphaviruses found in the
Old World such as Chikungunya virus (CHIKV), O’nyong nyong V{O8INV), Ross
River virus (RRV), Semliki Forest virus (SFV) and Sindiiais (SINV) often cause
human joint disorders. The New World alphaviruseseeasiquine encephalitis virus
(EEEV), western equine encephalitis virus (WEEV) andézeielan equine encephalitis

virus (VEEV), as their names imply, cause encephaiitcertain vertebrate hosts.



In recent years, CHIKV has emerged in the southenaitn@cean region and has
spread quickly to other areas including Italy and Indiaagters returned from visiting
outbreak areas. Chikungunya disease causes feverashiamd severe arthralgia in
patients (Pialoux et al., 2007). The virus is transmitteddgesmosquitoes, witlA.
albopictusbeing the important vector on the island of Reuniotiénsouthern Indian
Ocean, and\. aegyptibeing the major vector in India (Pialoux et al., 200&itdR et al.,
2006, Renault et al., 2007).

SINV has been studied extensively in mosquitoes in theala@slorado State
University. In nature, the virus is usually transmittedveein avian vertebrate hosts and
Culexmosquitoes, although they have also been isolsteldsspecies of mosquitoes
(Doherty et al., 1977, Doherty et al., 1979). After thewis ingested in a bloodmeal,
the virus replicates in midgut epithelial cells, theaahes the hemolymph and spreads to
the salivary glands where it can be transmitted to mests (Myles et al., 2003). The
prototype SINV strain is AR339, which was originally isothfeom Culexmosquitoes in
Egypt (Taylor et al., 1955). An infectious clone was dgwedbto represent AR339, and
viruses made from the infectious clone are termed TR33fhékia et al., 1998,
McKnight et al., 1996). Other infectious clones have begmeered based on the
mouse neurovirulent SINV strain TE12, and are termed TESIAJTES’2J, with TE3'2J
having the second subgenomic promoter for insertiorpeing of interest after the viral
structural genes, and TE5'2J having the gene of interestiarssite after the first
subgenomic promoter with the viral structural genes diesécond subgenomic
promoter (Hahn et al., 1992, Pierro et al., 2003). An infast@one of another SINV

strain, MRE16 originally from Malaysia, has also beegineered to express genes both



in front of or after the viral structural genes (Foykt 2004, Myles et al., 2003). When
virus is given to mosquitogeer os TE3'2J and TR339 will infechA. aegyptimidguts, but
have poor ability to disseminate, while MRE16 both infesidguts and efficiently
disseminates into othd. aegyptimosquito tissues (Myles et al., 2004, Seabaugh et al.,
1998).

These engineered viruses with second subgenomic pronanéersferred to
alphavirus transducing systems and are used in the laboaattwols to express genes in
insects (Foy et al., 2004). These viruses have been usgdress antisense RNA to
DENV genes, and to express proteins such as green fluor@sotzin, chloramphenicol
acetyltransferase enzyme and the Flock House virus (RMA interference inhibitor
B2 (Cirimotich et al., 2009, Foy et al., 2004, Gaines etlabg, Myles et al., 2008,

Olson et al., 1996, Olson et al., 1994, Olson et al., 2006pRseal., 2003).

Mosquito-only flaviviruses:

Mosquitoes are also infected by flaviviruses that dapfiear to be transmitted to
vertebrates, but instead are only found in mosquitoes. viflases found thus far seem to
be most closely related to the mosquito-borne flavivirugeg fall into a separate
phylogenetic clade of flaviviruses found only in mosquitoessfttm et al., 2007, Marin
et al., 1995). The first described mosquito-only virus wesodered in cell culture,
when the media from Pelegfs aegyptiembryo cells was transferred to SingA’s
albopictuslarval cells. TheA. albopictuscells started to fuse and formed syncytia after
approximately 5 days. Scientists weren’t sure exactlyt wiaa causing this at first and

named the causative agent “cell fusing agent” (Stolldih&mas, 1975). This was later
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determined to be a virus and named cell fusing agent virus\{(Cfdarashi et al.,
1976). Itis believed that this virus came from infectedquitses that were ground up
and used to start Peleg’s embryo cell line. Exactly h@wirus is transmitted in nature
is not completely understood, although it appears it Ineag vertical transmission since
embryos used to initiate the original cell culture wefedted. The virus is
approximately 10.6 kb long and has a similar genome struahargenes to other
flaviviruses (Seet Table 1.2). The amino acid sequentieedfiS5 protein has 45.7%
identity with NS5 of DENV2. There is a potential stexap secondary structure in the
94 3’ terminal nucleotides and some secondary structutbe 20 5’ nucleotides of the
genomic RNA (Cammisa-Parks et al., 1992). It is notr¢leav commonly this virus is
found in mosquitoes in the wild.

Table 1.2. Genome organization of CFAV from NCBI Reference Sagee
NC_001564.1

CFAV Gene Nucleotide Position
5UTR 1-113

C 114-497

prM 498-770

M 771-938

E 939-2228
NS1 2229-3302
NS2A 3303-4019
NS2B 4020-4466
NS3 4467-6227
NS4A 6228-6632
2K Peptide 6633-6701
NS4B 6702-7472
NS5 7473-10136
3UTR 10137-10695

In 1999, another mosquito-only virus was found\edes macintosimosquitoes
collected in the flooded dambos of Kenya and was namdtidarearby Kamiti River.

This was the first insect-only flavivirus to be isolateahfi mosquitoes in nature (Sang et
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al., 2003). It was discovered using primers to amplify a watety of flaviviruses.
Kamiti River virus (KRV) RNA is 11,375 nucleotides long wélsingle open reading
frame that encodes 10 proteins (Crabtree et al., 2003préaialoy studies showed that
KRV could infectA. aegyptimosquitoes, and that the virus was transmitted véytica
these mosquitoes at a rate of 3.90% (Lutomiah et al., 20CRY does not cause CPE in
regular C6/36 cell lines as CFAV does (Crabtree et al., 2003)

In recent years, other mosquito-only flaviviruses ha@nhisolated fromedes
andCulexmosquitoes. These viruses were also discovered uswgrsal flavivirus
primers in reverse transcription polymerase chain @&{{RT-PCR). Culex flavivirus
(CXFV) was isolated fronCulexmosquitoes in Indonesia and Japan (Hoshino et al.,
2007). Other strains of CXFV have been isolated frontl®e, Mexico, Guatemala, and
Trinidad and Tobago (Farfan-Ale et al., 2009, Kim et al., 20@9ale-Betoulle et al.,
2008). A similar virus, named Quang Binh virus (QBV) was tedldromCulex
tritaeniorhynchusmosquitoes in Vietnam (Crabtree et al., 2009). Aedesvitus
(AEFV) was isolated in Japan frofn albopictusandAedes flavopictusosquitoes, and
has an RNA genome that is 11,064 nucleotides in length (rtmshial., 2009). In Spain,
many mosquito pools tested between 2001 and 2005 were positivekihown
flaviviruses related to KRV and CFAV, indicating theraynbe many more mosquito-
only flaviviruses in the wild that have yet to be ddsedi (Aranda et al., 2009).

Segments of the genomes of some of these flaviviheses also integrated into
the mosquito genome. Crochu et al. (2004) described vddiésintegrations of
CFAV-like and KRV-like sequences (Crochu et al., 2004)s linclear how the virus

would integrate its RNA genome into the host DNA gendmag |t does suggest that the
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viruses have been persistently infecting the mosquitméoy years. It is also unclear if
there is transcription from these viral-like integoas, and if they provide any defense
against infection with other similar viruses. Apis melliferabees, segments of RNA
from a discistrovirus have integrated into the genonegppfoximately 30% of tested
populations. It appears that RNA from this integratioexisressed, and bees with the
integration are resistant to infection with the horgoles virus (Maori et al., 2007).
Whether resistance to related viruses occurs in mosguatontaining viral integrations in

their genomes has yet to be determined.

Mosquito Cell Lines:

Various mosquito cell lines were developed in the 1960’s #oregyptiandA.
albopictusmosquitoes. These lines were made from both embiydaavae life stages.
Singh developed lines from larval aegyptiandA. albopictusmosquitoes (Singh, 1967).
Peleg usededes aegypembryos to develop the lines he called ‘59’ and ‘364’ (Peleg,
1966, Peleg, 1968, Peleg, 1969, Peleg & Shahar, 1972).

Singh’sA. albopictudine is often described as ATC-15, but was cloned and
described as LT C-7, and later a subclone of these wast@&7-10 cells (Lan & Fallon,
1990, Sarver & Stollar, 1977). The origikalalbopictuscell line made by Singh
supported growth of CHIKV, SINV, JEV, WNV and all four dere serotype viruses,
with cytopathic effects (CPE) seen in JEV, WNV, arleNY-1, DENV-2, DENV-3 and
DENV-4 (Singh & Paul, 1968). Singh/. aegyptilarval cell line is often referred to as
ATC-10. This cell line could support replication of CHIKWYcAWNV only, with growth

of CHIKV being rapid, but to relatively low titers, aldNV growth being slow, but to
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somewhat higher titers. SINV growth was very ‘ed’aind infectious viruses were only
detected on a few days during the growth curve (Singh &, R868).

Later Igarashi selected clones of Singh!salbopictusmosquito line for their
ability to grow arboviruses to high titers (Igarashi, 197Bjkenty clones were isolated
from the original Singh line. One known as C6 showeddsgiiields of DENV and
CHIKV and was then re-cloned into 43 more clones. @frtbese clones, C6/36, grew
DENV and CHIKV to significantly higher titers than thaginal uncloned cells. The
uncloned cells had no apparent CPE from infection witidhe DENV serotypes, but
the C6/36 clone showed ‘marked to moderate’ CPE for eattfeofiruses. lgarashi
commented “the virus-sensitive C6/36 clone may lack efficiegulatory mechanism for
virus RNA synthesis and virus production or may be less deimg metabolically and
nutritionally”(lgarashi, 1978). C6/36 cells have since hesed routinely in arboviruses
studies.

Peleg’'sA. aegypticell lines have been used less frequently. In 1990, Lan and
Fallon resurrected the Peleg ‘59’ (or possibly Peleg ‘364e), ladapted it to E-5 medium
and named this new line Aag-2 (Lan & Fallon, 1990). Theke ae fibroblast-like in
appearance and grow attached to the flask. As the caljee they begin to grow on top
of each other and in round aggregates. Karyotype analysian and Fallon found that
most of the cells have three pairs of chromosomniesAl aegyptimosquitoes, although
7% of the cells contained an extra chromosome frag(han & Fallon, 1990). The
Aag-2 cells are not from a clonal population and mayaiora variety of different cell
types from embryonic mosquito tissues, although electriocroscopy of the cells

showed an ultrastructure similar to secretory cébs (& Fallon, 1990, Peleg & Shahar,
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1972). The cells that aggregate into spheres that appeamtiin melanin, which is
released spontaneously into the medium (Peleg & Sha®a2). SFV, EEEV and WNV

replicate in Peleg’é. aegypticell line (Peleg, 1968).

RNA Interference:

RNA interference (RNAI) is a cellular response triggelog dsRNA in the cell.
In the 1990’s, a strange phenomenon was observed whernegpes were done to try
induce petunia flowers to express more of the purple cola. géenes expressing
messenger RNAs (mRNAS) in the petunia pigment productitiwag were introduced
into the plant to get more pigment production, but thites caused the plants to lose
the pigmentation and also had corresponding decredise supplemented gene’'s mRNA
levels in the cell (Napoli et al., 1990, van der Krollet090). Fire et al. (1998) later
observed that injecting long dsRNA from the myofilamgee unc-22 into the nematode
Caenorhabditis elegan®sulted in twitching activity in the animals, indicatenglecrease
in unc-22 activity. The gene interference was carrietbahe progeny, which showed
an even stronger knockdown phenotype. They showedjbation of dsSRNA to the
mex-3 gene into adults reduced mex-3 mRNA levels in their psogend that the
dramatic reduction in mRNAs was not seen with injectibeense or antisense RNA to
the gene alone (Fire et al., 1998).

In Drosophilaflies, exogenous dsRNA in the cytoplasm is cleaved éetizyme
Dicer-2 (Dcr2) into 21-23 bp small interfering RNAs (siRNABgrnstein et al., 2001,
Zamore et al., 2000). Dcr2, approximately 190 kilodaltons (kiban RNase Il

nuclease and contains a PAZ (Piwi Argonaute Zwille) damahich binds to RNA
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duplex ends with short 2 nt overhangs (Bernstein e2@01, Liu et al., 2003). Dcr2
preferentially cleaves longer dsRNA (> 200 bp), althoughiri cleave dsRNA as short
as 80 bp, and does not cleave single-stranded (ssRNA) (8eratal., 2001, Yang et
al., 2000). The small-interfering RNAs (siRNAS) generatexbetween 20-23 bp in
length (usually 21 bp), are double-stranded with 2 nt overhamgise 3’ ends and have
5’-phosphate and 3’ hydroxyl groups (Elbashir et al., 2001a, Elbeisl., 2001b,
Nykanen et al., 2001, Zamore et al., 2000).

The protein R2D2 then assists Dcr2 to load the siRNAsarnrotein complex
known as the RNA-induced silencing complex (RISC) (Lialet2003). R2D2 is
approximately 36 kDa and contains two dsRNA-binding domains ¢Lal,e2003).
R2D2 preferentially binds to the siRNA end that is moegrtiodynamically stable. Dcr2
binds near the 5’ end of the RNA that will become the ggidand, which is retained in
the RNA-induced silencing complex (RISC), and R2D2 binds teab’tend of the RNA
passenger strand, which is later destroyed (Tomari,&Qfl4). Binding of R2D2 to the
end of the passenger strand requires a 5’-phosphate anthat the siRNA, ensuring
that genuine siRNAs are used during the effector staged®NAI pathway (Elbashir et
al., 2001b, Schwarz et al., 2003, Tomari et al., 2004).

The enzymatic component of the RISC is Argonaute-2 PA¢gOkamura et al.,
2004, Rand et al., 2004). Members of the Argonaute familg baPAZ domain (as do
the Dicer enzymes), and a PIWI (P-element induced wiraglys) domain that is unique
to the Argonaute family (Carthew & Sontheimer, 2009). Ph&I domain of Ago2 has
a region that is RNaseH-like and can catalyze thevatgaof its base paired target

(Parker et al., 2004, Song et al., 2004). Other proteins sucdgdse X mental
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retardation protein (dFXR or FMR1), Vasa intronic genéd\land Tudor
staphylococcal nuclease (TSN) have been found assouidtethe RISC, but don'’t
seem to be required for the effector activity of th8®(Caudy et al., 2003, Caudy et al.,
2002, Ishizuka et al., 2002, Rand et al., 2004). Once the doudntelastk SIRNA is
loading into the RISC, Ago2 then cleaves the passengadsbetween nucleotides 9 and
10 of the passenger strand and keeps the other guide stizselitotargeting mRNA for
degradation (Kim et al., 2007, Matranga et al., 2005, Miyoshi. e2005). Dcr2 and
R2D2 are required for this cleavage of the passenger siRidAds as ovary lysates from
Dcr2 and R2D2 knockout flies didn't cleave the strand (Btaga et al., 2005). Guide
strands of SiRNAs are modified by the enzyme DmHEN1Difosophilahomolog of
HENZ1, working on ssRNA to give a 2’-O-methylation on théeBminus of the siRNA
(Horwich et al., 2007).

The RISC then finds long ssSRNA complementary to thé&lsift the cell, and
Ago2 uses a RNaseH-like ‘slicing’ activity to cleave thegeted ssRNA (Miyoshi et al.,
2005). This cleavage occurs between nts base-paired to ntl 1 af the guide strand,
and these cleaved products have a 5-monophosphate and a@afiydrminus
(Schwarz et al., 2004). This ‘slicing’ activity resultsdecreased levels of mMRNA that
are complementary to the dsRNA, resulting in ‘knockdoafrgenes that are the same
sequence as one strand of the dsRNA (Tuschl et al., 199%@). ckeavage, the mRNA
dissociates from the RISC, the mRNA fragments arthér degraded and the RISC is
free to cleave more targets. A siRNA/RISC can alsd targets that are partially
mismatched and use miRNA-like mechanisms to repress tianslalthough it is

unclear how often this occurs naturally. This phenoménpnobably responsible for
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most of the “off-target” effects that are seen ia &xperimental introduction of SIRNAs
(Carthew & Sontheimer, 2009). See Figure 1.1 for diagrapaibivay.

In plants andC. elegansthere is also a mechanism to amplify SIRNAs tlaateh
been made by Dicer using a cellular RNA-dependent RNA pogsegiRARP). It
appears that most of these ‘secondary’ siRNAs generatdeB}dRP are antisense to
the mRNA they target, indicating they probably don't gmtgh a dsRNA/Dicer
cleavage pathway as primary siRNAs do. The secondaNAsiReem to be primary,
unprimed RARP products, and help to greatly increase the paittiw/response to
dsRNA in the cell. So far, this amplification of siRBlhas not been seen in mammals or
insects, although a recent report suggests a role for aR RdRosophilaRNAIi and
transposon suppression (Carthew & Sontheimer, 2009, LigaPditerson, 2009). This
RdRP, termed D-elpl, makes dsRNA from ssSRNA templatésawitvithout a primer
initiation step and associates tightly with Dcr2 (Lgha& Paterson, 2009).

SsiRNAs can also modify chromatin. In the fissicaagt,Saccharomyces pombe
an Argonaute family member is part of the RNA-inducedscaption silencing (RITS)
complex, which is guided to regions on chromosomes byA#Rihas bound. siRNAs
recognize nascent transcripts, and RNA polymerase lIrenRKETS complex interact to
cause histone methyltransferases to methylate histoney3ina 8 (H3K9), resulting in
the recruitment of the Swi6 protein and compaction efdtromatin (Buhler et al., 2006,
Carthew & Sontheimer, 2009, Djupedal et al., 2005, Kato,e2@05, Lippman &
Martienssen, 2004). This process also activates a RARRam&chto create secondary

SiRNAs to further amplify the effects (Sugiyama et 2005).
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MicroRNA pathway:

Another small RNA pathway related to the exogenous Rid#way is the
microRNA (miRNA) pathway. This pathway is also triggetby dsRNA, although this
dsRNA is not made of perfect duplexes, but instead is §&RNA that forms secondary
structures on itself, leading to some double-strandednatssftbn has mismatches and
small ‘bumps’ in the structure. These precursor mddscare transcribed from either
independent miIRNA genes or more often from transcriptiots that encode multiple
products, and are usually transcribed by RNA polymeraseallaencapped and
polyadenylated (Bartel, 2004, Carthew & Sontheimer, 2009, Kim, 20D¢ transcripts
may encode an miRNA and a protein, with the miRNA beaagtied in an intron, or the
transcript may encode multiple distinct miRNAs (Cawth& Sontheimer, 2009). In the
DrosophilamiRNA pathway, these precursor transcripts are callechiitNAs and are
formed in the nucleus (Lee et al., 2002). The impesfgxired stem loop is cleaved
from the pri-miRNA by the enzyme Drosha and its bindingnearPasha (known as
DGCRS8 in mammals) forming smaller RNAs known as pre-nARNXDenli et al., 2004,
Gregory et al., 2004, Landthaler et al., 2004, Lee et al., 20@)sha, like Dcr2, is an
RNase Il enzyme and is approximately 130-160 kDa in sizgp@wicz et al., 2005, Lee
et al., 2003). The pre-miRNAs are then sent out ohtledeus through the nuclear pore
with the assistance of Ran (Ras-related nuclear pra@iRPase and Exportin-5
(Bohnsack et al., 2004, Cullen, 2004). In the cytoplasnprieniRNA is further
cleaved by Dicer-1 (Dcrl) into approximately 22 bp miRNAs (eeal., 2004). The
MIiRNAs are loaded in the RISC with the help of the RAMIRNA counterpart

Loquacious (Logs), which was also named R3D1-L (Forstemaaln 2005, Jiang et al.,
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2005, Saito et al., 2005). The miRNA RISC (miRISC) complentains Argonaute-1
(Agol), an approximately 100 kDa member of the Argonaute/Rmily (Filipowicz et
al., 2005, Okamura et al., 2004). Agol contains PAZ and PIWI idsrike those found
in Ago2. The miRNA strands are unwound and one strandisoged (designated the
MIiRNA*), while the other strand (designated the miRNAstt) is kept in the complex
(Carthew & Sontheimer, 2009). The miRNA strand selectetidyniRISC depends on
the thermodynamic stability of miRNA duplex’s ends, whe 5’ terminus of the kept
strand having the less stably based paired end, similae tIRNA strand retained in the
SIRNA RISC (siRISC). Unlike siRISC loading, miRISC diw@g does not seem to be
accompanied by cleavage of the discarded strand (Matedraya 2005). IDrosophila
the structure of the small RNA duplexes appears to dltkisorting of miRNAs to an
Agol miRISC, and siRNAs to an Ago2 siRISC, as the Dcr2/R@plex does not bind
MiRNAs due to the mismatches found in their duplexes (Tioghal., 2007).

This miRISC then seeks out the 3' UTRs of mMRNAs camantary to the
MiRNA sequence. There are often multiple miRNA bugdsites on the 3' UTR of the
targeted mRNA and the miRNA usually binds with some uéyel mismatches. The
most important region of the miRNA recognition of thRNA lies in the seed region of
the miRNA at nucleotides 2-8. If the complementasitthe miRNA and mRNA is
perfect (as is the case with most plant miIRNAs) Agodateave the mRNA. More often
in animals, there are central mismatches in the MiRNd mMRNA binding leading to
repression of translation rather than mRNA cleavage miRISC prevents the mRNA
from being translated, either by directly blocking tratish, or promoting the

degradation of the mRNA (Carthew & Sontheimer, 2009). Figaere 1.1 for diagram.
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Exactly how translation is blocked is still debated. &anodels propose that the
mMIRISC blocks translation initiation, possibly by compegtfor cap binding, blocking
association of the ribosomal subunits with the preaition complex, or by causing
deadenylation of the mRNA tail, resulting in the mRN&ry unable to circularize
(Carthew & Sontheimer, 2009, Chendrimada et al., 2007,derzadt al., 2006,
Mathonnet et al., 2007, Wakiyama et al., 2007, Wang et al., 2008&t al., 2006).
Other groups suggest that translation is blocked post-inhigbiossibly by causing the
ribosome to dissociate from the mRNA (Carthew & $&emner, 2009, Nottrott et al.,
2006, Petersen et al., 2006).

Once miRNAs have targeted an mRNA for destruction, tteget mRNAs,
along with the miRISC localize to areas of the cetiwn as processing bodies (P-
bodies), where they are then blocked from translamhmay undergo decay. Many of
the important components of the cellular mMRNA decagimmery are found localized to
the P-bodies, including the proteins involved in decapping aadeshylation, GW182,
and an RNA helicase (Eulalio et al., 2008). miRNA silegseems to occur without the
presence of P-bodies, indicating that P-bodies areefdimresponse to miRNA-
mediated silencing, and are not the cause of the siigii€Chu & Rana, 2006, Eulalio et
al., 2007, Eulalio et al., 2008, Lian et al., 2007).

MiRNAs are also linked to increased mRNA degradationbyp@tgo cleavage of
the mRNA, but by traditional pathways of mMRNA decay inmirrg deadenylation,
decapping and exonucleolytic digestion (Behm-Ansmant,e2@06, Carthew &
Sontheimer, 2009, Giraldez et al., 2006, Wu et al., 2006). BemsmaAnt et al. (2006)

showed that the mammalian processing body (P-body) comp&GW182 interacts with
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Agol, linking mRNA degradation to the miRNA machinery, and stbthat the
decapping and deadenylation machinery were necessary forRINA-mediated
degradation of mMRNAs (Behm-Ansmant et al., 2006). ltlisusiclear if increased
degradation of mMRNASs being acted upon by miRNAs is due to @iBffiects on
translation, or if the increased decay is an indepermdeohanism for reducing mRNA
transcripts. Some experiments have shown that miiRidAeed deadenylation of
transcripts can occur without active translation,aating that the degradation itself can
be the cause of the repression of some targets (Wa&iga al., 2007).

Virally encoded miRNAs have been described in DNA virubasnot in RNA
viruses to date (Umbach & Cullen, 2009). This is not ssingrias many RNA viruses
are found in the cytoplasm, where they would be iregibée to the early processing
steps of the miRNA pathway such as Drosha cleavadegdri-miRNA. This cleavage
would also be destructive to RNA viral genomes and could maki#icult for them to
complete their normal replication cycle.  Someehdescribed a miRNA found encoded
in the RNA virus HIV-1, but other groups have disputed this pialemiRNA (Klase et
al., 2007, Lin & Cullen, 2007, Omoto & Fujii, 2005, Omoto et 2004, Ouellet et al.,
2008, Umbach & Cullen, 2009). Most of the miRNAs encoded lsgs have been
found in theHerpesviridaeandPolyomaviridaefamilies. Viral miRNAs from human
viruses have been found from the Herpes simplex 1 and gesiiiHSV-1 and HSV-2),
human cytomegalovirus (hCMV), Epstein Barr virus (EBX@posi’'s sarcoma virus
(KSHV), BKV and JCV polyomaviruses, and from human adenshADV) (Aparicio
et al., 2006, Cai et al., 2005, Cai et al., 2006, Cui et al., Zo@y, et al., 2005,

Grundhoff et al., 2006, Pfeffer et al., 2005, Pfeffer et28l04, Samols et al., 2005, Sano
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et al., 2006, Seo et al., 2008, Tang et al., 2008, Tang et al., 20tfach & Cullen,
2009, Umbach et al., 2008, Zhu et al., 2009). So far, only @RblMmhas been found
from most of the polyomaviruses examined, but the herpessgigpear to have quite a
few miRNAs encoded in each genome, with EBV having &t [2& different pre-
mMiRNAs (Umbach & Cullen, 2009). A miRNA has also bedescribed in an insect virus
Heliothis virescensscovirus (HvVAc) (Hussain et al., 2008). These virusealbneclear
DNA viruses, and many of these miRNAs appear to targdtgarses, which may be
helping the virus to regulate temporal expression of vageng products.

Some of the viral miIRNAs target cellular genes, magtiges that are important
for controlling apoptosis or have immunomodulatory fundi@@hoy et al., 2008,
Umbach & Cullen, 2009, Xia et al., 2008). Some viruseslase evolved to work with
cellular miRNAs. Hepatitis C virus (HCV) has bindingesifor the human liver miR-
122 in its 5’ UTR. It appears that the binding of the callotdRNA helps the virus to
replicate, and since miR-122 is liver specific, it probadfys a role in the tissue tropism
for HCV (Jopling, 2008, Jopling et al., 2005, Umbach et al., 2008&)ioMs groups have
also reported changes in cellular miRNA expressfter &iral infection, yet it is still
unclear if these changes are due only to the cellulauine responses to infection, or if
the virus is manipulating the cellular miRNAs to its adiage (Cameron et al., 2008,

Pedersen et al., 2007, Triboulet et al., 2007, Umbach 0&i8, Wang et al., 2008b).

Other small RNA pathways:

Other small RNA pathways have been discovered includmd ti-interacting

(PIRNA) and endogenous siRNA (endo-siRNA). These patbvaay believed to have
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important roles in controlling the transcription ofrtsposable elements in the genome
and also in development of the reproductive tissues.

piRNAs bind to the members of the Piwi clade of the Argbagroteins, which
include Piwi, Aubergine (Aub) and Argonaute 3 (Ago3Pirosophila The piRNAs
were originally termed repeat-associated small interdelRNAS (rasiRNAS), because of
their role in silencing repetitive elements and protectire germline from transposable
elements (Aravin et al., 2001, Saito et al., 2006, Sh@at,e2009, Vagin et al., 2006).
piRNAs are approximately 24-30 nts in length and are nextilliy DmHEN1 (also
known as Pimet) to have 2’-O-methylation on their 3rienus (Horwich et al., 2007,
Saito et al., 2007). The piRNA trigger appears to be singdeded RNA since the
small RNAs are almost always of the same sensethanbiogenesis is Dcrl and Dcr2
independent, possibly using the Slicer activity of the Pmteins, at least in determining
their 5’ ends (Gunawardane et al., 2007, Nishida et al., 202@,e5al., 2006, Vagin et
al., 2006). Piwi and Aub tend to bind antisense transaipdshave a strong preference
for a uracil at the 5’ end, while Ago3 binds sense trapiscand shows a preference for
an adenine at nucleotide 10 (Gunawardane et al., 2007). $h&dinucleotides of the
antisense piRNAs are often complementary to theespiRNAs that bind Ago3, leading
to proposed ‘ping-pong’ amplification mechanism of piRNBsennecke et al., 2007,
Gunawardane et al., 2007). Using Ago3 mutant flies, it wasdfidhat Ago3 has a role in
amplifying piIRNAs and to enforce their antisense bias (lal.e 2009a). See Figure 1.1
for diagram of pathway.

piRNAs have been mostly studied in the germline whexg biave a critical role

in silencing transposons and controlling germline stens ¢alavin et al., 2004, Cox et
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al., 1998, Cox et al., 2000). Silencing of 8tellatelocus repetitive element by Aub is
necessary to prevebrrosophilamale sterility (Aravin et al., 2004, Aravin et al., 2001).
New evidence also points to roles of piRNAs in somigggues. In Ago2 mutant flies,
there are small RNAs that are piRNA-like found in tbena (Ghildiyal et al., 2008).
piRNAs have also been found in the somatic cells sudiagrthe germline cells of
Drosophilaovaries and may have a role in protecting these gercgiteefrom infection
from retroviral elements (Malone et al., 2009). It hasn proposed that this somatic
piIRNA pathway functions without Ago3 or Aub, instead logdpiRNAS into Piwi and
without amplification (Li et al., 2009a).

The endo-siRNA pathway is very similar to the exogendRNA pathway. The
size of the endo-siRNAs is 21 nts, and Dcr2 and Ago2 appde essential for their
biogenesis. The trigger for the endo-siRNA pathway ifepetong dsRNA duplexes
that are formed in the cell naturally. These trapssrcome from regions of the genome
containing mobile elements and are believed to have aro@ntrolling the expression
of these elements in the cell. The recently desgiilvesophilaRdRP D-elpl may be
involved in converting the ssRNA transposon transcrigt d#RNA for processing by
Dcr2 (Lipardi & Paterson, 2009). Deep sequencinBrosophilasmall RNAs
associated with Ago2 showed that many endo-siRNAs cammedtructured loci termed
esi-1 and esi-2, that can form 400 bp long dsRNA when éimsdripts’ 5’ and 3' UTRs
interact (Czech et al., 2008). The endo-siRNAs derivath these loci are from the
same genomic strand, indicating that long ssRNA trgstsciold back to form long
dsRNA (Czech et al., 2008). These studies also implaraimportant role for Logs in

the generation of endo-siRNAs instead of the expected patner R2D2, as logs
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mutant fly ovaries did not appear to have endo-siRNAs (Ceeal., 2008). Endo-
SiRNAs also appear to have the same 2’-O-methylatitimeat3’ end, providing further
evidence for use of a similar pathway to the exogenousAsiathway (Kawamura et
al., 2008). The endo-siRNAs found bound to Ago2 didn’t appean® duay nucleotide
bias at particular positions, and a large number hadesmgmatches (Kawamura et al.,
2008). Adenosine-to-guanosine mismatches were overrepdsarthis population,
suggesting adenosine deaminase acting on RNA (ADAR) enayimg e editing a
portion of endo-siRNAs, converting adenosine-to-inosikeramura et al., 2008).
When the Ago2 was mutated, piRNA-like small RNAs appearasginatic tissues,
indicating a possible role for the endo-siRNA pathwanepression of piRNA activity in
the soma (Ghildiyal et al., 2008, Ghildiyal & Zamore, 2009).

See Figure 1.1 for a diagram of the various small RNA pagbvand Table 1.3

for general characteristics of the small RNAs gemer&iom the pathways.
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Table 1.3. Characteristics of small RNAs Brosophilamodified from (Farazi et al.,

2008)
Small RNA Size (nt Structure of 3 end Mechanism of
Precursor modification Action
MIiRNA 20-23 (usually | Imperfect Unmodified Translational
22) hairpin repression,
MmRNA
cleavage
SiIRNA (exo- 20-23 (usually | dsRNA 2'-0O- MRNA
and endo-) 21) methylated cleavage
PiIRNA 23-33 Putative SSRNA2'-O- Regulation of
methylated chromatin
structure,
MmRNA
cleavage

Mosquito Immunity:

The sequencing of th&. aegyptigenome, published in 2007, has aided in the
study of mosquito genes and pathways involved in mosquitarahimmunity (Nene et
al., 2007). Mosquitoes have some basic immune responbastarial, fungal, parasite
and viral threats. Mosquitoes use a peptide-based innatenenresponse against Gram-
positive and Gram-negative bacteria and eukaryotic pesasithese peptides include
defensins, cecropins, and transferrins, and have beemnbgesimA. aegyptimosquitoes
(Lowenberger, 2001). Defensins were originally describethpertant for mosquito
immunity to bacterial infections, although more receqegiments seem to indicate that
bacterial infections are cleared before defensin is irdjigits exact role in immunity is
still unclear (Bartholomay et al., 2004). These arttiobial peptides are produced in
insect fat bodies and are secreted into the hemolympéa.pioduction of these peptides
is under the control of the immune pathways immuneigeicy (IMD) and Toll in
Drosophila The IMD pathway is used to express diptercins and diressagainst Gram-

negative bacteria. The Toll pathway controls theesyg expression of the anti-fungal
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peptide drosomycin. The induction of defensins, cecropidsaagacins irbrosophila
appears to be controlled by both the IMD and Toll patlsx&®gsta et al., 2004). The

IMD pathway may also have a role in theosophilaantiviral response to SINV
(Avadhanula et al., 2009). More recently the Toll 8A&-STAT pathways have been
implicated in the antiviral response to DENV2Anaegypti(Souza-Neto et al., 2009, Xi
et al., 2008), although the dsRNA knockdown of the Hop gepesiéive regulator of the
pathway, did not result in statistically significantr@ases in viral titer when compared to

the control dsRNA (Souza-Neto et al., 2009).

RNAI as an Antiviral Pathway

Because of its ability to specifically target RNA il after it encounters
dsRNA, RNAI has been found to be an essential antipatiway in insects. Dcr2 and
R2D2 knockouDrosophilaflies are more susceptible to infection with Flock House
virus (FHV) (FamilyNodaviridag and with cricket paralysis virus (CrPV) (Family
Dicistroviridae), and infection of these mutant flies with these \@ausaused increased
mortality compared to wild type flies (Wang et al., 2008)milar results were found in
other studies using Dcr2 knockout flies and infection with FBNWV, andDrosophilaC
virus (DCV) (FamilyDicistroviridae) (Galiana-Arnoux et al., 2006). SINV infection of
wild-type flies did not cause mortality, but there W&86 mortality in the Dcr2 knockout
flies infected with SINV, and also a higher viral loadhe mutant flies. Transgenic flies
expressing FHV constructs were made, and infectious virupmasiced in these flies,
causing death in these mutants. These studies also highligie importance of the B2

protein of FHV to viral RNA amplification in flies. Tnagenic flies expressing FHV

29



constructs with normal B2 died from FHV infection bea@atle they were unable to
efficiently control the FHV viral RNA amplificatiorhut flies engineered to express FHV
RNA with point mutations disrupting the B2 open readingnfadid not die (Galiana-
Arnoux et al., 2006). Ago2 was also found to be critioakitiviral immunity in
Drosophila When Ago2 knockout flies were infected with DCV or Crihéy had
increased mortality, viral RNA accumulation and virtgdrs. Studies also indicated that
DCV encodes a suppressor of RNAI, DCV-1A, that binds si®NA, but does not bind
SiRNAs or disrupt the miRNA pathway (van Rij et al., 2006yPV also appears to
encode a suppressor of RNA silencing that maps to a smeiteymic region as DCV,
although it doesn’t seem to have a double-stranded RNAnginbmain (dsRBD) that
was found in DCV and didn’t inhibit dSRNA processing, indiogia different
mechanism of action (van Rij et al., 2006, Wang et al., 2006)

This antiviral role for RNAI is not limited to singléranded RNA viruses, as
studies show RNAI as an antiviral immune response agaieslsRNA birnavirus
DrosophilaX virus (DXV). This virus will kill wild-typeDrosophilawithin two weeks,
but kills faster when flies have mutations in their Rlntiviral pathways.Drosophila
flies with mutations in Ago2, VIG, R2D2, Aub, Armitage (MR, and Piwi all had
increased susceptibility to infection and earlier death @XV (Zambon et al., 2006).

Dcr2 has also been implicated in inducing the gémgoin Drosophila infected
with DCV. TheVagogene product is an 18 kDa cysteine-rich polypeptide thatadteat
DCV load in theDrosophilafat bodies. This indicates that Dcr2 is a sensovifait
nucleic acids. Itis indeed a member of the same DEtid¥dhelicase family as the

RIG-I-like receptors of mammals that are responsiblel&ection of viral infection and
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induction of interferon. Ago2 nor R2D2 were required to irdileVVagoexpression
and the Toll, IMD and Jak-STAT pathways were also mablved inVagoexpression
(Deddouche et al., 2008).

More recently Ars2 has been identified as another coeoof the antiviral
RNAI pathway in Drosophila. The role of Ars2 in antalirmmunity was uncovered
using an RNAI based screen following infection with a tiggatrand RNA virus,
vesicular stomatitis virus (VSV). When Ars2 was knoclled/n using dsRNA, the
number of VSV infected cells increased. Knockdown of Afs@ ecreased infection of
the Drosophilacells with DCV, FHV and SINV, but infection with vao@ virus, which
has a double-stranded DNA genome, was not affected by Apdida. When Ars2
was knocked down in adulirosophilaflies, there was an increase in mortality seen with
DCV and VSV viruses (Sabin et al., 2009). The researclggest Ars2 is involved in
the siRNA pathway during siRNA biogenesis, but is not nedoleRISC effector
function and state that Ars2 is physically interactindp\icr2. Ars2 also appears to
have arole in the endo-siRNA and miRNA pathways (sabal., 2009). In mammals
Ars2 interacts with the cap-binding complex (CBC) andt&sibetween the nucleus and
cytoplasm (Gruber et al., 2009). CBC was also found tedpained inDrosophilafor
antiviral defense and siRNA and miRNA silencing and appearatso act in the
upstream steps of the pathways. The authors proposeddesrior Ars2 function. In
one model, Ars2 is a recruitment factor to help guide tiRNA machinery to its proper
substrates, while in the other model Ars2 is a cofdottne dsRNA cleavage enzyme
activity of Dcr2 and Drosha which increases cleavageigctind fidelity in the

processing of the RNA substrates (Sabin et al., 2009).
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Further evidence of the importance of the RNAI pathwansect antiviral
immunity was shown in an evolutionary genetics studjceting that thédrosophila
SiRNA pathway genes are evolving very rapidly due to acutde arms race between
viral pathogens and insect immune responses. Dcr2, Ago224p@ Rere evolving
faster than the miRNA pathway ‘housekeeping’ genes Dxgd;l and R3D1 (also
known as Logs) (Obbard et al., 2006). The siRNA pathwayooents are also
evolving faster than other insect immune response gebsas pathogen-recognition
proteins, signal transduction proteins, and antimicrobialigeegt These antiviral SIRNA
pathway genes are among the fastest evolving 3% Dfadlophilagenes and the authors
suggest that interactions with viruses are driving thidrapolution (Obbard et al.,
2006). Recent research at AIDL suggests AhategyptisiRNA pathway genes are
evolving faster than the miRNA pathway genes (Scott Bedbhanpublished).

Antiviral immunity to flaviviruses has been examine®iosophila WNV
virus-derived small interfering RNAs (ViRNAs) of approximat2f nts in length were
detected irDrosophilaS2 cells infected with the virus, and knockdowmadsophila
Ago2 with siRNAs resulted in earlier WNV detection ogentrols, but no differences in
viral titers were seen with the Ago2 knockdown. Mutéiasfwith defects in the RNAI
genes Ago2, Piwi, Dcr2 and spindle-E were more susceptiMé\V infection than
wildtype flies, indicating that RNAI is an antiviral mune response to WNV in
Drosophila Surprisingly, C6/3@&\. albopictuscells infected with WNV did not produce

detectable WNV viRNAs (Chotkowski et al., 2008).
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Virus Triggers of RNAI

It has always been assumed that RNA viruses must foRNAgluring their
replication cycle, which can then be targeted by Deyemes. The presence of dsSRNA
has been detected using dsRNA-specific antibodies intiofeaf cells with the
alphavirus SINV and the flavivirus KUNV and with varioud@t positive sense ssSRNA
viruses such as DENV (Sanchez-Vargas et al., 2009, Sfof4ollar, 1970a, Weber et
al., 2006, Westaway et al., 1997). Authors suggested that théddsRmed from
positive sense ssRNA viruses could be from hybrids ofrgereind complementary RNA
(cRNA) made during genome replication or by secondary Rtddctures made by the
SSRNA strands themselves. dsRNA was also detectedlsnrdfected with DNA
viruses. DNA viruses may make dsRNA from overlapping cayng transcription or
from structured ssRNA. When the dsRNA antibodies weesl in cells infected with
negative strand ssRNA viruses such as LACV, there wasisiagly no detection of
dsRNA (Weber et al., 2006). The explanation for thi adsRNA in negative sense
SSRNA viruses is less clear. Possibly the packagisgRNA into ribonucleoprotein
(RNP) complexes restricts the length of dSRNA inioapive intermediates so it is not
detectable with the antibody (Weber et al., 2006). S#grstructures do seem to be
dsRNA targets for Dicer enzymes for some positive sesRBA viruses. When
VIRNAs from Cymbidium ringspot tombusvirus (CymRSV) wergusnced, they were
not evenly distributed along the genome and 80% were denwetdthe positive strand,
indicating there may be hot spots for Dicer cleavagtherstructured viral genome.
Northern blotting for ViRNAs also detected more with tlegative probe, indicating

there are more positive sense VIRNAs being made duringtimfie(Molnar et al., 2005).
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Also, when the ViRNAs bound to the viral dSRNA-binding profei@ were analyzed,
the majority of these ViRNAs were from the positit@sd of the CymRSV viral RNA
(Molnar et al., 2005). More studies showed that the R#8geted ssRNA also has hot
spots, and the secondary structure of the target can deteima accessibility of the
RNA for RISC cleavage (Overhoff et al., 2005, Pantatea.£2007).

Flaviviruses also have conserved secondary structusesiy be targets for
Dcr2 cleavage in insect cells. During flavivirus repligat the virus genome cyclizes,
with the 5" and 3’ ends having regions that are complemg(tsclization sequences)
that can bind to form a panhandle-like structure (Hahn,e1@87). Predicted conserved
secondary-structured regions in the DENV genomes baseghguutational analysis are
inthe 5" UTR (nts 6-69) and the 3' UTR (nts 10593-10656 and 10710-107e@)ner et
al., 2004). Some conserved structured regions have als@iszbcted in the coding
sequence for the capsid (nts 122-140, nts 172-192, and nts 270-312jfandl 813
coding region (nts 4544-4671) (Stadler et al., 2001). Secondacyses in the DENV2
Jamaica strain 3'UTR are proposed to begin at thesitipn 10287 (Proutski et al.,

1997) (See Figure 1.2.).
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Figure 1.2.: Proposed 3’ UTR secondary structure for DENM2aita 1409 strain
(GenBank Accession number M20558) from (Proutski et al., 199e. first 5’
nucleotide corresponds to base 10287 and the last 3’ nucleotr@smonds to base

10723 of the genome.
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Another highly structured region has been identified ir3thE' R of flaviviruses,
which is approximately 300-500 nts in length and is resistambonucleases. This RNA
has been termed subgenomic flavivirus RNA (sfRNA).NsAR have been identified
from mosquito-borne flaviviruses WNV, YFV, a DENV2 regin, KUNV and others,
along with a tick-borne flavivirus Saumarez Reef virlREY) , but were not detected in
the pestivirus bovine viral diarrhea virus (BVDV), a hepauas/ hepatitis C (HCV)
replicon or the alphavirus SFV (Family Togaviridae).r BENV2, the sSfRNA 5’ end
begins 422 nucleotides from the 3’ end of the genome ampisx@mately 400 nts in
length (Pijlman et al., 2008).

In FHV-infectedDrosophilg the primary Dcr2 target for generating SiRNAs
appeared to come from a 400 bp dsRNA region at the 5’ termaifrthe genome that
forms during initiation of replication of the positiveastd. Of the ViRNAs made from
this region, 58% appeared to be from the positive sensé2#drom the negative sense
strand of the viral RNA. These ViRNAs had 3’ methylatextiiiccations and were
loaded into Ago2. The production of the ViRNAs from the BP@SRNA region was
inhibited by the FHV B2 protein, which interacted with tmal dsSRNA and the viral
RNA replicase (Aliyari et al., 2008). Similarly, neadqual proportions of positive and
negative sense ViRNAs were seemnosophilacells latently infected with FHV (Flynt

et al., 2009).

Viral Evasion of RNAI

To combat RNAI, some viruses have evolved proteins to intfibipathway at

various steps. Many of these inhibitors have been faupthnt viruses, but one of the
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best characterized is the B2 protein of FHV, which infeot# vertebrate and
invertebrate hosts. Li et al. (2002) found that FHV wesget of RNAI inDrosophila
S2 cells and when the B2 gene was deleted, there wdsra fafithe viral RNA construct
to accumulate in cells. When B2 expression was cangriéed from a plasmid or when
dsRNA was used to knockdown Ago2 in the S2 cells, the RMAraalation was
rescued (Li et al., 2002). These studies show evidernR&lAf as an antiviral pathway
in insects and that some viruses have evolved proteins toatdhe pathway. Further
studies using Nodamura virus (NoV) which encodes a B2 proteairsiimilar genome
position to FHV (although <19% sequence identity), showedlttiviral defense
pathway inAnopheles gambiasas also dependent on Ago2 and was suppressed by B2
(Liet al., 2004). When NoV B2 mutant RNA constructs weteduced into 4a-2sA.
gambiaecells, there was no RNA replication of the constrbat when B2 expression
from a plasmid or long dsRNA or siRNAs frofn gambiaeAgo2 was added, the RNA
construct replication was rescued (Li et al., 2004). Stufidse FHV B2 crystal
structure, along with biochemical assays, showed thdtifigs dsRNA without a
preference for length, suggesting B2 binds long dsRNA, blodRicgr cleavage, and it
also binds shorter double-stranded siRNAs, inhibiting thewmrporation into the RISC
(Chao et al., 2005, Lingel et al., 2005). More recent woskshawn that B2 complexes
with FHV siRNAs and viral replicative intermediatesid that B2 also binds the FHV
replicase enzyme in infect&tosophilacells (Aliyari et al., 2008). It has also been
suggested that the B2 protein interacts with the PAZ doafdircrl and Dcr2 in

armyworm Sf21 cells (Singh et al., 2009).
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Other viral suppressors of RNAI have been identifiedushiclg p19 of the plant
virus Cymbidium ringspot virus. p19 appears to bind siRNAs @amidit them from
entering the RISC, but does not seem to affect preassgRISC (Lakatos et al., 2006,
Lakatos et al., 2004). The role of dsRNA binding proteins fneammalian viruses in
RNAi is less clear. La Crosse virus (LACV) (Fanflynyaviridag encodes a protein on
its S segment known as NSs, which has been showanda mterferon antagonist in
mammals in LACV (Blakqori et al., 2007) and in another Bwimys, Bunyamwera virus
(BUNV) (Kohl et al., 2003, Weber et al., 2002). A study exang the role of LACV
NSs in both mammalian and C6/36 mosquito cells demondtrateiced growth of
LACV when siRNAs targeting the genome were introduceddnysfection. Using a
cDNA plasmid to express LACV NSs in transfected célis,authors suggested that
LACV NSs inhibited siRNA activity in mammalian cells (8an et al., 2005). They did
not demonstrate inhibition of SIRNA activity by NSs in 8&ktells. Further studies
comparing wt LACV with mutant LACV unable to express NBsvsed no viral growth
advantage due to NSs expression in either insect ofargardeficient mammalian cells.
Virus-specific small RNAs were generated in wt LACV ctfed C6/36 cells and there
appeared to be no suppression of RNAI against a SFV replihen LACV NSs was co-
transfected int@\. albopictusU4.4 cells. (U4.4 cells were used instead of C6/36 in the
co-transfection experiment because SFV causes CBE/86 cells). The authors of this
study concluded that LACV NSs was an interferon antagonisammalian cells, but
did not appear to have a role in RNAI inhibition in iciseells (Blakqori et al., 2007).
RNAI against viruses has also been demonstrated in titsk ddlhen the ISE6 cells from

Ixodes scapularisvere infected with SFV replicons expressing the Hazaus YHAZV)
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(Family Bunyavirida@ nucleoprotein gene in sense or antisense orientatiercells

were resistant to HAZV replication. HAZV- and SFV-sjhie small RNAs between 20-
30 nts were detected via RNase protection assays inrdelised with SFV replicon
expressing the HAZV nucleoprotein, but were not detectedivkBV infection alone.
SFV-specific small RNAs were also detected in cellsated with the SFV replicon
without an insert (Garcia et al., 2005). Further work Inglat the activity of RNAI
suppressors in tick cells was done using a SFV replicon &sipceluciferase as a
reporter, along with SFV replicons expressing the supprebkitof influenza virus,
NSs of tomato spotted wilt virus or HC-Pro of zucchinigelmosaic virus. When cells
were infected with the SFV luciferase replicon aldneiferase siRNAs between 20-30
nts in length were detected via RNase protection aasayluciferase activity declined
with time, indicating an RNAI response against the 3kNferase replicon. When the
cells were co-infected with the SFV luciferase repliemd with SFV replicons
expressing the various suppressor genes, there were ettteasls of luciferase
expression as compared to the SFV luciferase replicmeabr co-infection with a SFV
replicon with no insert, showing that the viral suppogs of RNAI were able to function
in tick cells. Since both the SFV-luciferase constalehe and the SFV-luciferase co-
infected with SFV with no insert had the same expoedsvel, there appeared to be no
suppressor activity in the SFV replicon itself (Gaetial., 2006). Interestingly,
expression of the NSs protein of Rift Valley fever vi(R&/FV) (FamilyBunyaviridag

in this tick system and did not appear to have any RNAI sapprectivity (Garcia et al.,
2006), similar to results with LACV NSs in mosquito clidies described in Blakquori,

et al. (2007).
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Viruses may also evade RNAI by sequestering their dsRNAeimbrane-bound
replication compartments. Replication of most pesistrand RNA viruses occurs in
association with membranes in the cytoplasm. Flawses replicate in membrane
complexes derived from the endoplasmic reticulum, wibiggviruses associate with
vesicles derived from endosomes (Salonen et al., 200dyivifls infection of
mammalian cells causes membrane proliferation and fayrmaf convoluted membranes
and vesicle packets. The replication complex of fliawges is located within the vesicle
packets, which are enclosed by outer membrane. DENV dsBpli&ation forms are
believed to be enclosed in the vesicle packet, while¢hdy formed virus genomes are
released to the outside of the vesicle packet, bigtartie outer membrane (Miller et al.,
2007, Uchil & Satchidanandam, 2003). Other studies looking dd¢h&on of the
flaviviral replicase proteins NS3 and NS5 of JEV, showedt thealization in the
nucleus of mammalian cells, suggesting that up to 20% of WIRV, and DENV-2
RdRP activity occurs in the nucleus (Uchil et al., 200@)e bcation of viral dsSRNA
structures in the cell could determine their accessiltdithe RNAiI machinery, and
viruses may have evolved a mechanism to induce prolderaft membrane structures to

hide their dsRNA from the host innate immune responses.

RNAI in mosquitoes:

In the 1990’s a phenomenon know as pathogen derived resigRRD&) was
described in mosquitoes (Blair et al., 2000, Gaines €136, Olson et al., 1996, Powers
et al., 1996). PDR uses atrtificial expression of a ggh@ene in the host cell to give

the host resistance to that specific pathogen (Grunatt €987, Sanford & Johnston,
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1985). Double-subgenomic SINV TE3'2J was used to expresspouf viral genes in
sense or antisense orientation under the cont@lsetcond subgenomic promoter
following the structural genes. Infecting C6/36 cells witluble-subgenomic SINV
expressing LACV or DENV structural genes in a sense @gearste orientation gave the
cells resistance to challenge from the virus correspgrid the structural genes. Site
directed mutagenesis was used to make these viral genasslattable, but the effect
was the same, indicating that the response was indudi@ BRNA, not viral protein
expression. There also needed to be a high degree ohseqdentity between the
virus genome and the gene being expressed (Blair et al., 2ab@sCt al., 1996,
Powers et al., 1996). These early experiments werabplptriggering RNAI in the cells
due to expression of a dsRNA trigger in the double-subgendidi &plicative
intermediate or possibly the secondary structures ofithbgene RNA was targeted for
cleavage by a small RNA pathway.

Similar experiments using TE3'2J SINV expressing the prMragpdegion of
DENV2 showed that injection of the virus into mosquitgage resistance to subsequent
challenge with DENV from the same serotype as tfectfr gene (Olson et al., 1996),
and infection of C6/36 cells with SINV expressing a DENV# effector gene reduced
the accumulation of DENV2 RNA in the cells (Adelmatral., 2001). Later, plasmids
were engineered to express inverted repeat RNA, creaBig bp dsRNA with the same
sequence as DENV2 prM gene and it complement. When Cai8&veee continuously
expressing this RNA foldback, they became resistant¢oraulation of DENV envelope

protein antigen. Small RNAs 21-25 nts in length were detieitom this prM foldback
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region, suggesting that an RNAi based mechanism was @bjeofor the virus
resistance seen in the transformed cells (Adelmah,e2002).

Transgenic mosquitoes were later developed using this gbn&eaegypti
mosquitoes were engineered to express an inverted regestript from the prM gene of
the DENV2 strain Jamaica 1409 in the mosquito midgut underathigol of anA.
aegypticarboxypeptidase A promoter and were named Carb77 mosquiisesof this
promoter controlled the expression of the DENV2 prM falthoRNA to times
immediately after the mosquito had taken a bloodmeat;iwéctivates the
carboxypeptidase promoter. When this transcript was esgue# made a 578 bp
dsRNA, which triggered the RNAI response to target any DEMitbed with the
bloodmeal. The Carb77 mosquitoes had significantly loates of infection after a
DENV2 containing bloodmeal and had no viral antigen in thalivary glands,
indicating reduced virus dissemination in the mosquito.sé& meosquitoes also had
reduced ability to transmit virus in amvitro transmission assay (Franz et al., 2006).
These results indicate that RNAI can be used in ingg@mst arboviruses to reduce the
mosquito infection and ability to transmit. When the/RBomponent genes Dcr2 and
Ago2 fromA. aegyptwere knocked down prior to DENV2 infection of the Carb77
mosquitoes, the DENV-resistant phenotype was revenség itransgenic mosquito,
further demonstrating the role of RNAI in the transgenasquito resistance and in the
mosquito antiviral response (Franz et al., 2006). Theteesie of Carb77 mosquitoes to
DENV2 was lost in later generations of the mosquitd, the effector inverted repeat

RNA was no longer being expressed (Franz et al., 2009).|08si®f expression may
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have been due to a RITS-like mechanism which could hateofithe transcription of
the region that was inserted in the mosquito genome.

dsRNA was also used to trigger an RNAI antiviral respoms&RV and DENV-1
in C6/36 cells. The RNAI response of these cells wastésted with dsRNA and
plasmids expressing an enhanced green fluorescent prot&R)e€porter gene co-
transfections. dsRNA to eGFP reduced the number ofiaisRive cells by 40-60%
when it was co-transfected with the eGFP reporteampiidh. sSRNA was less effective,
with sense ssRNA to eGFP having little to no effect & Gxpression. Antisense
sSRNA to eGFP inhibited GPF expression by about 40%, whas&a$A to eGFP
reduced GFP expression by 50%. When the cells were idfedtte SFV expressing
green lantern GFP (gIGFP) along with 78 bp dsRNA fronSlR¥ nsp-2 and nsp4 genes,
the number of cells expressing GFP was reduced by approxibagé. When 78 bp
dsRNA to DENV1 genes prM, E, NS1 and NS5 was used to ¢éeinstlls 18 hours
before DENV1 infection, there was a reduction in DENKdrtcompared to sSRNA from
the same genes. Sense ssRNA had no effect on th& DEgglication, but antisense
SSRNA did reduce DENV1 replication, although not as mu¢hedsRNA from the
DENYV genes did (Caplen et al., 2002).

RNAI pathway genes were discovered in fhggambiaggenome, by BLAST
searching for sequences similaiomelanogasteRNAIi genes. Putative Dcrl, Dcr2
and 5 Argonaute genes were found. PretreatmehtgaimbiaeSualB cells with dsSRNA
from these genes, then treating the cells with dsRNlAdiferase and a luciferase
expression plasmid, showed that Dcr2, Ago2 and Ago3 knock-desulted recovery of

luciferase activity to a greater extent than non-speBita-galactosidase-gal) dsSRNA
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pretreatment. This indicates their role in negambiaeRNAI pathway, as using RNAI
to knock down Dcr2, Ago2 and Ago3 blocked the ability of theNiSRrom luciferase to
knockdown luciferase expression from the plasmid (Had. e2003).

In experiments witi\. gambiaenosquitoes, co-injection of ONNV with dsRNA
to the nsP3 region of the virus RNA reduced ONNYV viresgitand virus spread
compared to co-injection of ONNV and control dsRNA frogal. Mosquitoes injected
with dsRNA to theA. gambiaeAgo2 gene along with virus showed 16-fold higher viral
titers than -gal dsRNA controls. Injection of dSRNA f gambiaeAgol, Ago4 and
Ago5 did not result in increased viral infection as comgaéoecontrol -gal dsRNA, but
injection of dSRNA toA. gambiaeAgo3 with ONNV caused greater virus dissemination
and statistically higher virus titers, indicating a pblesrole for Ago3 inA. gambiae
antiviral RNAi (Keene et al., 2004). These resultsastitat RNAI is an important
antiviral pathway ilPA. gambiaemosquitoes, and that exposure to dsRNA from the virus
genome reduces viral infection, while reducing activitpAgb2 (and possibly Ago3) in
RNAI increased viral infection.

Using a comparative genomics approach, homologs of vasina RNA
pathways components were identified in fheaegyptigenome (Campbell et al., 2008a).
These include the siRNA pathway components Dcr2, Ago2, RZD2TSN, and Fmr-1
and miRNA pathway components Drosha, Pasha, Dcrl, Agollagsl In the piRNA
pathway, there appeared to be an expansion of the getteswitiple homologs of
Armitage, Ago4-like and Ago5-like components, whereas tappeared to be only one
homolog of these geneslih melanogasteor A. gambiae One Ago3 and one Spindle-E

homolog were found iA. aegyptiwhich corresponds to the same numbek.igambiae
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andD. melanogaster This expansion in the small RNA pathways genes magatel
that these pathways are evolving fasteh.irmegyptithan inD. melanogasteflies orA.
gambiaemosquitoes. Ago2 was also found to be significantlyenaiiverse in mosquito
species than Agol, suggesting that the arbovirus infectiomosquitoes could be driving
faster evolution in the antiviral small RNA pathwa@apbell et al., 2008a).

RNAI has also been shown to be an important antigagiway inA. aegypti
against SINV. When dsRNA tA. aegyptiAgo2, Dcr2 or TSN was co-injected indo
aegyptimosquitoes along with double-subgenomic SINV TR339-eGlere thias an
increase in the positive strand viral RNA, in virusritand in infection rates of
mosquitoes. Transcript levels of only TSN among tlgeses increased significantly in
mosquito midguts after and infectious bloodmeal. Virus-spesihall RNAs were
detected at 2 and 7 days post-infection from TR339 SINV dectosquitoes, with
more small RNAs being detected from an antisense pnadieating that the positive
strand of SINV may be targeted more for Dicer cleathga dsRNA replicative
intermediates. Few virus-specific small RNAs wereedield in SINV MRE16 infected
mosquitoes (Campbell et al., 2008b).

RNAi also plays an important role in the aegyptimosquito antiviral response to
DENV2. DENV2 infection induces dsRNA and viRNAs in both Aaglls and
mosquitoes. When mosquitoes were injected with dSRN® &egyptiDcr2 or R2D2
and fed a DENV2 infectious bloodmeal two days later, thesuiters in whole
mosquitoes increased compared to non-injected or dsRY{EA injected mosquitoes.
Significant increases in DENV2 titers were not sedh WsRNA toA. aegyptiAgo2.

The percentage of infected mosquitoes was not highethkamon-injected group with
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dsRNA to Ago2 or R2D2, but was statistically higher ia Brr2 dsRNA-injected group.
Impairment of RNAI also led to earlier transmissidib&NV2 from infected
mosquitoes. At 10 days post-infection, mosquitoes irgeaith dsRNA to Dcr2 had
increased titer in a feeding solution over the uninjectesgoitoes, and at 12 days post-
infection, mosquitoes injected with dsRNA to Dcr2, R2D& Ago2 had increased titers
in saliva compared to DENV infected mosquitoes that weténjected with dsRNA.
These results showed that inhibiting RNAI can resudt #morter EIP for DENV2
transmission in mosquitoes, further indicating théaadi role of RNAI in controlling
DENV?2 infection of mosquitoes (Sanchez-Vargas et al., 2009)

Additional experiments demonstrated the role of RNAnwsquito antiviral
defense by expressing the FHV B2 protein, which inhibitBtzavage of long dsRNA,
during SINV infection ofA. aegypti SINV TE3'2J was engineered to express the B2
protein under the control of a second subgenomic promotemEtich et al., 2009,
Myles et al., 2008). SINV expressing B2 caused Bothegyptimosquito and cell
culture mortality, whereas the original un-engineeredsvtaused few ill effects in cells
or mosquitoes, where it formed persistent non-cytopatfections (Cirimotich et al.,
2009, Myles et al., 2008). Virus titers also increased mapiely and to higher levels
with SINV-B2 compared to SINV alone in both cell cultared mosquitoes. Myles et al.
(2008) also expressed the NoV B2 protein in an engineeredMOMRctedA. gambiae
mosquitoes, and showed decreased survival, with the ONNKHB®) all mosquitoes
by 11 days, whereas ONNV killed 90% of mosquitoes only 2ffedlays. These results
showed the importance of RNAI in the formation of peesit infections by alphaviruses

and that impairing with the pathway led to uncontrolled ghoo¥ the viruses and death
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in various mosquito species. This highlights the evolubioarboviruses with their
mosquito host to form persistent infections that allbezmosquito to survive and further
spread the virus to new hosts.

The viRNAs produced during SINV and SINV-B2 infections werdyaaeal by
deep sequencing. There were 453,360 SINV-specific small RNAsiglength
produced in the mosquitoes infected with the wild-type \iMdes et al., 2008). These
were 54% positive sense and 46% negative sense, indidagingany of the small
RNAs were probably produced from dsRNA formed by the replieantermediates
made during viral replication. Some areas of the gerappeared to be targeted more,
implicating that not only were dsRNA replicative intehates targets for Dcr2, but the
sSRNA virus genome itself was also a Dcr2 target als(Mgles et al., 2008). The
VIRNAs made up more that 10% of the total cellular sRaIAs sequenced in the 18- to
24- nt size range that were sequenced. The authors subtiegtaumber was an
underestimate as they only included sequences that were 10@%edat the genome
and that total mosquito RNA was used for the libraraher than only SINV infected
mosquito tissues. Whether or not this is a leveldbatirs naturally has yet to be
determined, as the mosquitoes were not infected througlabbl@odmeal, but instead
were injected with high doses of virus. The numbeI1blV-specific small RNAs in the
mosquitoes infected with SINV expressing B2 was greatly estitac 12,276 ViRNAS,
indicating that indeed the B2 protein was blocking dsRNA @gawy Dcr2, reducing
the number of VIRNAs by a factor of 9.8. These were 6&¥h the positive strand and

37% from the negative strand (Myles et al., 2008).
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ONNV ViRNAs from infectedA. gambiaemosquitoes were examined using high
throughput sequencing from two biological replicates. Femmsquitoes were injected
with ONNV and RNA was harvested 4 days post injectioher& were 15,818 sense and
8945 antisense 21 nt reads that were 100% ONNV genome mat¢hedirst replicate,
and 17,230 sense and 9,594 antisense 21 nt 100% match reads conlersplicate.
The ratio of sense to antisense viRNAs was 1.8/1 fortapiicates. These 21 nt
VIRNAS represented 0.58% and 0.62%, respectively, of therotaber of usable reads
sequenced. The viRNAs were spread across the lengté OMNNV genome, but there
were some ‘hot spots’ with more hits. There did not apieebe a bias for more ViRNAs
coming from the subgenomic 26S RNA in either ONNV- or SliNfécted mosquitoes,
even though there is only one non-structural gene engd¢filih genome) RNA molecule
for every 7-10 encoding (subgenomic) RNA molecules (Mgtesl., 2009, Myles et al.,
2008, Wielgosz & Huang, 1997). If viRNAs were coming from predotalpasRNA
secondary structures, one would expect many more viRNAs ¢toining from the 26S
RNA, implying that the viRNAs are derived from Dcr2 clegeaf long replicative
intermediate dsRNA. These deep sequencing results deatertiat antiviral RNAI is
active against ONNV (Myles et al., 2009). Whngambiaemosquitoes were injected
with ONNV expressing B2, there was increased mortalithénmosquito, indicating a
role of RNAI as an important antiviral pathway for suatiof A. gambiaanfected with
ONNYV (Myles et al., 2008).

WNV ViIRNAS have recently been studiedGuilex pipiens quinquefasciatus
mosquitoes. Approximately 2,544 viRNAs were found in mosqgsitde€ days post

infection and 4,419 viRNAs in mosquitoes at 14 days posttinfeand approximately
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80% of these VIRNAs were perfect matches to the WNV genohiese were 74 %
positive and 26% negative sense and the majority of thema 24 nts in length, the
typical size for products of the siRNA pathway. TheBNAs were spread throughout
the genome, with some regions being highly targeted fo2 Dleavage and other regions
being targeted less frequently. A region coding for tipsidgprotein was the most
targeted area of the WNV genome, and the authors foanérteas of the genome that
were more intensely targeted by the RNAi machinery waoee likely to have point
mutations, suggesting that RNAI contributes to WNV evolutind virus diversification
(Brackney et al., 2009).

Recent work has examined the ability of mosquito smidlARto spread between
cells. It is unclear if insects have a similar RdRE&vay that plants use to amplify their
SiRNAs for systemic spread, but it has been recently stedi¢hat thé®rosophila
antiviral RNAI pathway requires systemic spread, usingllalar dsSRNA uptake
mechanisms. When flies had a defective dsRNA uptake pgthiney were
hypersensitive to DCV and SINV infections (Saleh et al., 200®)singA. albopictus
U4.4 cells and a luciferase reporter system, researshggested that dsSRNA/SIRNAs
could also spread over short distance between mosqugo ddley also found that the
spread of dsSRNA/siRNA between mosquito cells could inhiBY &plication, but when
the p19 siRNA-binding suppressor was expressed, SFV infectien alls was strongly
enhanced. They also concluded that SFV does not inhibit AsfRidvage, interfere
with established RISC, prevent the induction of RNAI, inlsiRNA-induced antiviral
RNAI or inhibit cell-to-cell spread of the RNAI signattiwveen the mosquito cells in their

in vitro experiments. These experiments show further evidiaterboviruses may not

49



have evolved encoded suppressors of antiviral RNAI, asuviigs loads may have
negative impacts on their mosquito host’s survival (&tdeh-Yazdi et al., 2009).

So far there is no evidence that arboviruses natunadigde protein suppressors
of RNAI. In aDrosophilascreen for viral suppressors of RNAI, no mature DENV
protein can rescue FHYV infection of flies when the B&gin of FHV has been deleted,
indicating that none of the DENV proteins inhibit the Riypathway and allow for

normal FHV replication (Li & Ding, 2005).

Summary and Goals:

Arboviruses such as DENV continue to cause diseasdlians of people around
the world each year and many arboviruses are re-emergexgpanding to new areas.
New molecular-based strategies such as genetically mddifosquitoes may help to
stop the spread of these viruses, possibly by triggering ntosoqumune pathways to
target viruses. One of these immune pathways, RNAipkan identified as a key
antiviral pathway in insects, and it plays an importatg m mosquito immunity to
alphaviruses and flaviviruses.

Small RNA pathways have emerged as major players inrggkation at the
molecular level in cells. The siRNA pathway seemisage co-evolved in insects as an
antiviral pathway in a molecular arms race with insattses. Viruses have also evolved
mechanisms to avoid RNAI such as protein suppressors or lfidinghe RNAI
machinery. There appears to be a fine balance betweéungimg enough viruses to be
transmitted, but not so much to overwhelm the hostw Khomsquito small RNA

pathways and arboviruses are interacting at a molelewiaris still unclear. Also, the
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role of mosquito-only viruses in the RNA-based immurspoase to similar arboviruses
is poorly understood.

| hypothesize that DENV2 accessible to the RNAI pathimamosquito cells and
is cleaved into siRNAs by Dicer2, and | have used nexéiggion sequencing
technologies to study this hypothesis. This work will examl) the small RNAs
produced during DENV2 infection of mosquito cells, 2) howRINAI activity varies
between Aag2 and C6/36 cell lines, and 3) the small RNAs peddiering CFAV

infection of mosquito cells.

51



CHAPTER 2

ANALYSIS AND SEQUENCING OF SMALL RNAS FROM DENGUE NRUS TYPE

2-INFECTED MOSQUITO CELLS
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Introduction:

In the last decade, RNA interference-based pathways daerged as a major
component of gene regulation and control of viruses @m$posable elements in many
organisms. Inthe pathways, dsRNA acts as a triggamnioymatic cleavage by Dicer
enzymes into small RNAs, which are then loaded into AfMuced silencing complex
(RISC) containing a member of the Argonaute family. RHeC then uses the small
RNA as a guide to identify complementary long ssRN#ecell for destruction. These
triggers may come from hairpins made from the cell’s @&ne transcription as in the
microRNA pathway, from long dsRNA formed during viral reption as in the
exogenous small-interfering RNA (siRNA) pathway, onifrtranscription of repetitive
elements or transposons as in the endogenous-siRNAgatbewdo-siRNA) or the
PIWI-interacting (pIRNA) pathway (Ghildiyal & Zamor2p09).

These pathways and their small RNA products have beeaatbeazed
extensively in the inse@rosophila melanogasterStudies found that RNAi was an
important antiviral defense in flies against viruses \RNA genomes (Galiana-Arnoux
et al., 2006, van Rij et al., 2006, Wang et al., 2006, Zambal, &006), the interactions
of viruses and the RNAI pathway seem to drive fastelugeo of RNAi genes, and
viruses may have also co-evolved mechanisms to get arowselgathways, leading to a
molecular arms race (Campbell et al., 2008a, Obbard 2086).

Antiviral RNAI activity has also been described in ouigsoes infected with
arboviruses (Brackney et al., 2009, Campbell et al., 2QD8Imotich et al., 2009, Keene
et al., 2004, Myles et al., 2008, Sanchez-Vargas et al., 2819)e do not understand

why the mosquito RNAI antiviral immune system stilbafks for arboviruses to survive
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and be transmitted by mosquitoes. Arboviruses, partlgulae dengue viruses, infect
millions of people around the world each year, causingfgignt morbidity and
mortality. New molecular-based methods are neededpcstep the transmission of
these viral infections between humans and mosquit@bkii-based technology was
used to engineer transgenic mosquitoes that were redistBENV?2 infection (Franz et
al., 2006), yet little is known about how arbovirusesriatt with RNAi pathways at a
molecular level during natural viral infection of mosquitoes

Mosquito RNAI activity against alphaviruses has been detratesl with ONNV
and SINV (Campbell et al., 2008b, Cirimotich et al., 2008ehe et al., 2004, Myles et
al., 2009, Myles et al., 2008). More recently, RNAI againstflaviviruses DENV2 and
WNV was confirmed in mosquitoes (Brackney et al., 2009¢&=mrVargas et al., 2009).
When the Flock House virus Dcr2 inhibitor B2 protein was esged in engineered
SINV, this greatly increased mosquito mortality frona thrus infection, indicating the
critical role of RNAI in preventing arboviruses from owelming their mosquito hosts
(Cirimotich et al., 2009, Myles et al., 2008). The targetRNAI activity on these
SsSRNA viruses was originally assumed to come from dsRiphicative intermediates,
but that idea was challenged when sequencing of ViRNAs fresRBA plant virus
revealed that the secondary structure of the viral gentsalf could be a trigger for Dcr
cleavage and RNAi activity (Molnar et al., 2005).

By examining the viral-specific small RNAs that are gated in the mosquito
antiviral response, we hope to gain understanding in heypathway identifies and
cleaves viral RNA, which will provide insight into how tampulate the pathway to

reduce mosquito transmission of arboviruses. In thistehasmall RNAs were
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sequenced from DENV2-infected Aag2 cells #ndegyptimosquitoes to identify the
cleavage pattern of viral RNA in cells, and also to stumly bther small RNA pathways

in the mosquito cell change in response to DENV2 infactio

Materials and Methods:

Cells and Medium

CulturedA. aegypticells (Aag2) were maintained in Schneider’s Drosophila
Medium (Lonza, Wakersville, MD), modified from manufar with L-glutamine,
supplemented with 10% heat inactivated (30 minutes at 55°Cptatme serum (FBS)
(Colorado Serum), 2 mM L-glutamine (Mediatech, Manasg¢a3,and 100 units
penicillin and 0.1 mg streptomycin (Sigma, St. Louis, M&)28°C in closed flasks with

no CQ supplementation.

Viruses and Cell Infection

Highly passaged DENV type 2 strain Jamaica 1409 virus wasmusgddctions
of Aag2 and C6/36 cells at a multiplicity of infection (M)@f 0.1 for small RNA
sequencing and an MOI 0.05 for small RNA Northern blot tonese. Infections were
done in the same medium as the cells were maintanédt the FBS concentration was
reduced to 2%, and non-essential amino acids were addedcombentrations of L-
glutamine and penicillin/streptomycin remained the same e imaintenance medium.
Cells were approximately 90-100% confluent at the time otiife. Before infection,
maintenance medium was removed from the cells ang anfes of the 2% FBS

infection medium were added to the cell monolayer alongs at the correct MOI. The
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flask was rocked gently at room temperature for one hoare 206 FBS infection
medium was added to reach a final volume of 12 mL in ax¥5lask, and the flask was
incubated at 28°C until samples were harvested. The dafecfion was considered day

zero in the timecourse.

Mosquitoes and DENV2 Infection

All mosquito samples were generated by Dr. Corey CamphelhegyptiRexD
strain mosquitoes were reared at 28°C with 82% humidiye week old female
mosquitoes were deprived of a sugar source overnight andhegrallowed to feed on
artificial bloodmeals containing defibrinated sheep blood Y@6élorado Serum
Company, Boulder, CO) and an infected C6/36 cell suspension (0&c) mM ATP
for 1 hour. The bloodmeal was maintained at 37°C in arvatketed glass feeder
covered with hog gut membrane, and mosquitoes fed ondbd titirough the
membrane. The DENV?2 strain Jamaica 1409 titer was appacedy 1 X 16 pfu/mL
in the bloodmeal for the DENV2 infected mosquitoes, wité mock-infected
mosquitoes were fed a blood and uninfected C6/36 cell mixBloadfed females were
selected and were maintained with water and sugar for Sadta@yshe infection (or mock

infection), when RNA was harvested from 20 whole mos@sitper group using Trizol.

RNA Extraction
Total RNA was extracted from cells using Trizol reagémtifrogen) and
guantified using spectrophotometry. Small RNAs used in hybt@tgon and cloning

were separated from total RNA by gel electrophoresis ®5% TBE-Urea PAGE, eluted
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from the gel slice overnight at room temperature, eseéchwith phenol/chloroform
followed by a chloroform/isoamyl extraction and preeifed in ethanol overnight at -
20°C. Small RNAs used in SOLID sequencing were separateddtal RNA extracted
with Trizol reagent using FlashPAGE columns and FlasBP Apparatus (Applied
Biosystems) running at 75 volts for 12 minutes. The RNApvesipitated with linear

acrylamide (Applied Biosystems) and ammonium acetagéh@nol overnight at -20°C.

In vitro transcription

sSRNA probes were generated to the 498 nt DENV2 prM gemmnriggsense or
antisense orientation via vitro transcription from a T7 promoter using the MEGAscript
kit (Applied Biosystems) with approximately 9% of the UifiRhe transcription reaction
conjugated to biotin (Applied Biosystems). The templadesréinscription were PCR
products with a T7 promoter on the 5’ end for positivessegprobes or a T7 promoter on
the 3’ end for negative sense probes. The templaG& was DENV2 Jamaica 1409
infectious clone DNA (Pierro et al., 2006). The biotinydla$sRNA probes used in
hybrid selection technique were generated in the samérarmyDENV2 genome
nucleotide regions 1-4995 or 4976-10700, using DENV2 16681 infectious clone DNA

(Kinney et al., 1997) as a template for PCR.

Small RNA northern blotting hybridization
Fifty micrograms of total RNA were loaded per lane oniid% TBE-Urea
denaturing gel (Invitrogen) and separated by electrophor@sis was

electrophoretically transferred to a neutrally chang@dn membrane and was
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chemically cross-linked to the membrane using carbodiifitdd et al., 2007). The
membrane was pre-hybridized with UltraHyb (Applied Bideyss) hybridization buffer
at 42°C for 30 minutes. Five micrograms of 498 nt probe adisced to 50-100 nt
fragments via hydrolysis in 200 mM carbonate buffer at @0tf@pproximately 2.5
hours. The probe was added to the UltraHyb buffer "#feepre-hybridization and
incubated 16 hr at 42°C. The membrane was washed twicWi85C,0.1% SDS
buffer for 5 minutes each, followed by two washes in 0.8CS0.1% SDS buffer for 15
minutes each. All washes were done at 42°C. RNA wasiet with the BrightStar
BioDetect Kit (Ambion) and membranes were exposeditoradiography film for 18

hours.

Small RNA cloning and sequencing using “Hybrid Selection”

Small RNAs were gel-purified from a 15% TBE-Urea gel andidyted
overnight at 42C with biotinylated ssSRNA probes from balihe DENV2 genome
(strain 16681) (nts 1-4995) in sense or antisense oriemtatiavith 2 sense probes (nts
1-4995 and 4976-10700) covering the entire genome, or 2 antisensg @mshe-4995
and 4976-10700) covering the entire genome. Probes and hybisdeddRNAs were
mixed with streptavidin-agarose beads and unbound RNA was dvasfay. Small
RNAs were released from the probe by heating, a linkéRI#Aicloning linker No. 3,
Integrated DNA Technologies, Inc., Coralville, 1A) wagted to the 3’ ends and the
products were gel-purified. A linker (MRS cloning linker, Integgd DNA
Technologies, Inc.) was then ligated to the 5’ endd,raverse transcription, PCR was

performed to amplify the products and the PCR band of dosize was extracted from
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agarose gel. The PCR products were then ligated togetfent concatemers, size
selected by agarose gel separation and extraction dciottethe pTOPO4 cloning vector
(Invitrogen) and sequenced by the Proteomics and Metabrddracility at Colorado
State University. Sequences were analyzed for linkermegising VectorNTI software
(Version 10, Invitrogen), and the sequences located betthedimkers were used to

BLAST search the GenBank database to identify thel$RiNAs (See Figure 2.1).
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Figure 2.1: Diagram of Hybrid Selection technique and tragitismall RNA cloning
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Sequencing by oligonucleotide ligation and detection (SOLID) sequencing

Small RNA libraries were made using the SOLID Small REMpression Kit
(Applied Biosystems), November 2008 edition, with Dr. @aCampbell making the
mosquito-based libraries. Ligation reactions weraipetith approximately 200
nanograms (ng) of FlashPAGE fractionated small RNApkiculture sample (500 ng
of FlashPAGE fractionated small RNA per mosquito sajnmeng Adaptor Mix “A”.
After a reverse transcription and RNaseH treatmentoappately 20, 50 pl PCR
reactions were set up per sample with 1 pl of cDNA use&@¢l reaction along with
15 cycles of PCR amplification for cell culture sanspdend 18 cycles of PCR
amplification for mosquito samples.

Table 2.1: SOLID PCR Primer Sets for Aag2 andh. aegyptiset (See Appendix Table
A.2 for primer sequences)

Sample SOLID PCR Primer Set
Aag2 Mock 9

Aag2 DENV2 Day 1 S

Aag2 DENV2 Day5 6

A. aegypti mosquito mock 1

A. aegypti mosquito DENV2 Day 9 2

DNA libraries made from the SOLID small RNA expresskit were sent to the

University of Washington (UW) for sequencing using the Appliezsistems SOLID 2

sequencing instrument, with each sample running in its ovat (ld8 of a slide).

VIRNA Sequencing Analysis

Potential viRNAs were aligned to DENV2 genome using NeNGE

(Softgenetics, LLC, State College, PA) software runnimggttanscriptome assembly

function with the parameters in Table 2.2 below. \@rdi.11 was used for both Aag2
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and mosquito samples. CSFASTA (color-space) filem f8OLID sequencing of
samples from UW were used as the sample file and a RAi&Tof the DENV2 Jamaica
1409 strain RNA from GenBank accession number M20558.1 was sisleel eference
sequence. Size graphs were adjusted for loss of the Shawstduring length

calculation (one nt was added to the length of each $§théd).

Table 2.2: NextGENe software parameters for viRNA alignmen

NextGENe Setting Used
barameter Aag?2 cell culture Mosquito
Condensation Off Off
Assembly Off Off
Alignment On On
Alignment Method Method 1 Method 1
Matching Base 12 12
Number
Matching Base 51 50
Percentage
Sequence Reads < 1kb Off Off
Alignment Memory 1.0 1.0
Ratio
Allow Ambiguous Off Off
Location
Sequence Range On, 0to 35 On, 0to 35
Checked
Hide Unmatched On On
Reads
Mutation Percentage 0.0 0.1
Mutation Coverage 3 1
Allow Deletion of Off Off
Mutations
FR Balance Off Off
Load Assembled Off Off
Result Files
Load Sage Data Off Off
Load Paired End Data Off Off
Saved Matched Reads On On
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VIRNAs were also aligned to the DENV2 genome using the$®LID small
RNA Analysis Pipeline Tool v.0.5.0 (RNA2MAP), and the s@itevwas set up and run
by Dr. Richard Casey at Colorado State Universityne DENV2 RNA sequence used as
reference was the GenBank accession number M20558.1 faéaurtiegca 1409 strain.
The primers and adapters were filtered out and the miRbasghing step was turned

off.

The following was used as the configuration file:

UN_FILTERING true
RUN_MIRBASE_MATCHING false
RUN_GENOME_MATCHING true

tag_length 35
pattern 1111111111112211112211111221111111111 #need to be of tag_length size
adaptorCGCCTTGGCCGTACAGCAG

# filtering step

filter_step_reference_file /projects/jackiescott/prinfdter_reference.fasta
filter_step_number_of bases to use 25

filter_step_number_of_errors 2

# miRBase matching step

miRBase_step_gff reference_file  /projects/jackiescatdit
MAKE_PRECURSOR_FASTA REFERENCE no
miRBase_step reference fasta file /projects/jackigbestfasta
miRBase_step_reference_extenssion 35

miRBase_step seeds number_of bases to_use 18
miRBase_step_seeds_number_of_errors 3
miRBase_step_extension_max_number_of errors 6
miRBase_step _output_read_type unique
miRBase_step_output_countsyes
miRBase_step_output_wiggle yes

miRBase_step output_gff reads no

# genome matching step

genome_step_reference fasta file /projects/jackiebt2@858.fasta
genome_step_seeds_number_of bases to use 20
genome_step_seeds_number_of errors 2
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genome_step_extension_max_number_of errors 5
genome_step_maximum_number_of_hits_per_tag 5
genome_step_output_read_type all
genome_step_output_wiggle yes
genome_step_output_wiggle coverage cut 10

# environment information

NAME_OF_QUEUE secondary #highmem
FOLDER_FOR_TEMPORARY_FILES ON_COMPUTE_NODES Iscratch/
NUMBER_OF PROCESSORS ALLOCATED PER_NODE 1
MAX_MEMORY_PER_JOB_IN BYTES 2e9

# NOT YET IMPLEMENTED

NUMBER_OF READS FILE_PARTITIONS 2

mMiRNA Sequencing Analysis

mMiRNAs were identified using the alignment function okN&ENe (Version
1.11), with the same parameters as Table 2.2 except tbhingabase percentage was set
to 50, the sequence reads <1 kb turned on, and the mutatientagee set to 0.2. The
sample files were the CSFASTA files from the SOk#&yuencing for each sample and
the reference genome was the complete mature miRidAsthe miRBase website
(Ambros et al., 2003, Griffiths-Jones, 2004, Griffiths-Jogtesl., 2006, Griffiths-Jones et
al., 2008, mirbase.org) downloaded on May 14, 2009, convertedadila format (with
the U’s converted to T's) by Kevin LaVan at Softgeneti¢bis reference file is
annotated, allowing for identification and counts forreatthe various miRNAs in the
database. The alignments for miRNAs that were foumactease the most with
infection were the manually checked for matching thetGENe Sequence Alignment
viewer to make sure the matches did not overlap miRNAttions, and those that were

not direct matches to a specific miRNA were then netlus the graph.
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Other mosquito small RNA analysis

Small RNAs that matched tiAeedes aegypidcr2 and Ago2 mRNA sequences
were identified in the mock-Aag2 and DENV2-Aag2 (5 dpi) SOLalmples by using
NextGENe alignment function (Version 1.11) with the sggammeters as the miRNA
analysis. A. aegyptiDcr2 sequence was acquired from GenBank (accession number
AY713296), andA. aegyptiAgo2 sequence was generously provided by Dr. Alexander
Franz. The mock-Aag2 SOLID sample was also used tondie& which proportions of
the small RNA libraries were derived frofn aegyptrRNA/tRNA, theA. aegypti
transcriptome and from other regions of the genome tkedlextGENe transcriptome
alignment function (Version 1.92). The aegyptisupercontigs and transcriptome files
were acquired from VectorBase.org, the mosquito rRNA/tRiA were acquired from

GenBank and all files were formatted for NextGENe by@orey Campbell.

Results:
Small RNA northern blot hybridization for DENV2 viRNAs

Northern blotting was performed to look for the presexfd@ENV2-specific
small RNAs in Aag2 cell culture. The prM (premembranesjef DENV2 was used as
a probe because Emily Travanty had discovered one DEN®@f& small RNA in her
small RNA cloning experiment, and it was from the prMeyeggion (Travanty, 2005).
Using a chemical cross-linking technique to bind RNA to a ngi@embrane, DENV2
small RNAs were detected by northern blot hybridizatwth biotin-labeled probes from
total RNA from Aag2 cells infected with DENV2 (Figure 2.2)he size of the VIRNA

band was between 21-25 nt in length. There was no bandetktethe mock-infected
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samples, indicating that it was viral specific. MBMENV small RNAs accumulated at
days later after infection, and more DENV2 small RNAsevdetected using the
antisense prM probe than using the sense probe (blots xypeErseel to same piece of film
for same time), indicating a possible bias towards praolucti more sense DENV small
RNAs. When the combined intensity of the bands orbkbiewas analyzed with
Quantity One Software (Bio-Rad) the antisense probd ba7 days post infection
accounted for approximately 63% of the intensity, whilesinese probe band at 7 days
post infection accounted for approximately 36% of the comhimedsity. This
difference may also be due to the antisense prM probedd@2% of the bases as a UTP,
while the sense probe has 23% of the bases as UT@atindi that the antisense probe
may be more highly labeled, thus giving a stronger sigiéien this difference in the
number of UTPs is accounted for, 54% of the signal im 'vdRNAs from the positive
strand and 45% from the negative strand. This blot magatelihat the sense strand is
being targeted more by the RNAi machinery, possibly targétegiral genome’s
secondary structure, although when the UTP levels anstadjfor, the ViIRNA levels

may be closer to equal from each strand.

Mock _
Infected Dengue Virus Infected
! 01234567 M : Days Post Infection
25 nt
Antisense prM probe
17 nt
25 nt
Sense prM probe
17 nt

Figure 2.2: Detection of DENV2-specific small RNAs in ctied Aag?2 cells using sense
and antisens probes from the DENV2 prM gene. This figusebsished in (Sanchez-
Vargas et al., 2009).
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Small RNA cloning and sequencing using “Hybrid Selection”

In order to characterize which regions of the DEN\PARare being targeted for
cleavage, we attempted to clone and sequence virus-sggedlcRNAs. To enrich for
DENV2-specific ViIRNAs in the small RNA population we doyed a “Hybrid
Selection” technique. The DENV2 small RNAs identifiednyprid selection and
traditional cloning from DENV2-infected Aag?2 cells are listed able 2.3. Twenty-six
DENV2 small RNAs were identified using this technique. Manthefother small
RNAs identified were from mosquito ribosomal and tran&NA, mosquito mRNAs,
MiRNAs orEscherichia colRNA. These non-specific small RNAs were probablynfibu
due in inefficient or incomplete washing, or non-spedifieding to the hybrid selection
probes. Thé&. coliRNA most likely came from the recombinant RNA ligasat twas
produced irE. coli bacterial cells. In all, 269 small RNAs were clonad aentified,
and approximately 10% (26) matched the DENV2 genome. Théhlehgie DENV2
VIRNAs identified ranged between 16-25 nt, with most betv2€eA1 nt in length
(Figure 2.3). The small RNAs identified that were |és81t20 nts in length may be too
short to be generated by Dicer2 cleavage and could be degngplatducts. Fourteen
(54%) matched the sense strand, 12 (46%) matched the amtitesnsd. The DENV2
small RNAs were found in regions across the DENV2 genavitk slightly more being
found in the 5’ half of the genome, probably due to mopeements being done with
only the 5’ half probes (instead of both 5’ and 3’ halfij@® together) (Figure 2.4).
There were some small RNAs that overlapped, includingn8esemall RNAs from the
NS2A gene region covering nt 3909-3940, 2 sense small RNAstlre NS3 gene

region covering nt 4966-4995, and 2 sense small RNAs in thERBtovering nt 10453-
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10494 (with one nt overlap between the two). Antisensdl$dNAs that overlapped

included 2 from the E gene region covering nt 1079-1102, and 2N®i2B gene region

covering nt 4401-4423.

Table 2.3: Hybrid selected DENV2 viRNAs from Aag2 cells beteen 16-25 ntin

length.
Sequence 5’ 3 Sense or DENV gene | Nucleotide Length
Antisense position (nt)
ggtcctcgtccttgcag Antisense C 208-224 17
agtggcactcgttccacatg Sense prM/M 714-733 20
ggcaggttgtttggcttctg Antisense E 1079-1098 20
gagtggcaggttgtttggcttc Antisense E 1081-1102 20
ggaaagggaggcattgtgacc Sense E 1261-1281 21
gtagctgtctccgaatgg Antisense E 2050-2067 18
acagagccgtccatgccgatat Sense NS1 2993-3014 22
ggtagcctggtctgtagttgtg Antisense NS1 3181-3207 22
attggcagtgactatca Sense NS2A 3909-3925 17
gactatcatggctatcctgtg Sense NS2A 3918-3938 21
tatcatggctatcctgtgtg Sense NS2A 3921-3940 20
ttgtgcaactcaccttccatgcgtt Antisense NS2A 3964-3988 25
atggtcagtgtttgttcttcc Antisense NS2B 4401-4421 21
gtatggtcagtgtttg Antisense NS2B 4408-4423 16
agaacgggattgttggtg Sense NS2B 4429-4446 18
gtgacgtgccacattgtatgg Antisense NS3 4659-4679 21
gaaccatcatgggcagacgtcaag Sense NS3 A4717-4740 24
atctctggacttttcccctgg Sense NS3 4899-4919 21
tctttacggtaatggtgttg Sense NS3 4966-4984 19
ctttacggtaatggtgttgtcac Sense NS3 4966-4988 23
gtgttgtcacaaggagt Sense NS3 4979-4995 17
ggctatagcactcacatatg Antisense NS3 5000-5019 20
gtctttcctgctcctggatg Antisense NS3 5101-5120 20
gctgggtctgtgaagtgggce Antisense NS3 5377-5396 20
gggaggccacaaaccatgg Sense 3 UTR 10453-10471 19
ggaagctgtacgcatggcgtagtg&ense 3 UTR 10470-10494 25
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,Il.“h.[

Length of VIRNAS (nt)

Figure 2.3: Size distribution of DENV viRNAs from Aag2 cefifected for 5 days with DENV2
isolated using hybrid selection technique.

|

|
LT HTN

Figure 2.4: Hybrid selected DENV2 viRNA distribution on DEANgyenome. DENV2 viRNAs
isolated by hybrid selection technique and cloning, distribalagy the length of the DENV
genome (5° 3’ left to right), with arrows indicating where viRNAs olagped.
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Other small RNAs derived from the DENV2 genome longant?5 nt in length

were identified using the hybrid selection technique (Table S#jce they are longer

than typical siRNAs, they were probably not generateBdr2 cleavage, but may have

come from another small RNA pathway or possibly wirgradation products. It is

unknown if they serve any functions in the cell or woelsutt in any antiviral activity

from the mosquito immune response.

Table 2.4: Hybrid selected DENV2 small RNAs from Aag2 calover 25 nt in

length.
Sequence 5 3 Sense or | DENV | Nucleotid | Lengt

Antisens | 2 gene | e Position | h (nt)

e
cgccacaagggccatgaacagtttcaatggtcctegtectigudisense| C 208-252 45
g
ggaaatgtgtcgttcctatggtgtatgccaggattgctgecdteattisense| M 839-886 48
g9
gtgtcatttccgactgcatgctcttcc antisense| E 1374-1400 27
gtcaattctgcttctgtgatggaactctgtggtg antisense| E 1430-1463 34
ggaattgtgacactgtatttgggggtcatg sense E 2383-2412 30
catggtgcaggccgatagcggttgcgttgtgagctg sense E/NS1 2409-2444 36
actgaccatactcattagaacaggattgctggtgatctcaggzense NS2B| 4413-445b 43
atcaataccaatcacggcagcagcatggtacctgtg sense NS2B| 4467-450R 36
tacggtaatggtgttgtcacaaggagt sense NS3 4969-499b 27
ggtctgggctatagcactcacatgctccactcc antisense| NS3 4993-5025 33
gcatgacacattaggtccacgatctcccgeccggtgtg | antisense| NS3 5272-5309 38
ccacgaacgctcagggatttctctttcct antisense| NS3 5525-5553 P9
gaggatggaacgattggacacaagtgcctttc sense NS5 9662-9693 32

The hybrid selection technique did not only isolate DENV24fipesmall RNAS,

but some other small RNAs were also cloned from thieleed population, probably due

to inefficient removal of non-specific small RNAs duithe washing steps. Some of

these small RNAs matched known microRNAs. The miRMsitified had sequence

identities toD. melanogastemir-2a-1,D. melanogastemir-13b-2, andMus musculus
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mir-33 (Table 2.5). Their functions are poorly understsod, will not speculate on their

roles in the mosquito cell.

Table 2.5: miRNAs identified from hybrid selection

Sequence (5’ 3)) Length (nt) BLAST match (total Percent
length of transcript in Identity
nt)

tcacagccagctttgatgagc 21 Drosophila melanogaster100%

mir-2a-1 (23 nt)
Bombyx mornon-coding| 100%
RNA, ovarian small
RNA-23492 (27 nt)
Culex pipiens 100%
quinquefasciatus

phosphatase 4 partial

MmRNA

(2955 nt)
tatcacagccattttgacgagt | 22 Drosophila melanogaster100%

mir-13b-2 (22 nt)
gtgcattgtagttgcattgca 21 Mus musculumir33, 100%

microRNA (69 nt)

Interestingly, two mosquito-only flavivirus-like smalNRs were also identified,
including a sequence that was a direct match to CFAV anthahenatched the Kamiti
River virus-like integration described as Cell Silent Ag2{CSA2) (Crochu et al., 2004)
(Figure 2.5). Both of these sequences matched 100% and weegldssm the
antisense strand of the virus genomes. The sequenc€fAivi was exactly 21 nt in
length, suggesting a siRNA pathway origin, while the CSA&gration sequence was 30

nt in length, suggesting a piIRNA pathway (or other nomMNgipathway) origin.
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5’ cgcgcacgatccaaactctgagttcctgge 3’ (30 nt)

>|_ gbJAY347953.1| Aedes aegypti A20 sequence containing region

similar to NS5 gene
of Kamiti River virus
Length=3001

Score = 60.0 bits (30), Expect = 2e-07
Identities = 30/30 (100%), Gaps = 0/30 (0%)
Strand=Plus/Minus

Query 1 CGCGCACGATCCAAACTCTGAGTTCCTGGC 30

LEITULLARRTRL
Shjct 351 CGCGCACGATCCAAACTCTGAGTTCCTGGC 322

5’ tcgtccatcaccgtgecgcetge 3’ (22 nt)

>|_ gb|M91671.1|YFVCFAPP Flavivirus cell fusing agent polyprotein

gene, complete cds
Length=10695

GENE ID: 1496976 CFA | cell fusing agent polyprotein [Cell fusing
agent virus]
(10 or fewer PubMed links)

Score = 42.1 bits (21), Expect =0.020
Identities = 21/21 (100%), Gaps = 0/21 (0%)
Strand=Plus/Minus

Query 2 CGTCCATCACCGTGCCGCTGC 22

DT
Shjct 9228 CGTCCATCACCGTGCCGCTGC 9208

Figure 2.5: Mosquito-only flavivirus-like small RNAs identdi®dy hybrid selection and
alignment to GenBank sequences matching a mosquito DNgratien related to
Kamiti River virus and matching cell fusing agent virus.
DENV2 small RNAs identified from SOLID sequencing using NextGENesinal

In order to get a more comprehensive look at the DEN)é2Zific small RNAs
produced in infected cells, we used next-generation sequeecimgoiogies to sequence
the most of small RNA population in the cell. DENV2-sifie small RNAs were

analyzed from Aag?2 cells ad aegyptimosquito samples either mock- or DENV2-

infected using the NextGENe software. The DENV2-infec@mple RNA was
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harvested 1 and 5 days after virus infection, and the moekted sample RNA was
harvested 5 days after mock-infection for Aag2 cells ansigoito samples were
harvested 9 days after DENV2- or mock-infection. Thereewaly 93 matches to the
DENV2 genome in the uninfected Aag2 sample (7%@®of the total numbers of reads)
suggesting it may be due to non-specific alignment of skads (Table 2.6). The
DENV2-infected sample from 1 day post-infection also hadrg low number of
DENV2-specific reads (55), indicating that viral replioatand/or the dsRNA trigger in
the cell was not very prevalent early after infectathough the cells were faintly
positive for virus E protein by IFA at this timepoint (datd shown). The RNA
harvested from DENV2-infected Aag2 cells at 5 days posttioie had 1612 DENV2-
specific ViIRNAs that aligned to the DENV2 genome using N&NE (Table 2.6). This
is many more than in the uninfected or DENV2-infected 1lgistill only accounted
for 0.01% of the total number of small RNAs from thedity, indicating possibly low
levels of viral replication, or sequestration of thRN#\ trigger in cellular membranes
(Uchil & Satchidanandam, 2003). The mock-infected mosquito lsaimal a few small
RNA that matched the DENV2 genome (30), and the DENV24etemosquito had
6029 DENV2-specific small RNAs, but this only accounted f06% of the total
number of small RNA reads (Table 2.6). Whether or netléivel is biologically
significant for controlling viral replication in the kseis unknown.

The DENV2-specific small RNAs from DENV2-infected Aag2i€€5 dpi) were
59% positive sense, and the small RNAs from DENV2-igf@chosquitoes were 55%

positive sense. The ratios of positive to negativeesBENV2 small RNAs are were
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close to equal, indicating most small RNAs may be derfiraad dsRNA replicative

intermediates, rather than ssRNA secondary structures.

Table 2.6: Numbers of DENV2 viRNASs identified with Next@&Ne software

Sample (Total number o Number of DENV Percent from Percent from
reads small RNAs positive sense | negative sense
reads) (Percentage of total) strand strand

(?29028';"325) 93 (7x10° %) 17% 83%
Aa%szE;ElNS\ggSy 1 55 (4x10° %) 41% 59%
Aa%szl'le\ngSa)y > 1612 (0.01%) 59% 41%

M‘(’j‘%‘gt?"o'\gg)ck 30 (4x10" %) 60% 40%
Mosquito DENV2 Day 9 o 55% 45%
(12,267,708) 6029 (0.05%)

The predominant size of the DENV2-specific small RNAths DENV2-infected
Aag2 sample (5 dpi), was 21 nts in length, which is theagdesize for Dcr2 products,
indicating that the exogenous-siRNA pathway was the tikedy pathway used by the
cell to target DENV2 dsRNA (Figure 2.6). The sizes inrttoek- and DENV2-infected
(1 dpi) Aag2 samples were smaller, indicating they magugeto non-specific matching
in the alignment.

The distribution pattern of the DENV2-specific smalA&s in the DENV2-
infected Aag2 sample (5 dpi) was across the entire DENY@rge (Figure 2.7). There
appeared to be one hot spot for cleavage from nt 10033-1006dacdhe NS5 gene,
although there are no specific secondary structures kfavthis region, and it is
difficult to perform Mfold analysis (Zuker, 2003) on thega DENV2 genome. When

the VIRNA sequences are not allowed to ‘overlap’ and fstraulders’, but instead are

74



counted only as one read matching their starting nucleshide,distribution is very even
across the genome (Figure 2.7), with only one read p#ingtaucleotide location,

except at the hot spot in the NS5 gene. The even distribof the VIRNAS across the
genome is another indication that long dsRNA rephleaitermediates were the target of

the Dcr2 cleavage.
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A)

B)

C)

Figure 2.6: Size distribution of DENV2 viRNAs identified frddextGENe alignment from
Aag? cells Mock-DENV2-infected (A), DENV2-infected 1 dBi) and DENV2-infected 5 dpi.
(C). Blue indicates the ViRNA was from the positive sirand red indicates the viRNA was
from the negative strand of the RNA. (Note differenlescan x-axis)
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The DENV2-specific small RNAs from DENV2-infected mogges showed a
similar size distribution when examined with the NexME software. The predominant
size of the DENV2-specific small RNAs was 21 nt in léndhe size expected from Dcr2

cleavage in the exogenous siRNA pathway (Figure 2.8).

A)

B)

Figure 2.8: Size distribution of DENV2 viRNAs identified NgxtGENe alignment frorA.
aegyptimosquitoes Mock-DENV2-infected (A), and DENV2-infectedm® (B). Blue indicates
the VIRNA was from the positive strand and red indicdtes/iRNA was from the negative
strand of the RNA. (Note scale differences)

The distribution of the DENV2 viRNAs from infected mogqes along the
DENV2 genome was somewhat different than was sed®iDENV2-infected Aag2
cells (Figure 2.9). The DENV2 viRNAs were located irredlions of the gnome, but
there seemed to be more ‘hot spots’ for cleavage,atidg that sSSRNA secondary
structures of the DENV2 genome may have been targetedoy&®BlAi in the mosquito

than in cell culture.
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SOLID pipeline analysis

The Aag?2 cell small RNA libraries were also alignechsDENV2 genome
using the SOLID small RNA analysis pipeline to comparthéoresults seen with the
NextGENe alignment software. The SOLID softwardsstite counts by the number of
mismatches, but does not give the size of the alignell BRIMA and does not map the
aligned sequences on the genome. With the SOLID asdhesie were less DENV2-
specific small RNAs found in the mock- and DENV2-infectadpllAag2 samples.
NextGENe had identified 93 potential DENV2 small RNAs & thock-infected Aag2
samples and 55 potential DENV2 small RNAs in the DENV2¢itefié 1 dpi Aag2
samples, while the SOLID software found 33 in the mocketef and 17 in the DENV2-
infected 1 dpi Aag2 samples (Table 2.7). More DENV2-speatfiglisRNAs were found
in the DENV2-infected 5 dpi sample using the SOLID softvwapeline (1,853 ViRNAS)
compared to the NextGENe software (1,612 viRNAs). WherSOLID software
allowed for one mismatch, the number of DENV2 viRNAg@ased for all samples, up
to 7863 hits in the Aag2 Mock sample. Since these viRNAs@sall, allowing for
one mismatch may allow for many more non-speciignahents, as is probably the case
in the mock-infected Aag2 samples.

The number of matches in the DENV2-infected mosquitqamas 3,880 (with
no mismatches) with the SOLID pipeline alignment, camg@do 6,020 matches with the
NextGENe alignment (Table 2.7). The differences aregbty due to the alignment

algorithms, but we are not clear at this point which numéersnore accurate.
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Table 2.7: DENV2-specific small RNAs from SOLID pipelie

Total number of reads | Number of DENV2 viRNAs
with zero mismatches

Aag2 Mock 14087714 33 (2 x 1)
Aag2 DENV2 Day 1 12615439 17 (1 x10)
Aag2 DENV2 Day 5 12131018 1853 (0.02%)
Mosquito DENV2 Day 9 12,267,708 3880 (0.03%)

Changes in miRNA levels after DENV2 infection

The levels of known miRNAs in the small RNA libresiwere analyzed to see if
changes occurred during infection of Aag2 cells. The perdehe total small RNA
library made up of miRNAs increased with infection athbmbe day and 5 days post-
DENV2 infection. The miRNA percentage in uninfected Aaglisovas 1.4%, while the
MIRNA percentage increased to 2.3% in DENV2-infected cebsdays post-infection
(Table 2.8). Although this is only one dataset, this iner@asy indicate an overall
increase in MIRNA gene regulation after infection.

Table 2.8: Numbers of potential miRNAs identified in Aag2 dés using the whole
miRBase database as the reference sequence

Sample Mature miRNA hits Percent of total reads
Aag2 Mock 196,252 1.4%
Aag2 DENV2 Day 1 202,106 1.6%
Aag2 DENV2 Day 5 276,018 2.3%

Interestingly, the most prominent miRNA size in aliee samples was 21 nt,
followed by 22 nt (Figure 2.10), while Drosophilg most miRNAs are 22 nt in length.
This may due to increased Dcr2 activity (which makes 21 nli &NgAs) in Aag2 cells,

or is possibly due to loss of a base in the NextGENgmaent or trimming applications.
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A)

B)

C)

Figure 2.10: miRNAs read length distribution in Aag2 cellskamfected (A), DENV2-
infected 1 dpi (B), and DENV2-infected 5 dpi (C). Blue indésathe small RNA
matches the positive sense of the reference sequedadndigates the small RNA
matches the negative sense of the reference sequence.
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The miRNAs were analyzed to see which miRNA specieeased with DENV2
infection over the uninfected cells (Figure 2.11). TheM#ARounts were adjusted to
compensate for the differences in the total small Ribrary size and then compared to
each other for miRNA increases over the uninfected atli®th one and five days post-
DENV2 infection. Matches to both insect and non-ins@&NAs were found to
increase with infection, including a&k gambiaemiRNA and somd@rosophilaspecies

miRNAS.

D DENV2 Day 1 BDENV2 Day 5

Fold increase over mock

1

ddd

14

Apis mellifera miR-317 _
Bos taurus miR-7
Gallus gallus miR-7b

Bombyx mori miR-184

Pongo pygmaeus miR-10a

Anopheles gambiae miR-1175

Drosophila willistoni miR

Branchiostoma floridae miR-100

Drosophila melanogaster bantam

Branchiostoma floridae miR-125b-as
Homo sapiens miR-100 _

Bombyx mori miR-276

Drosophila melanogaster miR-970

miRNA

Figure 2.11: Fold-increase of Aag2 cell miRNAs over matkdted Aag2 miRNA levels at one
and five days after DENV2 infection. The blue bars in@i¢he fold increase in the 1 dpi sample
and the red bars indicate the fold increase in the Saappte.
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Comparison of Dcr2 and Ago2 small RNAs before and after DENV2 infection

The levels of small RNAs from the coding regions afDand Ago2 genes were
analyzed to see if any changes occurred in the smasRixoduced from these
transcripts in response to DENV2 infection of Aag2s;elk they are important in the
mosquito antiviral response, and levels small RNAs déerirem their sequences may be
modulated to change the RNAI antiviral pathway gene agja levels in the cell.

In mock-infected Aag2 cells, there were 227 small RNAtbithe Ago2 mRNA,
while in the DENV2-infected Aag?2 cells (5 dpi), there w22& small RNA hits. The
small RNAs mostly matched the positive strand and thé aomsmon small RNA size in
both samples was 27 nt (Figures 2.12 and 2.13). Most oftthemhtched the 5’ 1/3 of
the gene, with the strongest peak between nt 600-800. egimrdoes not contain a
known functional domain (Campbell et al., 2008a, Campeill., 2008b), but has some
secondary structure when analyzed with an online vedditme M-fold software
program (Zuker, 2003, Zuker & Markham, 1995-2009) (data not showrgre Tvere
few small RNAs that matched the 3’ end of the mRNA, nehmost miRNAs would be
expected to act. Since the small RNAs were mostinfthe sense strand, and 27 nt was
the most common length, this suggests a possible nolad@iRNA pathway in

generation of these small RNAs.
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The small RNAs that matched Dcr2 mRNA had a simildiepa to the Ago2
MRNA-derived small RNAs. The Dcr2 small RNAs were atsastly from positive
sense strand (Figures 2.14 and 2.15). There were 141 hitsmodhkeinfected Aag2
sample, and 97 hits in the DENV2-infected Aag2 (5 dpi) saniptere was a slight
difference between the mock-infected and DENV2-infecteap$ss, but the number of
matches was so low it is difficult to make any conduosion the control of this gene
during infection. The pattern of positive sense small BMAh a propensity toward a 27
nt length may suggest a piRNA-like mechanism for their geioer.

Since neither the Dcr2 and Ago2 genes produce very marnlyRN®s, and their
numbers do not appear to change dramatically during infedtisnnlikely that they
have a large role in modulating the RNAI pathway gempeession. Their size and sense
orientation suggest they are not made from a siRNAIBNA pathway, but instead are
possibly generated by a piRNA-like pathway. Similar ansyss performed with the
A. aegyptiR2D2 mRNA (sequence kindly provided by Dr. Alexander Fraoz) there
were very few small RNAs that matched perfectly, drdNextGENe program appeared
to be forcing ‘matches’ even when the sequences wereudlyinot the same (data not

shown).
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Other components of mock-infected Aag2 small RNA library

The small RNA libraries were also analyzed to deteerthe source of the other
small RNAs in the libraries. Alignment to known mosqugenome and transcriptome
data from the Vectorbase.org website, along with hiagcthe small RNAs to the
primers used in small RNA library kit and known mosquRtNA and tRNA species,
resulted in only 37% of the library matching any of thesgisaces (Table 2.9). Possibly
the algorithm for matching used by NextGENe is too strietddita in Vectorbase.org is
incomplete, there are contaminating organisms in thegklire (such as mycoplasma or
fungi), there is contaminating RNA in the sampleghere are a lot of artifacts generated
from the SOLID sequencing.

Table 2.9: Alignment of small RNAs from mock-DENV2-infectel Aag2 cells to
primers and A. aegyptigenome sequences

[Mock-infected Aag2 small RNA library % of total reads
Primers 473,731 3.3%
Genome Supercontigs 3,395,977 24%
rRNA/tRNAs 22,911 0.16%
Transcriptome 1,048,270 7.4%
miRNAs 249,679 1.7%
Total reads accounted fpr: 5,190,568 37%
Total reads in library 14,087,714
Discussion:

The purpose of this study was to examine how the antRNXgi immune
response in mosquitoes interacts with the ssSRNA vib&dV2. There is little known
about what the RNA trigger of the RNAI antiviral pathwaynosquitoes is, how many
viral-specific SIRNAs are made, how the miRNA pathweasgponds to infection and if

small RNA pathways control RNAIi genes during infectioma8 RNA Northern
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blotting, new methods for virus-specific small RNA is@at along with next generation
deep sequencing technologies were used to provide insiglihegge areas.

Since DENV2 makes a dsRNA replicative intermediate dgutsreplication
cycle (Stollar et al., 1967, Stollar & Stollar, 1970b), thsuld be the most obvious
trigger for Dcr2 cleavage and activation of an RNAI resgonSome analyses of small
RNAs from cells infected with positive-strand ssRNAuges have found that more
SiRNAs appear to come from the positive sense straditating that secondary
structure of the ssRNA genome alone may be a triggdRNXi (Molnar et al., 2005).
Results from small RNA northern blot hybridizatiom @ENV2 small RNAs with
DENV2-prM probes in sense and antisense orientatiomsese® indicate that there
were more small RNAs being made from the positive dtthan the negative strand
(Figure 2.2 and (Sanchez-Vargas et al., 2009). Further anasiag traditional small
RNA sequencing and next generation deep sequencing seemed tihahthe there
were approximately 54-59% positive sense DENV2-small RNAENV2-infected
Aag? cells, closer to the 1:1 ratio that one would exjbe¢lee trigger was a true double-
stranded intermediate made of long strands of positivergerRNA annealed to a long,
complementary negative sense strand. The distributib@rpaeen with the DENV2-
small RNAs in Aag2 cells at 5 days post DENV?2 infectioweisy even across the
genome, also implicating a long dsRNA replicative inedtrate as the main source of
DENV2-specific small RNAs in the Aag2 mosquito cells.DIENV2-infected
mosquitoes, this ratio was even closer to 1:1, with 65%e DENV2-specific small

RNAs being derivatives from the positive sense strand.
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Previous studies of another flavivirus, WNV, Galex quinquefasciatus
mosquitoes found that approximately 74% of the virus-spexifiall RNAs were from
the positive sense RNA strand (Brackney et al., 2009¢sd differences may be due to
the virus itself and how it replicates in the cellpossibly due to a different RNAI
response in th€ulexmosquito when compared £ aegypti Small RNA sequencing
studies done with the positive sense ssRNA alphavirus $1MV aegyptimosquitoes
found that 54% of the virus-specific small RNAs wererfrihe positive sense strand of
the virus RNA (Myles et al., 2008), a very similar proortto what we found in the
DENV2-infectedA. aegypti. When the alphavirus ONNV was studiedAingambiae
mosquitoes, the proportion of positive sense virus-gpessiiall RNAs was slightly
higher at 64% (Myles et al., 2009). The difference se¢hd alphaviruses examined in
mosquitoes may be due to differences in the viral rafidin between SINV and ONNV
or possibly due to different mosquito genera. Inthe ssSuh®ENV2 and SINV
infectedA. aegyptimosquitoes, the ratios were quite similar.

The number of DENV2-specific small RNAs in our total RN@mples was very
low. This was not very surprising as previous attemptoteedENV2 small RNAs
from mosquito cells yielded very few matches (TrayaB005). Deep sequencing
analysis revealed that that less than 0.02% of the §theik in the DENV2-infected
Aag?2 cell (5 dpi) sample and less than 0.05% of the sthgllsRn the DENV2-infected
A. aegyptimosquito (9 dpi) were DENV2-specific. These results desaem to be
uncommon in flavivirus-infected mosquitoes,@dexmosquitoes infected with WNV
had less than 0.05% WNV-specific small RNAs in the tetahll RNA population at 7

days post-infection and 0.12% WNV-specific small RNAs at 3% gast-infection

92



(Brackney et al., 2009). This may be due to flavivirus cagibn occurring in membrane
vesicles, that may prevent Dcr2 access to the dsRpl&kative intermediates (Uchil &
Satchidanandam, 2003). Alphaviruses appear to make more viaiBespmall RNAS.
Approximately 10% of the 18-24 nt RNAs sequenced from SINV-iate&t aegypti
mosquitoes were SINV-specific, and the percentage méaygber as only SINV small
RNAs with no mismatches were counted (Myles et al., 2008)ONNV-infectedA.
gambiaemosquitoes, the percentage was lower, with 1.2% dbthéuseable small
RNA reads matching the ONNV genome (Myles et al., 2009) s& hgyher percentages
of alphavirus small RNAs when compared to flavivirus srRAIAs are not that
surprising, and may be due to differences in accessibilitiye replicative intermediate
RNA to RNAIi machinery during viral replication, or possilgcause of higher titers in
alphavirus infected mosquitoes. These higher percentagéshavirus viRNAs in the
total small RNA population is consistent with the restifound with small RNA
northern blot hybridization, where it was much eaaietect SINV-specific VIRNAS in
cell culture and mosquito samples than it was to dEtEttV2-specific VIRNAS
(Cirimotich et al., 2009, Sanchez-Vargas et al., 2009 SINV-specific VIRNAs
appear to play an important role in mosquito antiviral nlede as when SINVs were
engineered to express the B2 suppressor of Dcr cleavagayithiber of SINV-specific
VIRNASs was drastically reduced and mosquito mortality ineseased, while there was
little mortality in mosquitoes infected with the wilgpe SINV (Cirimotich et al., 2009,
Myles et al., 2008). If the RNAI response is knocked downmasquitoes using dsRNA
to Dcr2, Ago2 or R2D2, viral replication in mosquitoes @ases and the EIP decreases,

indicating that RNAI does play an antiviral role agalD&NV2 (Sanchez-Vargas et al.,
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2009), but since the levels of DENV2 viRNAs are so lownfegted cells and
mosquitoes, it is unclear if the ViRNAs themselves revenportant role in the RNAI
response. Possibly the Dcr2 cleavage of viral RNA alteatigs to keep the DENV2
infection from overwhelming mosquito cells and causinggaty in the insect, as one
cleavage event could destroy a viral RNA. In latent Rifgction ofDrosophilacells,
the majority of the FHV-specific small RNAs in thellovere not loaded into an
Argonaute protein, and luciferase reporters with sequehaesduld be targeted by the
viral RNAs were not repressed (Flynt et al., 2009). $uaggests that the Dcr2 cleavage
of the FHV replication intermediates alone may bpantant for forming a persistent
infection of these cells (Flynt et al., 2009). A samiphenomenon could be occurring in
mosquito cells persistently infected with arboviruses.

The DENV2 viRNAs in both the DENV2-infected Aag2 cells (5) ¢md
DENV2-infectedA. aegyptimosquitoes had a predominant size of 21 nts and similar
proportions of sense and antisense VIRNAs, indicatinghea®NAi pathway
mechanism must be similar between the Aag2 cell lidevdleA. aegyptimosquitoes.
The mosquitoes had more ViRNAs overall and as a larggopiion of the total small
RNA population, which may be due to a stronger viral indecin the mosquito possibly
because of a longer infection time or due to the presafireenosquito-only flavivirus in
the Aagz2 cell line (to be discussed in Chapter 4) thatrediyyce DENV2 replication or
possibly tie up the RNAiI machinery, resulting in less ViRNAs

Levels of certain miRNAs increased in DENV2-infectedyAaells compared to
uninfected cells. The percentage of known miRNAs irtédted small RNA population

also increased in the DENV2-infected samples, with 2.88eototal small RNA
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population from DENV2-infected Aag?2 cells (5 dpi) consistingniRNAs, while in the
uninfected Aag2 had only 1.4% miRNAs in the population. Shath samples were
taken at 5 days post infection (or mock-infection), thisdase shouldn’t be due to the
age of the cell culture. The virus infection itselfyntb@agger an increase in miRNA
activity, or possibly the infection itself may upregulateof the small RNA pathways.
The majority of the miRNAs in all of the samplesr&/€1 nt in length, with the second
highest numbers at 22 nt in length. Typically miRNAgisect cells are 22 nt in length,
so possibly a different small RNA pathway may be imedlin generating these 21 nt
MiRNA species, or the apparent size may be due to bss@nlthe sequencing
technology or in the software alignment. The vaajomity of the miRNAs are ‘positive’
sense, but this was expected as the reference genomenfRBase designated the
MIiRNAs as ‘positive’ sense.

Some of miIRNAs that increased most after DENV2 infectf Aag2 cells have
functions related to the control of cellular growElmosophilamir-14 and bantam
MiRNAs have roles in the suppression of cell death (Biek@net al., 2003, Xu et al.,
2003). As these roles have been described in anothet spxies, they may have quite
similar roles in the mosquito, and these anti-apoptotés would not be surprising
during a DENV2 infection. These miRNAs may be upregulatdeép the cells from
undergoing apoptosis that may be triggered from the viratiioh. The functions of the
other miRNAs that were upregulated are poorly understood, ang ana from species
evolutionarily very far from mosquitoes, so it isfabidilt to say that their functions may

be similar in mosquitoes to those seen in the spadiese they were described. Also
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this was only one ‘replicate’, and more samples would meée analyzed to make any
statistically significant conclusions.

A small RNA identical toA. gambiaemosquito miRNAA. gambiaanir-1175
(aga-mir-1175), was found to be upregulated. An ortholog dAtlgambiaemir-1175
was identified in thé\. aegyptigenome, but was not foundin melanogaster
suggesting a mosquito-only function, and its expressionfavaml only in the midgut
tissues oA. gambiaemosquitoes (Winter et al., 2007). Not much is knowsualkis
function in the cell, but it has been studied with rdga Plasmodiuninvasion. aga-mir-
1175 levels decreased witttasmodiuminfection of the mosquito compared to the levels
of the miRNA in uninfected. gambiagWinter et al., 2007). It is interesting that this
MIiRNA would increase with DENV2 viral infection, but dease witiPlasmodium
infection, suggesting a viral immune response function.

The small RNAs that aligned with Ago2 and Dcr2 mRNAsena&so examined to
see if they changed in response to infection as a weyrttwol their levels. There were
no changes in the pattern or levels of the Ago2- or {derd/ed small RNAs in Aag2
cells between the uninfected and DENV2-infected (5 dpi) délls it appears that a
small RNA pathway does not control these mMRNAs durintN\@E infection. There
were few hits to either of the genes (<300) in the samplbe largest peak of small
RNA matches to the Ago2 mRNA was between nt 600-800, angehls did not change
with infection. M-fold analysis revealed some longdrgia-like structures in this area,
which could possibly be a trigger for cleavage by a smal\ Rathway.

The composition of the total small RNA population thvats sequenced was also

analyzed for the uninfected Aag2 cell sample. The sndldRwere compared to known
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mosquito rRNAs and tRNAs, the aegyptigenome supercontigs and transcriptome from
Vectorbase, and SOLID primers used in making the libraisagprisingly, only 37% of

the library could be accounted for using these referesmpaesices. Possibly the sample
may have had some cell culture contaminants, the aligismeere too strict, or the
Vectorbase sequences were incomplete, possibly not ingloepetitive regions of the
genome that could account for many small RNA species.

Overall the DENV2 small RNA sequencing studies gave us meight into how
the virus interacts with the mosquito antiviral immuesponse. It appears that not very
many small RNAs are made during DENV2 infection, giving nsugport for the idea
that the replication complexes formed during infectioty ilm& hiding the dsRNA from
the RNAI machinery. It appears that the virus-specifialsRNAs are made from all
regions of the genome, with few hot spots in celiurel indicating that the majority of
the small RNAs may come from long dsRNA replicatveimediates, rather than
SSRNA viral genomes in Aag2 cells. The low levels oND2 small RNAs are
consistent with the low levels small RNAs in mosquinfections with the flavivirus
WNV (Brackney et al., 2009), and seem to be much lowaer the levels seen in
alphavirus infected mosquitoes (Myles et al., 2009, Myled. e2008). This may be due
to differences in how the two different virus familreplicate in mosquito cells, with
regard to access of RNAI to viral dsRNA, location o&Vneplication and levels of viral
replication. It appears that mosquitoes may be mqgreradkent on RNAiI machinery to
keep the alphaviruses in a state of persistent infettem flaviviruses, since the
alphaviruses make so many more virus-specific small Rt has been shown that

blocking Dcr2 activity with the B2 inhibitor of RNAI willdad to mosquito death from
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alphaviral infection (Cirimotich et al., 2009, Mylesakt 2008). Whether introducing a
potent inhibitor of RNAI during flavivirus infection would le&ol mosquito death has not
been studied.

It is also unclear if the DENV2 small RNAs are beingded into the RISC or are at a
high enough concentration in the cell to have a bickigielevance. Further studies need
to be done to determine that the vViRNAs are genuine Dcidupts and if they are being
loaded into RISC. More research into the molecuractions of arboviruses with the
antiviral RNAi machinery will give us better understandaighe mechanisms of
persistent arboviral infections of mosquitoes, and h@wnight block these persistent
infections or use the pathway against the virus or agdiashosquito itself to reduce the

transmission of arboviruses to people.
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CHAPTER 3

COMPARISON OF RNA INTERFERENCE ACTIVITY IN TWO MOSQTO CELL

LINES
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Introduction:

Mosquito cell cultures have been used routinely in arbtmgsostudies to grow
viruses and to elucidate aspects of viral infection ankitegjpn in mosquitoes. Many of
these cell lines were established by Peleg and Single ibd®0’s (Peleg, 1968, Singh,
1967). One of the most commonly used mosquito cell linesykras C6/36, is a clone
of Singh’sAedes albopictukarval line selected by Igarashi for its ability to grdengue
and chikungunya viruses to high titers (Igarashi, 1978). THidreehas been used for
many arbovirology studies. (Reigel, 1980, Sasao et al., 1980e VIB87). SincAedes
aegyptiis the most important vector for arboviruses such aguks another cell line,
derived fromA. aegyptembryos and known as Aag2, has been used in several rece
studies (Cirimotich et al., 2009, Sanchez-Vargas et al., 2008%. cell line was
originally established by Peleg in 1968 and was further ctaized by Lan and Fallon
in 1990 (Lan & Fallon, 1990).

RNA interference (RNAI) has been shown to play an irtgrdrrole in insect
antiviral immunity (Galiana-Arnoux et al., 2006, van Ripk, 2006, Wang et al., 2006).
RNAI is a molecular pathway that is triggered by longgenous double-stranded RNA
(dsRNA) in the cell. Much of what we know about RNAInsects has been elucidated
in Drosophilaflies and cultured cells. Dicer-2 (Dcr2) is an RNdséhkat recognizes and
cleaves the dsRNA into small interfering RNAs (siRN#&s)nitiate the RNAI pathway.
The siRNAs are usually 21 bp in length with 5’ phosphatdswno nt overhangs on the
3’ hydroxyl ends (Bernstein et al., 2001, Elbashir et al., 20Blbashir et al., 2001b,
Nykanen et al., 2001, Zamore et al., 2000). siRNAs, incéstsaon with Dcr2 and the

protein R2D2, are loaded into a multi-protein RNA-induced silgncomplex (RISC),
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which contains the endonuclease Argonaute-2 (Ago2) (Liu,&093, Okamura et al.,
2004, Rand et al., 2004). The RISC unwinds and degrades dressRNA strands, and
uses the other strand to guide RISC to long single-strand@d(§8RNA)
complementary to the siRNA. Ago2 cleaves the lond\NgsBt the point of
complementarity, leading to its further destruction @4iyi et al., 2005, Schwarz et al.,
2002, Schwarz et al., 2004).

Other small RNA pathways have been discoverddrasophilaincluding the
Piwi-interacting (piRNA) and endogenous siRNA (endo-siRIgathways (Aravin et al.,
2001, Chung et al., 2008, Ghildiyal et al., 2008, Okamura et al., 228, et al., 2006,
Shpiz et al., 2009, Vagin et al., 2006). These pathwaysediezed to have important
roles in controlling the transcription of transposaliéenents in the genome and also in
development of the reproductive tissues.

piRNAs bind to the members of the Piwi clade of the Argdagroteins, which
include Piwi, Aubergine (Aub) and Argonaute 3 (Ago3Prosophila piRNAs are
approximately 24-30 nt in length and are modified by DmHENdo(khown as Pimet) to
have 2’-O-methylation on their 3’ terminus (Horwichagt 2007, Saito et al., 2007).
The piRNA trigger appears to be single-stranded RNA simesrall RNAs are almost
always of the same sense, and the biogenesis is Dailda8 independent, possibly
using the Slicer activity of the Piwi proteins, at laasietermining their 5’ ends
(Gunawardane et al., 2007, Nishida et al., 2007, Saito 086, Vagin et al., 2006).

Genomic analyses show that mosquitoes have ortholdgiiés pathway
components including Dcr2, Ago2, and R2D2 as well as paralagmusRNA pathway

(miRNA) pathway components Drosha, Pasha, Dicer-11(Dé&rgonaute-1 (Agol) and
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Loquacious (Logs; R3D1) (Campbell et al., 2008a). We recehtyed that injection of
A. aegyptimosquitoes with dsRNA derived frofn aegyptiDcr2 or R2D2 mRNA
followed by oral challenge with DENV2 two days later resaliin increased virus titers
in whole mosquitoes compared to non-injected or unrelateNAg -gal)- injected
mosquitoes (Sanchez-Vargas et al., 2009), indicatingedapDcr2 in the mosquito
antiviral response. DENV2-related siRNA-like RNAs (vViRNAgere also detected in
DENV2-infectedA. aegyptiand Aag2 cells in this study (Sanchez-Vargas et al., 2009).
Small RNAs derived from West Nile virus (WNV) RNA waret detectable in WNV-
infected C6/36 cells (Chotkowski et al., 2008), but WNV-detiviRNAs were detected
in WNV-infectedCulexmosquitoes via deep sequencing (Brackney et al., 2009).
RNAI has also been shown to be an important antigattiway against Sindbis
virus (SINV) inA. aegypti When dsRNA derived froA. aegyptiAgo2 or Dcr2 mRNA
was co-injected inté. aegyptimosquitoes with SINV TR339-eGFP, there were
increases in detectable viral RNA, infectious virus titerd infection rates of mosquitoes
(Campbell et al., 2008b). When SINV were engineeredjoess the B2 protein, an
inhibitor of RNAI, the viruses replicated to higheetd in mosquitoes and C6/36
mosquito cell cultures, and caused cytopathic effectslircgltures and mortality in
mosquitoes, indicating the importance of the RNAI patynm maintaining persistent,
non-pathogenic arboviral infections of the mosquito h@strotich et al., 2009, Myles
et al., 2008). RNAI as an antiviral defense was also deinabed inAnopheles gambiae
mosquitoes, in which injection of dsSRNA to knock-down esgsion of Ago2 resulted in
increased replication and dissemination of anothemlalpis, O’nyong-nyong virus

(ONNV) (Keene et al., 2004).
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Studies in our lab examining thevitro dicing activity of the C6/36 cell line
indicated that it did not seem to cleave long dsRNA &RNAs (Figure 3.5), and SINV-
specific small RNAs were difficult to detect in C6/38lsédata not shown). Another lab
studing WNV infection of C6/36 cells was unable to detect W8gp¥eific small RNASs in
the C6/36 cell line (Chotkowski et al., 2008). The findingsenunexpected when
compared to the results seen in the Aag2 cell line,esdegided to analyze the DENV2-
specifc small RNAs made during DENV2 infection of C6/36scafling next generation
sequencing technologies.

In this study we describe DENV2-specific small RNAs madéndunfection of
C6/36 mosquito cells, and present evidence that C6/36 cellsrapgdeave an aberrant

antiviral RNAI pathway.

Materials and Methods:

Cells and Medium

A. aegypticells (Aag2) were grown and maintained as described in @h2apA.
albopictuscells (C6/36) were grown in Leibovitz's L-15 medium (Megech), modified
from manufacturer with L-glutamine, supplemented with 1@%t nactivated (30
minutes at 55°C) fetal bovine serum (FBS) (Colorado SerZzmmiyi L-glutamine
(Mediatech) and 100 units penicillin and 0.1 mg streptomycim{&)jaat 28°C in closed

flasks without CQ supplementation.
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Viruses and Infection

DEN type 2 strain Jamaica 1409 highly passaged virus was usdddions of
Aag2 and C6/36 cells at a multiplicity of infection (M@If)0.1. Infections were done in
the same medium as the cells were grown in, but @& doncentration was lowered to
2%, and non-essential amino acids were added. Therntoaiens of L-glutamine and
penicillin/streptomycin remained the same as in the grovetttium. Cells were
approximately 90-100% confluent at the time of infectionfoBeinfection, medium was
removed from the cells and a few ml of the 2% FBS iftemiance) medium was added to
the cell monolayer along with the correct volumeviodis to get the desired MOI. The
flask was rocked gently at room temperature for one hoaintenance medium was
added to reach a final volume of 12 mL in a 75 éask, and the flask was incubated at
28°C until samples were harvested. The day of infeetias considered day zero in the

timecourse.

RNA Extraction

Total RNA was extracted from cells and mosquitoes usRIZDL reagent
(Invitrogen) and quantified using spectrophotometry. Small &NAre isolated from
total RNA using FlashPAGE columns and FlashPAGE apparapdié8l Biosystems)
running at 75 volts for 12 minutes. The RNA was precipitatitfal Mear acrylamide

(Applied Biosystems) and ammonium acetate in etharernght at -20°C.
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Sequencing by oligonucleotide ligation and detection (SOLID) sequencing

Small RNA libraries were made using the SOLID Small REMpression Kit
(Applied Biosystems), November 2008 edition. Ligation tieas were set up with
approximately 200 nanograms (ng) of FlashPAGE fractionatedl RNAs per sample
using Adaptor Mix “A”. After a reverse transcriptiondaRNaseH treatment,
approximately 20 50 ul PCR reactions were set up per santpld ywl of cONA used

per 50 pl reaction along with 15 cycles of PCR ampliitcat

Table 3.1: SOLID PCR Primer Sets for C6/36 samples (See pgndix for primer
sequences and Chapter 2, Table 2.1 for Aag2 primer sets)

Sample SOLID PCR Primer Set
C6/36 Mock 3
C6/36 DENV2 Day 5 4

DNA libraries made from the SOLID small RNA expresskit were sent to the
University of Washington (UW) for sequencing using the Appliezsistems SOLID 2

sequencing instrument, with each sample running in its ovat (id8) of a slide.

VIRNA Sequencing Analysis

Potential viRNAs were aligned to DENV2 genome using NeNG&E
(Softgenetics, LLC, State College, PA) software runnimggttanscriptome assembly
function with the same parameters listed in Table 2tapger 2). CSFASTA (color-
space) files from SOLID sequencing of samples from U\WWewsed as the sample file
and a FASTA file of the DENV2 Jamaica 1409 strain froml@@ak accession number

M20558.1 was used as the reference sequence.
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VIRNAs were also aligned to the DENV2 genome using the$®LID Small
RNA Analysis Pipeline Tool v.0.5.0, and the software veasup and run by Dr. Richard
Casey at Colorado State University. The primers dagtars were filtered out, the
miRBase matching step was turned off and the genome matcepgssd the accession

number M20558 DENV2 sequences from GenBank as the reference.

Logo Analysis
Logo analysis was performed using WebLogo 3 located at

http://weblogo.threeplusone.com March, 2010 (Crooks et al., 2004, Schneider &

Stephens, 1990). Reads that matched DENV2 and CFAV virahgenwere identified
with NextGENe alignment, converted to base-space MatktGENe, and used in the
WebLogo. The full length (35 bp) of the matched read was tasallow comparison of
all of the ViRNAs at once as all reads must be theedangth when analyzed with the
WebLogo program. The program default settings were usedytekeeY -axis scale was

set to 1 hit.

In vitro Transcription

dsRNA was prepared by vitro transcription of a 498 bp region of the
Escherichia colbeta-galactosidase-@al) gene from a PCR product with T7 RNA
polymerase promoters on both strands with approximatelgfQ¥te UTP conjugated to
biotin (Applied Biosystems, Foster City, CA) using the Gi&script T7 Kit (Applied
Biosystems) for approximately 16 hours at 37°C. The @agtas treated with Turbo

DNase (Applied Biosystems) for 30 minutes, followed byanl/chloroform extraction
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and an overnight ethanol precipitation. The RNA wadfipdron a 6% polyacrylamide
TBE-Urea gel (Invitrogen, Carlsbad, CA) and eluted overraginbom temperature in gel
elution buffer. RNA was extracted using phenol/chlonaf@5:1), followed by a
chloroform/isoamyl alcohol (24:1) extraction, and preei@t overnight at -20°C in
ethanol. The RNA was quantified by spectrophotometry.

Non-biotinylated Dcr2 dsRNA was made frédmaegyptiandA. albopictusDcr2
nt1211-1715 sequences from using the MEGAscript T7 transcriptigAgplied
Biosystems) and agarose gel-extracted RT-PCR product#fiathfiom Aag2 or C6/36
cells as templates. Non-biotinylated dsRNA froigal PCR amplicons was made as in
the previous paragraph, without using biotinylated UTP. 20gctiens were set up
according to manufacturer’s protocols, incubating at 38tA.6 hours. Reactions were
treated with TurboDNase following the manufacturer&munctions, and RNA was
purified with a phenol/chloroform extraction, followed &yhloroform/isoamyl
extraction and ammonium acetate/ethanol overnightptaton at -20°C.

Biotinylated antisense ssRNA probes were transcribed fheA. aegyptior A.
albopictusDcr2 nt 4919-5116 PCR product made with a T7 RNA polymerase peomot
on the 3’ end of the PCR primer using the MEGAscript Tt7/(Kpplied Biosystems)
with approximately 9% of the UTP conjugated to biotin (Ag@gIBiosystems) for
approximately 16 hours at 37°C. The reaction was treat&dlwrboDNase (Applied
Biosystems) for 30 minutes, followed by a phenol/chlonofextraction and an overnight

ammonium acetate/ethanol precipitation.
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In vitro Dicing Assay

Cell-free lysates were generated from Aag2 cells and G#@1BSusing a protocol
similar to (Haley et al., 2003). Briefly, cells are Wwad in PBS three times, and then
resuspended in 1X lysis buffer with protease inhibitors and R T. The cells are
disrupted in a Dounce homogenizer, and then centrifuged @@y for 25 minutes at
4°C. The supernatant is flash frozen in a dry ice/ethaath and stored at -80°C.
Protein concentrations were determined with the DC Prétesay (Bio-Rad) and
samples were equilibrated to the same protein concentreing lysis buffer
immediately before the dicing assay was set up. Dicitigityareactions were set up
according to Haley, et al. (2003) and contained 1/2 volusedy 1/3 volume 40X
reaction mix and approximately 70 nanograms (for two timepiperiments) or 300
nanograms (for 6 timepoint experiments) of 498 bp biotinylatgdl dsRNA, with the
lysate being added last. Reactions were incubated ati2@ @ermocycler block with a
28°C lid. At each timepoint, 10 microliters (ul) of tleaction was removed, added to
2X PK buffer and flash frozen. RNA was extracted witienol/chloroform (5:1),
followed by a chloroform/isoamyl alcohol (24:1) extraatiand precipitated overnight at
-20°C in ethanol. RNA was electrophoresed on a 20% polgawide TBE non-
denaturing gel (Invitrogen, Carlsbad, CA), stained with @thidoromide,
electrophoretically transferred to a positively chargglon BrightStar-Plus membrane
(Applied Biosystems) and UV-crosslinked (2 runs of the aosstink function of
Stratagene UV Stratalinker 2400 crosslinker) to the membrBinminylated RNA was
detected with the BrightStar BioDetect Kit (Applied Bystems) and exposed to

autoradiography film. In some reactions, 1 pul (0.5 unit$jumhan recombinant dicer
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enzyme (Genlantis Inc., San Diego, CA) was added to thé re@gtion just before

addition of the lysate.

Plasmid Construction

These experiments were designhed and performed by Dr. Dawogrigy (at the
University of New Mexico). The enhanced green fluorespestein (EGFP) gene was
amplified from the pEGFP-1 plasmid (Clontech, Mountaiew/ CA) using the forward
primer EGFPNcol F and reverse primer EGBkhol R. The amplicon was digested
with Ncol andXhol and cloned into the insect specific expression plhgiix

(Novagen, Madison, WI) to generate our plEx-EGFP vector.

Small interfering RNAs (siRNA) and double stranded RNAs (dsRNA) porduc

These experiments were designed and performed by Dr. Dawgrigy (at the
University of New Mexico). The synthetic Accell EGBIRNA was used in these
experiments (Dharmacon, Lafayette, CO) and the cowvtiV siRNA was synthetically
produced by Dharmacon and was complementary to a 21 nhrefgibe WNV genome
starting at position 85 in the capsid gene.

Approximately 500 bp DNA fragments corresponding to EGFReM/NV
capsid genes were amplified using primers that included a T7 fRiINAnerase promoter
sequence in both the forward and reverse primers. Mpécans were PCR purified and
subsequently used as templates for dsRNA transcriptionhé&sia of dSSRNA molecules

was carried out using the T7 MEGAscript kit (Applied Biosyss) as described above
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with omission of biotinylated UTP. The dsRNA was re-sudpédnn 50 pl of PBS,

guantified and brought to a final concentration of 1 pg/pl.

Transfection Conditions

These experiments were designed and performed by Dr. Dawgrigy (at the
University of New Mexico). The day prior to transfectidqag2 or C6/36 cells were
seeded in 24-well tissue culture plates at a density df® &ells/well. For the
transfections, 250 ng/well of the pIEx-EGFP plasmid veerabined with either EGFP
or WNV siRNA (to a final concentration of 50 nM), or 1 pegll of EGFP or WNV
dsRNA in Opti-MEM medium. Subsequently, the Attractenangfection Reagent
(Qiagen, Valencia, CA) was added and lipid-nucleic acidptexes were allowed to
form for 15 min. at room temperature. The medium orcéiis was discarded and 440 pl
of Opti-MEM were added to each well followed by dropwise taidiof 60 pl of the
complexes. The cells remained in the presence ofdhefection reagent for four hours,
after which appropriate medium for each cell line wadaeed. Cell viability was
monitored for 48 hours post transfection, when celbiesawere acquired and the cells
harvested. The cell pellets were re-suspended in 500z0ll Tinvitrogen) and total

protein for immunoblots precipitated according the manufac's instructions.

Microscopy
These experiments were designed and performed by Dr. Dawgrigy (at the
University of New Mexico). Images were acquired usinglkoNITE2000 inverted

microscope with a Hamamatsu Orca camera and Wasabwasef(Hamamatsu
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Photonics, Japan). Representative areas as determicetl dgnsity were photographed
under 10X magnification. Fluorescent images were acquirad as222 ms exposure
without gain and the light images were acquired using a 3xpwsure without gain.
The monochrome images were subsequently pseudo-colongdtius Slidebook

software (Intelligent Imaging Innovations, Denver, CO).

Immunoblots

These experiments were designed and performed by Dr. Dawgrigy, Virginie
Bondu-Hawkins, and Dr. Brian Hjelle (at the UniversityNsw Mexico). Total protein
recovered from transfected cell cultures was quantifiedyube Bradford Kit on the
Bio-Rad SmarSpec Plus spectrophotometer (Bio-Rad Lab@mstac., Hercules, CA).
Fifteen micrograms of total protein were separated on 13B5%PAGE and transferred
to a nitrocellulose membrane. The presence of EGFP westee using a primary mouse
anti-Aequorea victoricEGFP monoclonal antibody (Clontech) at a dilutiod:d000 in
TBST + 5% non-fat dry milk. The blot was subsequently pdokith phosphatase
labeled goat anti-mouse IgG at a 1:1000 dilution (KPL Inaiti@&rsburg, MD).
Detection of actin was performed with primary rabbit ptadpal antibodies at a 1:1000
dilution in TBST + 5% BSA (Abcam, Cambridge, MA) and pHoejase labeled goat
anti-rabbit IgG secondary antibody at a 1:1000 dilution (Kirl.). Membranes were
developed with the 1-Step NBT/ BCIP reagent for 5-10 minutesoan temperature

(Pierce, Rockford, IL).
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dsRNA soaking into cells

The dsRNA soaking into Aag2 cells protocol was generquslyided by Dr.
Rollie Clem at Kansas State University, and the mediuas modified from Schneider’s
Drosophila medium to L-15 for C6/36 cells. Aag2 and C6/36 wedl® plated into 6-
well plates and when they reached approximately 80% confluemedium was removed
and replaced with 1 ml/well of incomplete medium lackiifs. This medium was
removed immediately and replaced with 1 ml fresh incotaepieedium followed by 20
pg/well of non-biotinylated Dcr2 dsRNA (nt 1211-1715) to 5 wellsgegyptiDcr2
dsRNA was added to Aag?2 cells alidalbopictusdsRNA was added to C6/36 cells).
Non-biotinylated -gal dsSRNA was added to the last well of both the Aag2 &1d6C
plates as a control. Plates were briefly rotatedragsly to spread the dsRNA, were
wrapped in parafilm and incubated at 28°C for 5 hours. If miealium with 20% FBS
was added to the wells. RNA was extracted from celtmeDcr2 dsRNA-treated well
ondays 0, 1, 2, 3 and 5 after addition of dSRNA. RNAexasacted from cells in the
gal dsRNA-treated well on day 5 after dsSRNA addition. Xioaet RNA, the cells were
scraped into the 2 mls of medium, transferred to a meésrwifuge tube and centrifuged
at 3,500 rpm for 3 minutes at room temperature. Supernatanewaved and cell pellet
was resuspended in 1 mL of Trizol reagent (Invitrogen)e flibe was incubated at room
temperature for 5 minutes and placed at -80°C until the &tine dimecourse. All RNA
was then extracted at the same time using the Ttimatogen) manufacturer’'s

instructions and quantified via UV spectrophotometry.
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Dicer-2 Northern Blotting

5 ug of total RNA from the dsRNA soaking experiments easted at 95°C for 5
minutes, then placed on ice, then loaded onto a 1.25%s&gdematuring formaldehyde
gel, and electrophoresed in a MOPS/formaldehyde buffee. RIWA was then passively
transferred from the gel overnight to a BrightStar-Plositively charged nylon
membrane (Applied Biosystems) with 10X SSC buffer. Tleenbrane was
autocrosslinked two times and pre-hybridized in 5 mL ofdbiyrb Hybridization Buffer
(Applied Biosystems) for 1 hour at 68°C. Biotinylated Dariisense ssSRNA probes (nt
4919-5116) were added to the hybridization buffer to a finateotration of 0.1 nM of
probe (approximately 80 ng of probe in 5 ml buffek).aegyptiDcr2 probe was added to
the membrane with the Aag2 RNA bound, &ndalbopictusDcr2 probe was added to the
membrane with C6/36 RNA bound and the hybridizations took [teseparate tubes.
Membranes and probes hybridized for 18 hours at 68°C. Meebraere then washed
twice for 30 minutes in 2X SSC, 0.1% SDS buffer and twaces® minutes in 0.1X SSC,
0.1% SDS buffer. All washes were done at 68°CAngegyptiandA. albopictus
membranes remained in separate tubes. The biotinylateespattached to the
membrane were then detected with the BrightStar Biefd<it (Applied Biosystems),
following manufacturer’s instructions, with all washesformed for maximum
recommended times. The membranes were then exposetbtadiography film for
various times and the film was developed in an autoraatmradiography developer

machine.
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Dicer-2 sequencing

dcr2 cDNA was sequenced from Aag2 cells ugingegyptiprimers designed by
Scott Bernhardt. The initial cDNA was generated with reyéranscription reactions
with an OligodT primer and the Superscript Il Reverse Joaptase (Invitrogen)
following manufacturer’s instructions. Additional P@&actions were carried out with
theA. aegyptiprimers. The PCR products were sent to the Prote@niatdletabolomics
Facility at Colorado State University for sequencing. pification of dcr2 cDNA from
C6/36 cells was attempted with tAeaegyptiprimer set was and most primers sets did
not generate products, but the cDNAs that were amplie@ sent for sequencing.
Some degenerate primers were designed using conservedfadeds sequences from
aegyptiandA. gambiaemosquito genomes, but very few of these generated praducts
PCR reactions with the C6/36 cDNA. Sequences were agseinto contigs and
alignments were compared between the two species usitigrMét Version 10 and
Version 11 software (Invitrogen).

A. aegyptimosquito (GenBank Accession number AY713296) Aag2, and C6/36
dcr2 sequences were compared for their percent sequenatyidseiny the EMBOSS
pairwise alignment algorithm program located at

http://www.ebi.ac.uk/Tools/emboss/align/index.htmsing the settings: EMBOSS:needle

(global), Matrix: EBLOSUMG62, open gap penalty of 10.0 andmeydension penalty of
0.5 (Rice et al., 2000). The sequences were also compartheifopercent sequence
identity using BLASTN (Altschul et al., 1997) located at

http://blast.ncbi.nim.nih.gov/Blast.cwgiith the settings: Max target sequences of 100,

Expect threshold of 10, Word size of 16, Match score Mi&mnatch score of -3, Gap
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costs of Existence 5 and Extension 2, filtering for l@mplexity regions and masking

for lookup table only.

mMiRNA Sequencing Analysis

MIiRNAs in the small RNA libraries were identified ugithe alignment function
of NextGENe, using the same parameters as Table 2.2 @ClZmxcept the matching
base percentage was set to 50, the sequence reads <1 kintyraed the mutation
percentage set to 0.2. The sample files were the CSRA®E from the SOLID
sequencing for each sample and the reference genombevasmplete mature miRNAs
from the miRBase website (Ambros et al., 2003, Griffibses, 2004, Griffiths-Jones et
al., 2006, Griffiths-Jones et al., 2008, mirbase.org) downtbadeviay 14, 2009
(miRBase Release 13), converted to a .fa file formih he U’s converted to T'’s) by
Kevin LaVan at Softgenetics. This reference file iscaated, allowing for identification
and counts for each of the various miRNAs in the da&@bd he alignments for miRNAs
that were found to increase the most with infection wegiaually checked for matching
with the NextGENe Sequence Alignment viewer to make siwenatches did not
overlap miRNA annotations, and those that were not dmatthes to a specific miRNA

were then not used in the graph.

Results:
DENV2 small RNAs from SOLID sequencing analyzed with NextGENe
DENV2-specific small RNAs were examined in DENV2-infec@g{36 cells to

see if this cell line had different levels of RNAi gl when compared to Aag2 cells.

115



Many more DENV2-specific small RNAs (24,938 from over 12 %r&@ds) were found
in the C6/36 cells at 5 dpi compared to Aag?2 cells (1,612), ppssibked to the ability
of the virus to grow to higher titers in these celat in Aag2 cells (Table 3.2). In C6/36
cells, DENV2-specific small RNAs were 95% positive sessggesting that they were
derived from ssRNA, and were not generated by Dcr2 cleaagagé\. aegypticell
cultures and mosquitoes, where the DENV2-specific SRidAs from Aag2 cells at 5
days post DENV2-infection were 59% positive (genome)esearsd the small RNAs
from DENV2-infected mosquitoes were 55% positive sensbléTa2). The most
common size of DENV2 small RNAs in the C6/36 cell Ilyrevas 27 nt, which is not
expected from the exogenous sIRNA pathway (Figure 3.18jthérmore, the few 21 nt
DENV2-derived RNAs in the C6/36 cell library were predomihapositive sense,
unlike the more nearly equal sense to antisense ratio fauhd ihag?2 cell library. The
DENV2-specific small RNAs in C6/36 cells were not equdlstributed along the
genome as was seen in DENV2-infected Aag2 cells, buianhstere derived from a few
specific regions of the genome, which might represerastrand secondary structure in
the positive-strand virus genome (Figures 3.2 and 3.3).

Table 3.2: viRNAs from C6/36 and Aag?2 cell and\.. aegyptimosquito samples
aligned to DENV2 RNA with NextGENe

Number of
Sample (Total DENV small Per_c_ent from Perce_nt from
RNAs positive sense negative sense
number of reads) _—
(Percentage of strand strand
total)
C6/36 Uninfected
(11,915,311) 57 (5x10" %) 61% 39%
C6/36 DENV2 Day 5 0 0 0
(12.558,261) 24938 (0.2%) 96% 4%
Aag2 Mock 0 0 0
(14.087,714) 93 (7x10" %) 17% 83%
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Aag2 DENV Day 1

0, 0, 0,
(12.615,439) 55 (4x10" %) 41% 59%

Aag2 DENV Day 5

0 0 0
(12,131,018) 1612 (0.01%) 59% 41%

Mosquito Mock

40, [0) 0,
(7.687,058) 30 (4x10-4 %) 60% 40%

Mosquito DENV2
Day 9 6029 (0.05%)
(12,267,708)

55% 45%

Figure 3.1: Size distribution of DENV2 viRNAs identified frddextGENe alignment from
Mock-infected (A) and DENV2-infected (5 dpi) (B) C6/3€lls. Blue indicates the vViRNA was
from the positive strand and red indicates the viRNA was the negative strand of the virus
RNA.
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Figure 3.3 Distribution of DENV2 viRNAs from C6/36 infectedmiDENV2 (5 dpi)
graphed on a log scale to better visualize the smalédspe

SOLID pipeline analysis

The SOLID small RNA software pipeline was used toyw@DENV2 viRNAs
from C6/36 cells to compare the results seen with gwxd®ENe software. The SOLID
software pipeline analysis results were very similahtoNextGENe software analysis.
There were fewer DENV2 small RNAs with zero mismascfoeind in the uninfected
cells (18 with SOLID vs. 57 with NextGENe) and approxima@€0 fewer DENV2
VIRNAs with zero mismatches in DENV2-infected cells fdun with SOLID software
analysis (Table 3.3). These differences are mosyliked to differences in the

softwares’ matching algorithms. When the SOLID smallrRdéftware was allowed up
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to one mismatch in the viRNAs, the total more than dalisiehe C6/36 DENV2 Day 5
sample. This could be due to the presence of virus geqoasspecies in the cells,
which would have some differences in sequences when cedfmathe reference
sequence and may also be due to allowing for one misnmaticbse short sequence
allows for more non-specific matching to the genome tuofwhich is probably why
the numbers of DENV2 viRNAs with one mismatch alsoeased in the C6/36 Mock
sample).

Table 3.3: DENV2 viRNAs identified from C6/36 samples with SLID pipeline
analysis

Total number | Number of DENV2 | Number of DENV2
of reads VIRNAS with zero VIRNAS with one
mismatches mismatch
C6/36 Mock 11,915,311 18 (1 x 1m) 409 (3 x 10%)
C6/36 DENV2 Day 5| 12,558,261 24027 (0.19%) 50705 (0.40%)

Logo Analysis

The DENV2-small RNAs from both cell types were anatyavith the WebLogo
3 program (http://weblogo.threeplusone.com) to determirteiretwere preferences for
specific nucleotides at certain positions. The totalimmtied 35 nt length of virus RNA-
matching reads was analyzed in the program; thereforeetheences for the six 3'-
terminal nucleotides match the linker attached to thdl $2hAs in preparation of
libraries. Inthe DENV2 viRNAs from Aag?2 cells Ar aegyptimosquitoes, there were
no apparent preferences for specific nucleotides at ariygpssin the 5’ 21 nt (Figure

3.4 and 3.4B). However, in the C6/36 cell libraries, thepeared to be a bias for
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adenine on the nucleotide at position 10 in the DENV2-spessifiall RNAs (Figure
3.4C). Ago3-associated Piwi-interacting RNAs (piRNAdgonfhave an adenine at the
10" position, hinting at a possible mechanism for generatidhese small RNAs in

C6/36 cells (Brennecke et al., 2007, Gunawardane et al., 2007).

A)

B)

C)

Figure 3.4. Logo analysis of DENV2 viRNA from mosquiteesl cell culture and CFAV
VIRNAs from cell culture. Logo analysis was performedtaniral viRNAs using WebLogo 3.
(A) Aag2 DENV2 5 dpi VIRNA logo. (BA. aegyptiDENV2 9 dpi ViRNA logo. (C) C6/36
DENV2 5 dpi viRNA logo.
In vitro dicing assay with both cell lines

The dicing acivity of the cell lines was examined ia pineliminary stages of this
project to develop a way to study changes in Dcr2 activicglls after arbovirus
infection. Later this assay was used to determine idiffierences seen in the virus-

specific small RNA populations in the Aag2 and C6/36 aadidiwas due to differences

in Dcr2 activity. Anin vitro dicing activity assay for cultured mosquito cells based on
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similar methods used to prep@eosophilacell lysates (Haley et al., 2003) was
developed. This assay was used to compare the abiliglldysates from Aag2 and
C6/36 cells to cleave a long exogenous dsRNA into 21 bp siNAERndicative of

Dcr2 activity. Aag2 cell lysates produced the appropriatemiaduct (matching the
recombinant human dicer control product) within 18 hr &€ bp long dsRNA was
added to the lysate. C6/36 cell lysates did not make a &dnalb RNA product after
overnight incubation (the slight band seen in the C6f&8night timepoint lane is
spillover from the human recombinant Dcr reactiorelemthe right) (Figure 3.5). There
was a faint band in the 2 hour timepoint in the C6/3&gchllit it is not well defined and
had mostly disappeared after 4 hours, whereas the 21 bp papghectrs after 4 hours in
the Aag?2 cells and continues to accumulate more atteaepoint thereafter (Figure
3.5). The bands larger than 21 nt also are degraded fastietimepoints (except zero)
in the C6/36 lysate samples when compared to the Aag2 Beatgles, suggesting there
may be more RNase activity in the C6/36 cells. The Cé¢H8ysates also produce
distinct bands between 100 and 200 nt in length, which dreeen (or are masked) in
the Aag2 lanes. There may be some ssRNA in{f@)@ dsRNA preparation that is being
targeted by an RNase in the C6/36 cell lysate (Figure 3.5)

These lysate experiments were repeated to include mikiig ¢wo lysates and
introduction of human recombinant Dcr into the lysateshtow that there are not agents
in the C6/36 lysate that inhibit the Dcr2 reaction. WtenC6/36 and Aag2 lysates were
combined in equal protein concentrations and the labetgd dSRNA was added, a
Dcr2 product still appeared in this mixed lysate reactithpagh somewhat less than in

the Aag2 lysate alone (Figure 3.6A). When human recombdiegr was added to the
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lysates, a siRNA-like product was made in the C6/36 csditly; indicating that the C6/36
lysate lacks endogenous Dcr2 activity, but does not inexoigenously provided enzyme

(Figure 3.6B).

C6/36 Aag2

Hours: 0 2 4 6 8 O/N 0 2 46 8O/N

Recom. Dicer Rxn

20 bp Marker
2-log RNA Ladder

100 nt

21 bp 21 bp

Figure 3.5: Comparison of dicing activity in C6/36 and Aag2 bsatver time after the
addition of labeled dsRNA. Time is listed in hours aftédition of dSRNA. A
recombinant Dicer reaction is used as a size mark&lftp RNAS.
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A C6/36 5 B 5 Recom. Recom.
and 8 8 Dicer Dicer
Aag2 8 ° y .
C6/36  Aag2 9 £ £ Aag2 Aag2  C6/36 C6/36
0O ON 0 omn 0 onN é 21 bp i 0O on O on Q0 ON Qg ON

Figure 3.6: Comparison dicer activity after addition delled dsRNA in C6/36, Aag2
and both lysates combined (A) and with supplemented huecambinant Dcr (B).
Recombinant Dicer reaction used as a size marker for RINEys.
Assay of RNAI activity by measurement of GFP expression in Wahgizand C6/36
cells

Intact C6/36 and Aag2 cells were also tested for thetyabilitheir RNAI
pathways to inhibit EGFP expression from a transfecteshpthto elucidate the step in
the siRNA pathway where the C6/36 cells are not funatgpproperly. Each cell line
was transiently transformed with a plasmid express@&E along with siRNAs or long
dsRNA derived from the EGFP sequence or control RNAs defreen the WNV
genome sequence. Transfection of EGFP-derived-siRNéAither cell type resulted in
knock-down of EGFP expression, indicating that both laafeectional RNAI pathway if
pre-formed siRNA is loaded into RISC. However, tracisd@® of cognate long dsRNA
resulted in knock-down of EGFP expression only in Aagz csllggesting that only this
cell line was able to efficiently carry out Dcr2-mdéi cleavage of dsRNA (Figure
3.7A). Immunoblotting for EGFP expression in the cetlafirmed these results (Figure
3.7B). These results provide further evidence that C6/B5are defective in Dcr2

activity and suggest that both cell lines are able to fonctional RISC.
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C6/36

EGFP 30 kDa

Actin 42 kDa

EGFP 30 kDa

Actin 42 kDa

Figure 3.7. C6/36 cells can not knockdown GFP expressidtndsRNA. A) Analysis of
dicing activity in Aag2 (a-d) and C6/36 (e-h) cell cultureag? cells were transfected
with (a) pEGFP + EGFP siRNA, (b) pEGFP + WNV siRN&), gEGFP + EGFP
dsRNA, (d) pEGFP + WNV dsRNA. C6/36 cells were transttetih (e) pEGFP +
EGFP siRNA, (f) pEGFP + WNV siRNA, (g) pEGFP + EGFP N#R(h) pEGFP +
WNV dsRNA. All cells were analyzed by fluorescent magzopy at 48 hr after
transfection. (B) Immunoblot shows EGFP protein sileg. 1, pEGFP + EGFP siRNA,
2, pEGFP + WNV siRNA, 3, pEGFP + EGFP dsRNA, 4, pEGFP MiEBRNA.
(Images courtesy of Dr. Doug Brackney)
Dcr2 Northern blotting

To determine if dcr2 mRNA is being expressed in the C6I3iwe) levels of
dcr2 mRNA were analyzed from total RNA from C6/36 céllsalbopictusmosquitoes,
Aag?2 cells and\. aegyptimosquitoes using northern blotting with C6/36-dcr2 and Aag2-
dcr2 sequence probes (Figure 3.8). dcr2 messenger was detdmtdu Aag?2 cells and

C6/36 cells using their respective probes (both probes hasl mamber of UTPs, so their

intensity should be the same). When the band inteosmpared with the BioRad
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Quantity One software, the Aag2 band was approximatelipld stronger than the
C6/36 band (after adjustment for background). A faint baaslalso seen in the
aegyptiandA. albopictugband running slightly smaller) lanes. When the dcritiba
from cells and the dcr2 band from mosquitoes were comptre Aag2 cell band was
approximately 5 fold stronger than tAeaegyptidcr2 mosquito band and the C6/36 cell
dcr2 band was approximately 3 fold stronger tharAthalbopictusband. The lower
levels of dcr2 seen in the whole mosquito RNA is propdhk variability in gene

expression levels in the various mosquito tissues.
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Figure 3.8: Northern blot analysis of dcr2 mRNA levelsnmsquito cell cultures and
whole mosquitoes. Total RNA was used for each sanmalea antisense probe to dcr2
nt 4919-5116 was used for detection.
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dsRNA knockdown of Dcr2 in cells

The ability of dsSRNA to knockdown Dcr2 expression was testehe Aag2 and
C6/36 cells to test if Dcr2 could knockdown its own mRNA esgion as another way to
test Dcr2 activity in the cells. dsRNA specific torBsequence from both. aegyptiand
A. albopictugfrom the same region of the gene) was soaked ietceahs and then total
RNA was extracted at various days following dsRNA additi®his RNA was then
probed for dcr2 messenger RNA usigaegyptior A. albopictusantisense ssRNA
probes from a region further downstream of the sequeinit® dsRNA used to
knockdown the gene. In the Aag2 cells, the Dcr2 messepgeared to decrease
somewhat on Days 2, 3 and 5 after addition of dsRNA (Fig@&elighter exposure), and
this may also have occurred in the C6/36 cells, althougbahes are somewhat too faint
to really make any conclusions. No differences are settre darker exposure in the
C6/36 samples. This ‘lack’ of dcr2 knockdown by dsRNA in C6/3B celuld be due to
the inability of dSRNA to knockdown of gene expression duedffective Dcr2
processing in the C6/36 cells, or could also be attribateddck of dSRNA uptake by
the C6/36 cells during the dsRNA soaking. It is interesongpte that the bands for dcr2
MRNA are much stronger in all of the Aag2 samples coeapto the C6/36 samples,
which may indicate that there is less dcr2 messengsemqren the C6/36 cells (Figure
3.9). It should be noted that the C6/36 and Aag2 samplesrwenn the same gel,
probed with the same amount of antisense dcr2 probeghhthe sequences were
specific toA. albopictusor A. aegyptidcr2) and the blots were exposed to the same sheet
of film. Also, when this experiment was first atteexgbttheA. albopictusdcr2 probe was

inadvertently used on the Aag2 sample membrane anil. thegyptidcr2 probe was used
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on the C6/36 sample membrane and no bands appeared irsaitipe (data not shown),
indicating the sequence differences in this region®fiitr2 gene are enough for the

probes to not cross-react between the species.
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Figure 3.9. Northern blot for dSRNA knockdown of dcr2 in C6/3B ¢en left) and Aag2 cells
(on right). RNA was extracted for 5 days after additibdslRNA. gal dsRNA was used as
control dsRNA. The upper picture is a lighter blot exposumcethe lower picture is a darker

exposure to show the Dcr2 bands in the C6/36 sample.

Dicer-2 cDNA sequences from Aag2 and C6/36 cells

dcr2 cDNA amplicons from Aag2 and C6/36 cells were sequencedimtbe
forward and reverse directions to determine if thereewutations in the C6/3dcr2
sequence that could explain why it may not be functioninggrtp. The nucleotide
sequences were aligned using VectorBase (see Appendixgiomaint) and were
compared to each other and theaegyptimosquitodcr2 sequence from GenBank using
EMBOSS. dcr2 sequence from nt 1200 to 5120 was recovered from C6/36 cells, while
an almost complete sequence was recovered from Aag2 ddle Aag2 cell and.
aegyptidcr2 sequences had 99% identity, while the C&I8& had only 52.7% identity
with the A. aegyptimosquito and Aag2 cells (Table 3.4). This lower numberoist

likely due to a lack of full C6/36 dcr2 sequence as well @@haparing different
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mosquito species. When the sequences were comparedBu#i8J N, a region of 3897
nt (from nt 1211 to 5104 of Aag2 sequence), had approximately 79%tydevhich is
probably a more accurate comparison between the twbneetienes since the regions
where no C3/36lcr2 sequence was available were eliminated (Table 3.5).

This sequencing revealed a single nucleotide deletion 66I#6 gene at the
equivalent position to nt 2688 &f aegyptimosquitodcr2 sequence (position 1508 of the
incomplete C6/36 sequence) (See Figure A.1 in the Appendikdanucleotide sequence
alignment). This deletion would result in either gpstodon, a completely altered amino
acid sequence by comparisonAoaegyptiDcr2, or a frame shift downstream. Any of
these would greatly affect the structure and probableiumof the protein. When the
C6/36 nucleotide sequence was translated into amino acid seqties +1 (from first
nucleotide in known C6/36 sequence) reading frame amidosaquence aligned to the
A. aegyptiamino acid sequence from amino acids 825 to 1632, and tteadidg frame
translation aligned to th&. aegyptiamino acid sequence from amino acids 333 to 824
(See Figure A.2 in Appendix for the amino acid sequengerakent). The region where
the frame shift occurred in the amino acid sequencesprels to the region of the
deleted nucleotide. This region of the C6/36 cell cDNA sexgienced 3 separate times
(2 times with one primer set one cDNA library, oncehvatdifferent primer set and a
second cDNA library) using a high-fidelity DNA polymerase ts the best of my
knowledge this deletion is genuine. The protein resultiogn fromplete translation of
either the +1 or +2 reading frame would probably functiotecqaoorly as either the PAZ
and RNase Il domains (located in the amino acid 825-1632esgymould be translated

correctly or the helicase and dsRNA binding domains (éxtat the amino acid 333 to
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824 segment) would be translated correctly, but not botkingndinding and cleavage of
long dsRNA faulty for the enzyme. Even if this deletiv@an artifact of sequencing,
there are many non-conservative changes in functiomahohs of the amino acid
sequence of C6/36 cell Dcr2 that could result in change®iriprstructure/function
(See Figures A.3-A.7 in the appendix for the regions ofuthetional domains). It is
difficult to speculate which of these changes couldcafprotein structure and function
without knowledge of thé. albopictusmosquito Dcr2 sequence.

Table 3.4: Results of EMBOSS needle Pairwise Alignment gdrithm comparison of
dicer2 sequences.

A. aegyptimosquito vs. Aag?2 dicer2 Sequence

Parameter Score

Identity 5869/5927 (99.0%)
Similarity 5869/5927 (99.0%)
Gaps 30/5927 (0.5%)
Length 5927

Score 33865.5

A. aegyptimosquito vs. C6/36 dicer2 Sequence

ldentity 3121/5919 (52.7%)
Similarity 3121/5919 (52.7%)
Gaps 2005/5919 (33.9%)
Length 5919

Score 17343.0

Aag?2 vs. C6/36 dicer2 Sequence

ldentity 3119/5919 (52.7%)
Similarity 3119/5919 (52.7%)
Gaps 2005/5919 (33.9%)
Length 5919

Score 17342.0

Table 3.5: Comparison of dcr2 Sequences from Aag2 and C6/36 celsng
BLASTN

Parameter Score

Identity 3088/3897 (79%)
Gaps 27/3897

Score 3333 hits

Expect 0.0
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mMiRNA analysis

The number of probable miRNA sequences in the C6/36aelples from the
SOLID sequencing was analyzed with NextGENe softwaregubm miRBase database
to determine which miRNAs increased with DENV2 infectionhef cells.

Approximately 2% of the total number of reads was miRNAthe C6/36 Mock sample,
while 1.5% of the reads were miRNAs in the C6/36 DENV2 bapst infection sample
(Table 3.6). Most of the miRNAs in the samples wer@2nt in length. In the C6/36
Mock sample, 22 nt was the most common size, while 24astthe most common size
in the DENV2 infected C6/36 sample (Figure 3.10 and 3.11). Tight slhange from 22
nt to 21 nt might be related to the change in small Ridthways during infection of the
cells such as proteins from one pathway being sharedandtther, but more replicates of
the sequencing would need to be done to make any conclusions.

The change in levels of miIRNAs during DENV?2 infection a& analyzed by
determining which miRNA increased most in the DENV2 infddample compared to
the mock sample (Figure 3.12). miR-77a was the miRNA foamactease most after
infection, although its target and function have nohlsetermined yet. miRNAsS
matching bottDrosophila erecteandBombyx mormir-277 were also found to be
increased (Figure 3.12). Drosophilg miR-277 is believed to possibly target genes for
protein GalNAc transferase, valine leucine and isoleut@ggadation, cell polarity and
membrane proteins. This miRNA is also conservefinaphelegStark et al., 2003).
The degradation of amino acids is regulated when the lcalle excessive dietary intake
or are undergoing starvation, so this miRNA may be nesipte for regulating a

metabolic response (Stark et al., 2003). miR-277 and miR4 dao been identified in
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A. aegyptiandC. quinquefasciatusiosquitoes and. albopictusC7/10 cells (Li et al.,
2009b, Skalsky et al., 2010), although there is little datamets for miR-7 in
invertebrates. It is unclear why the best matchesoddeosophila Capitella(polychaete
worm) andB. morimiRNAs when a mosquito equivalent miRNA has been found,
possibly due to how the NextGENe software picks which seguieshould align to first
when matching small RNAs to the reference sequence (msiRiBahis case). miR-216b
was also found to be increased, but its gene targetl isrs¢hown, and nédedesor
Culexcounterpart has been described in miRBase yet. miRiAsthe miR-276 and

miR-7 families were also increased after DENV2 infecbbag?2 cells (see Chapter 2).

Table 3.6: Potential miRNAs identified from C6/36 samples ith NextGENe analysis

Mature miRNA hits Percent of total reads
C6/36 Mock 238,454 2.0%
C6/36 DENV2 Day 5 182,374 1.5%

Figure 3.10: miRNA size distribution from C6/36 Mock samBue indicates the small
RNA was derived from the positive sense strand, and cechires the small RNA was
derived from the negative sense strand.
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Figure 3.11: miRNA size distribution from C6/36 DENV2-infectedpi sample. Blue
indicates the small RNA was derived from the positivessestrand, and red indicates the
small RNA was derived from the negative sense strand.

C6/36 DENV2 Day 5 miRNAs

Fold increase over mock

>sme-miR-71a >der-miR-277 >dme-miR-276b >bmo-miR-277 >cap-miR-7 >cap-miR-216b
MIMAT0003984 MIMAT0008517 MIMAT0000354 MIMAT0004203 MIMAT0009506 MIMAT0009679
Schmidtea Drosophila erecta Drosophila Bombyx mori miR-277  Capitella sp. miR-7  Capitella sp. miR-216b
mediterranea miR-71a miR-277 melanogaster miR-
276b
miRNA

Figure 3.12: Fold-increase of C6/36 cell miRNAs over modéeied C6/36 miRNA levels at
five days after DENV2 infection.
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Discussion:

The purpose of this study was to compare the antiviral RBiggonses to
infection with the positive-sense RNA arbovirus DENM2wo mosquito cell lines by
characterization of the virus-specific small RNAs (Ni#s) produced after infection. In
previous studies, when tiAe aegyptiRNAI response was knocked down by injection of
dsRNA derived from the dcr2, ago2 or r2d2 genes, viral reicat mosquitoes
increased, indicating that RNAI plays an antiviral rag@inst DENV2 (Sanchez-Vargas
et al., 2009). Little is known about the nature of the MENRNA trigger of the RNAI
antiviral pathway and the resulting DENV2-specific sSiRNAsnosquitoes and mosquito
cell cultures. Since DENV2 induces the production of dsRNAng its replication cycle
(Stollar et al., 1967, Stollar & Stollar, 1970Db), this wolddthe most obvious trigger for
Dcr2 cleavage and activation of an RNAIi response. Heweome analyses of small
RNAs from cells infected with positive-strand RNA plamuses have shown that a
much higher proportion of SiRNAs are derived from the p@ssense strand than from
the antisense strand, indicating that secondary structaine sSRNA genome may be a
trigger for RNAI (Molnar et al., 2005). Analysis of our gesequencing data showed
that approximately 54-59% of the DENV2-small RNAs in Aag2scskre positive
sense, close to the 1:1 ratio that would be expected tfridger were a double-stranded
intermediate composed of long strands of positive genBii& annealed to a long,
complementary negative sense strand (Chapter 2). $trddiion pattern of viRNAs
along the DENV2 genome in Aag2 cells at 5 days post DEN\&ztioh is relatively
uniform, also implicating a long dsRNA replicative intedrate as the main source of

DENV2-specific small RNAs in Aag2 mosquito cells (Chager In DENV2-infected
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mosquitoes, the positive strand:negative strand raticewes closer to 1:1, with 55% of
the DENV2-specific small RNAs being derived from the pesigsense strand (Chapter
2). Surprisingly, the C6/36 DENV2-specific small RNAs svatmost all positive sense,
and seemed to be generated from specific regions of thengen&/hen data were
analyzed with the SOLID pipeline software, similar o@ms of DENV2-ViRNAs from
the C6/36 samples were found as with the NextGENe sadtaralysis.

The DENV2-specific ViRNAs in both Aag2 cells (5 dpi) ahdaegypti
mosquitoes were predominantly 21 nt long with similar progoes of sense and
antisense polarities, indicating that their RNAI maamkm must be similar (Chapter 2).
The predominant length of DENV2-derived small RNAs in C6/8&avas 27 nt, a size
characteristic of piRNAs. The C6/36 cells also didproduce typical 21 nt ViRNAS in
response to infection by WNV, SINV or LACV, as is shoiw Brackney, et al., 2010
(Brackney et al., 2010).

The presence of unusual DENV-specific small RNAs in C68B suggested
that they used a compensating mechanism for generatiarab$pecific small RNAs.
The larger size and predominance of positive sense sial i C6/36 cells suggested
a piRNA-like mechanism like that mediated by Ago3 (Brekrezt al., 2007). Virus-
specific pIRNAs were recently describeddrosophilaWu et al., 2010 and Zambon et
al., 2010 showed thatiwi-family mutants oDrosophilawere more susceptible to
Drosophila virus X infection (Wu et al., 2010, Zambon et2006). Logo analysis of
DENV2- small RNAs from C6/36 cells showed a bias for adeairthe 18 position
from the 5’ end, which is also characteristic of piRSNl&unawardane et al., 2007). The

overwhelming predominance of genome-sense small RNAsyfare loaded into a
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RISC, would result in inefficient cleavage of newly-8wsized viral genomes and a
comparatively weak innate immune response.

The piRNA pathway may serve as a backup mechanism thbexxogenous
SiRNA pathway is not functioning correctly. Evidencetfus hypothesis was seen when
the endo-siRNA pathway was disrupted by mutation of Agd2rasophilg causing
appearance of somatic cell piRNAs, possibly serving askupdor transposon
surveillance (Ghildiyal et al., 2008, Ghildiyal & Zamo2§09). In our examination of
RNAI in A. gambiaemosquitoes we found that co-injection into mosquitfedssRNA
derived from Ago3 with ONNV resulted in increased ONN¥IS, hinting at a possible
role for Ago3 in antiviral immunity in mosquitoes (Keegteal., 2004).

In a previous study, northern blot hybridization failediedect WNV-specific
SiRNAs in C6/36 cells (Chotkowski et al., 2008). In thigdstin vitro lysate analysis
indicated that C6/36 cells may lack the ability to cleaveldsRNA into siRNAs. Only
transfected siRNAs could be used to knock-down GFP exprefsim a plasmid in the
cells, and long dsRNA did not. Deep sequencing analysinalf RNA in DENV2-
infected C6/36 cells revealed abundant DENV2-specific SRdA that did not have the
size and polarity patterns expected of Dcr2 generated ssRNAese results all suggest a
lack of Dicer cleavage activity in C6/36 cells. Howevercs addition of recombinant
Dicer to the lysate resulted in production of siRNAsppeared that the lack of Dcr2
activity was not due to its inhibition in C6/36 cells.

dcr2 mRNA levels were analyzed in the two cell lined @ whole mosquitoes.
It appears that there is more dcr2 mRNA produced in tig2 Aalls than in the C6/36

cells. There was also more dcr2 mRNA in both mosagtolines than in the whole
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mosquitoes, which is probably a result of more varie@ dgpression in different tissues
of the mosquito. When dsRNA derived from dcr2 was soakedeils only Aag?2 cells
showed a decrease in dcr2 messenger RNA. This may le ek of Dcr2 protein
cleavage activity in C6/36 cells, which would prevent dcr2 dsRid being effective
against reducing dcr2 messenger RNA, or could also be dusktofldsRNA uptake into
the C6/36 cells during dsRNA soaking.

Sequencing of major regions of the Aag2 and Ca3@ cDNAs showed that the
MRNAS have approximately 79% nucleotide sequence identityueBeing also
revealed a single nucleotide deletion in the C@l&@ sequence that would result in a
translational stop or frame shift or complete atieraof the amino acid sequence, which
would severely disable the protein’s ability to functi@mrectly and may explain why
there appears to be dysfunctional Dcr2 cleavage iC@&86 cell line.

In Drosophila missense mutations in the DExH helicase domaintessir
reduced dsRNA processing ability and a missense mutatite RNase |1l domain
caused a loss of dsSRNA processing comparable to a null dee2iom (P1496L) (Lim et
al., 2008). The P1496L dcr2 mutation still allowed for fun@idRISC activity, which is
comparable to the results seen in the EGFP knockdowmiergres in C6/36 cells
showing a lack of dsRNA processing, but functional siRNtvayg in the C6/36 cells
(Figure 3.7). Neither of the P1496L or A1453T mutations was iseitve C6/36 dcr2
sequence, but any one of the mutations seen in the RN#&melains of the C6/36 dcr2
sequence could have a similar effect (See Figures A.6 ahoh Ahe Appendix).

MIiRNA analysis to determine increased miRNA expresaftar DENV2 analysis

did not show any surprising results, although miRNAs ftbenmiR-276 and miR-7
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families increased in both the C6/36 cells and the Aad? attér DENV?2 infection.
Further investigation is needed to determine if these rgdte involved in antiviral
defense during DENV2 infection.

The lack of functional Dcr2 activity in C6/36 cells and prdeucof
predominantly positive-sense piRNA may play a roléhairtincreased ability to support
the replication of arboviruses such as DENV and chikunguaryd may account for
Igarashi’s speculation that “the virus-sensitive C6/36 cloag lack efficient regulatory
mechanism for virus RNA synthesis and virus production” églair 1978).

Future studies could examine how Dcr2 functions in othelbopictuscell lines
to determine if this phenomenon is specific to C6/36 c&is.2 wild-type sequence
could also be expressed in the C6/36 cells and virus-spswiitt RNAs could be
analyzed by deep sequencing to see if the Dcr2 activity ceutdscued in the cell line.

In summary, deep sequencing analysis and vanmousro studies have indicated
that C6/36 cells exhibit inefficient Dcr2 cleavage of long dBRN'he C6/36A.
albopictuscell line produces more abundant DENV2-specific small RNétkough they
appear to be generated by a different small RNA pathwagildg through a piRNA-like
mechanism, and this aberrant pattern of viral small RkAluction extends to other
flaviviruses, alphaviruses and bunyaviruses (Brackney,e2@l0). Caution should be
used when analyzing the molecular interactions of arbses with the C6/36 cell line, as
they do not appear to have a similar antiviral defenssharesm a#\. aegypti

mosquitoes.
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CHAPTER 4

ANALYSIS OF CELL FUSING AGENT VIRUS-SPECIFIC SMALRNAS IN

MOSQUITO CELLS
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Introduction:

Some flaviviruses are found only in mosquitoes and argan@ritted to
humans. These viruses are related to the arbovinuslesklaviviridae family but fall
into their own phylogenetic clade (Hoshino et al., 2007, Marial., 1995), and are
referred to as mosquito-only flaviviruses. The firstsoquito-only virus was described as
an agent irA. aegyptiembryo cell culture that resulted in fusionfofalbopictudarval
cell cultures when medium from tlde aegypticells was transferred to tie albopictus
cells. This agent was first described as Cell FusingiA¢gtollar & Thomas, 1975) and
later characterized as a virus (Igarashi et al., 1976).pfiewalence of the virus in natural
mosquito populations and how it is transmitted betweerguoitwes is unknown,
although a vertical transmission route seems plausiblejosquito embryos were used to
start the original cell culture (Pelég aegypticells) in which CFAV was found.

Other mosquito-only flaviviruses have been found irnvihié including Kamiti
River virus (KRV) (Sang et al., 2003) and otkerexandAededlaviviruses (Bolling et
al., 2010 (Submitted), Crabtree et al., 2009, Farfan-Ale,e2@09, Hoshino et al., 2009,
Hoshino et al., 2007, Kim et al., 2009, Morale-Betoulle e28l08). KRV is vertically
transmitted in mosquitoes in the laboratory at ratg 8% (Lutomiah et al., 2007), and it
is suspected that the other mosquito-only flavivirusesadso transmitted vertically.

DNA integrations with similar sequences to CFAV and KR¥e also been
described in the mosquito genome (Crochu et al., 2004y.uftalear how these were
integrated into the genome, but some of the flanking segseare related @rosophila
transposons, suggesting a mechanism for integration (Ced@iy 2004). The presence

of these integrations indicates that these viruses hagn persistently infecting
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mosquitoes for a long time (Crochu et al., 2004). Whetl@scription occurs from
these integrated regions, and if that transcription woulé hay effect on the replication
of other viruses in mosquitoes (such as arboviruses)l sr&kknown. An integration of
RNA from a dicistrovirus into the genome of the Bgrs mellifera is present in 30% of
the bee populations and has been shown to provide the tbhessistance to infection
with the homologous virus (Maori et al., 2007). Whetherrttosquito flaviviral DNA
integrations provide resistance to other viruses in thejaimsneeds further
investigation.

Upon examination of the deep-sequencing results fromag@ Amall RNA
libraries, many small RNAs from the CFAV genome weiseovered. This was not a
complete surprise, as the Aag2 cell line was derived fhenotiginal Peled\. aegypti
embryo cell line where CFAV was first described. IS thapter the small RNAs
derived from CFAYV infection of mosquito cells are azeky, the possibility for
interactions between CFAV small RNAs and the DENV2oges is described, the cell
lines are examined for mosquito-only flaviviral DNA intations and the effect of CFAV

infection on Dcr2 activity of C6/36 cells is studied.

Materials and Methods:

Cells and Medium

Aag2 and C6/36 cell lines were maintained as described in psegimpters.
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Development of a C6/36 cell line persistently infected with CFAV

A CFAV-persistently infected C6/36 cell line was made bytieieiging medium
from Aag2 cells at 3,500 rpm for 5 minutes, filtering 2 msopernatant from
centrifuged medium through a 0.1 um filter, then througdttser 0.1 um filter.
Approximately 1 ml of this filtered medium was added to a T1&gkfof confluent
C6/36 cells. The cells showed CPE of syncytia formadiod most died, but some cells

remained to regenerate the culture.

SOLID sequencing

The same small RNA libraries and SOLID sequencing usetthdohag2 and
C6/36 cell samples from previous chapters are analyzed fiéeesmall RNA sequences
were aligned to the CFAV genome from GenBank Accessionber NC_001564.1
using the NextGENe and ABI SOLID small RNA analysisgtine.

ABI SOLID small RNA analysis pipeline config file:

RUN_FILTERING true
RUN_MIRBASE_MATCHING false
RUN_GENOME_MATCHING true

tag_length 35

pattern 1111211121112112112112112112112112111 #need t o be of
tag_length size

adaptor CGCCTTGGCCGTACAGCAG

# filtering step
filter_step_reference_file
/projects/jackiescott/primer_filter_reference.fast a
filter_step_number_of bases to use 25
filter_step_number_of errors 2

# miRBase matching step

miRBase_step_gff _reference_file /projects/jackiesco tt/hsa.gff
MAKE_PRECURSOR_FASTA_REFERENCE no
miRBase_step_reference_fasta_file  /projects/jackies cott/has.fasta

miRBase_step_reference_extenssion 35
miRBase_step_seeds _number_of bases to_use 18
miRBase_step_seeds_number_of _errors 3
miRBase_step_extension_max_number_of_errors 6
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miRBase_step_output_read_type unique
miRBase_step_output_counts yes
miRBase_step_output_wiggle yes
miRBase_step_output_gff _reads no

# genome matching step
genome_step_reference_fasta_file
/projects/jackiescott/CFAVNC001564.fasta
genome_step_seeds_number_of bases_to_use 20
genome_step_seeds_number_of_errors 2
genome_step_extension_max_number_of_errors 5
genome_step_maximum_number_of _hits_per_tag 5
genome_step_output_read_type all
genome_step_output_wiggle yes
genome_step_output_wiggle_coverage_cut 10

# environment information

NAME_OF QUEUE secondary  #highmem
FOLDER_FOR_TEMPORARY_FILES ON_COMPUTE_NODES
NUMBER_OF_PROCESSORS ALLOCATED PER _NODE 1
MAX_MEMORY_PER_JOB IN BYTES 2e9

# NOT YET IMPLEMENTED

NUMBER_OF_READS_FILE_PARTITIONS 2

RT-PCR for CFAV RNA

/scrhtc

Reverse transcriptase PCR (RT-PCR) was performeelnmac RNA extracted

with Trizol following the manufacturer’s protocol. TBaiperscript Il Reverse

Transcriptase kit (Invitrogen) was used according to itf'geikstructions using primers

CFAV-3720 REV for the RT reaction and CFAV-3500 FWD and CEF3a20 REYV for

the PCR reaction (see Primers Table in Appendix fanqrisequences).

Alignment of CFAV genome to DENV2 genome

The CFAV RNA sequence accession number NC_001564.1 and the 2 DEN

RNA sequence accession number M20558.1 were aligned to eaclusitlg the Basic

Local Alignment Search Tool (BLAST) on the NCBI websi

(http://blast.ncbi.nim.nih.gov/) using blastn, with an explashold of 10, a word size
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of 7, 2 match and -3 mismatch scores, existence of Sxaeds®on of 2, filtering low
complexity regions, and masking for look up table only. sSEhgarameters were the
default parameters set by BLAST.

CFAV and DENV2 RNAs were also compared for their perseguence identity
using the EMBOSS pairwise alignment algorithm programtéztat

http://www.ebi.ac.uk/Tools/emboss/align/index.htmsing the settings: EMBOSS:needle

(global), Matrix: DNAfull, open gap penalty of 10.0 and @ gxtension penalty of 0.5

(Rice et al., 2000).

Search of Vectorbase for CFAV-like integrations

Vectorbase.or@. aegyptinucleotide sequences (Assembly AaegL1l Supercontigs
- Liverpool Strain, Transcripts AaegL1.2 Gene Build, ES€&ptember 2009 GenBank,
Trace Reads Liverpool Strain September 2009) were search€&Ad (accession
number NC_001564.1) sequences using blastn, with a maximum es¥dluyeord size
11, scoring matrix BLOSUM62, and complex masking low onxbbsite:

http://aaeqypti.vectorbase.org/Tools/BLAST/

PCR for CFAV-like integrations

DNA was extracted from 1 ml of Aag2 or C6/36 cells (scdapéo their growth
medium) with the DNeasy DNA extraction kit (Qiagémljowing the manufacturer’s
instructions including an RNase A treatment. PCR wa®pred using primers

described in (Crochu et al., 2004): CSA NS3, CSA seg#2 (NSFRhdwith the
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following PCR cycle: 94°C for 2 minutes, followed by 35 egcbf [94°C for 1 minute,

50°C for 30 seconds,72°C for 1 minute] followed by a 10 minutensian at 72°C.

Analysis of small RNAs from CFAV-like DNA integration

The DNA integration resembling KRV RNA sequence that prasiously
described irA. aegyptiA20 cells (GenBank accession number AY347953.1), referred to
as Cell Silent Agent 2 by Crochu, et al. (2004), was useef@gnce sequences in
NextGENe to analyze the small RNAs transcribed ftbese regions in the Aag2 Mock

and Aag2 DENV2 Day 5 SOLID small RNA libraries.

In vitro dicing activity assay with CFAV-persistently infeatetls

dsRNA was prepared b vitro transcription of a 498 bp region of the beta-
galactosidase (gal) gene as described in Chapter 3. Cell-free lysates generated
from Aag2 cells, C6/36 cells and C6/36 cells persistentcied with CFAV, using the

protocol described in Chapter 3 with 50 ng afal dsRNA per lysate (25 ng/lane).

Results:
CFAV VviRNAs from SOLID sequencing

During preliminary small RNA analysis, we detected agdirig agent virus
(CFAV) small RNA in Aag2 cells, suggesting persistent itdechby this insect-only
flavivirus. The sequences of small RNA libraries prep&eu Aag2 cells were aligned
with a CFAV genome sequence using NextGENe software totigassthis original

small RNA finding. Surprisingly, there were many more ERBAS in all Aag2
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libraries that aligned to CFAV RNA than to DENV2 RN#&pproximately 80,000 CFAV
VIRNAs (DENV2 5 dpi sample) vs. 1,612 DENV2 viRNAs (DENV2 5 dpanple)
(Table 4.1). CFAV was first described in the precursdirline to Aag2 cells
(Brennecke et al., 2007, Cammisa-Parks et al., 1992, Gunawatdaine?007, Stollar &
Thomas, 1975). Neither the mock-infected nor DENV2-infeéteaegyptimosquitoes
appeared to have a CFAV infection, as only a small nunflreads (< 60) from those
libraries matched the CFAV genome (data not shown). nidek infected C6/36 cells
also had <60 CFAV-specific small RNAs, but > 21,000 CFAVIERBEAS were
detected in the DENV2 5 dpi C6/36 cell culture sample (Talile 4&ince the DENV2
stock used to infect the C6/36 cells was grown in Aag2 ¢hlswas probably the
source of the CFAV, which was introduced to the C6/36 delig\g the DENV2
infection.

Interestingly, the patterns of size and polarityhaf CFAV-derived small RNAs
were very similar to those of the DENV2-derived srRRMA in both cell lines. Aag2
cell CFAV-specific small RNAs were predominantly 21 ntangth and were 54-63%
positive sense (Table 4.1 and Figure 4.1). The numbers oV@&pAcific small RNAs
were lower in the Aag2 DENV2 Day 1 library than in theeotbamples (Table 4.1), and
this is most likely due to the RNA from these samptEad harvested at 1 day after
infection, whereas the other samples were taken agyHatfter infection or mock-
infection, so these later samples probably had mdiseared possibly a higher titer of
CFAV. C6/36 cell CFAV-specific small RNAs were mos2ly nt in length and 99%
were derived from the positive sense strand, simildngaharacteristics observed for

DENV2-specific small RNAs, indicating that the defetDicer activity was not limited
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to production of DENV2 small RNAs (Table 4.1 and Figure 4.1)e distribution of
VIRNAs along the CFAV genome was similar in all thoé¢he Aag2 samples, with the
small RNAs spread across the genome with peaks around nt3s0I 3800, 8000 and
near the 3’ end (Figures 4.2, 4.3 and 4.4).

The distribution of CFAV VviRNAs along the CFAV genometihe C6/36 DENV2
day 5 library was mostly confined to two peaks around nt 8800 and BRQOE 4.5).
Since these are from such specific regions and asthynmmsitive sense, this indicates
they may be coming from secondary structures of the Cp@attive sense RNA, and
their predominant size of 27 nt could indicate that theygenerated by a piRNA-like
mechanism, although it is still unknown whether theNpApathway targets ssRNA or
dsRNA.

Table 4.1: CFAV small RNAs from NextGENe analysis

Number of CFAV Percent from Percent from
Sample (Total number| ~ small RNAs positive sens¢ negative sense
of reads) (Percentage of strand strand
total) I I
Aag2 Mock (14087714 79732 (0.5%) 57 43
Aag2 DENV2 Day 1 o
(12615439) 25663 (0.2%) 63 37
Aag2 DENV2 Day 5 o
(12131018) 88863 (0.7%) 54 46
C6/36 Mock (11915311) 59 (<0.00%) 54 46
C6/36 DENV2 Day 5 21807 99 1
(12558261) (0.17%)
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Aag?2

C6/36

Figure 4.1: Size distribution of CFAV specific small RNffem Aag?2 cells DENV2 day 5

sample and C6/36 DENV day 5 sample.
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Figure 4.6: Distribution of CFAV ViRNAs from C6/36 infectedamvDENV2 (5 dpi)
graphed on a log scale.
SOLID Pipeline Analysis of CFAV viRNAs

SOLID Pipeline Analysis of CFAV viRNAs was performed torgmare with the
number of CFAV ViRNAs found with the NextGENe softwarEhe numbers of CFAV
VIRNAs with no mismatches were lower with the SOlpIpeline than with the
NextGENe software (Table 4.1 and Table 4.2). This is irigluhue to the NextGENe

software including small RNAs with mismatches.
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Table 4.2: Numbers of CFAV viRNAs found in Aag2 and C6/36 sampdrom
SOLID sequencing using SOLID small RNA analysis pipeline.

Total number of | Number of CFAV Number of CFAV
reads VIRNAS with zero VIRNAS with one
mismatches mismatch
Aag2 Mock 14087714 64655 (0.46%) 38259 (0.27%)
Aag2 DENV2 Day 1 12615439 20627 (0.16%) 11399 (0.09%)
Aag2 DENV2 Day 5 12131018 71882 (0.59%) 33759 (0.28%)
C6/36 Mock 11915311 2 (0.00%) 9 (0.00%)
C6/36 DENV2 Day 5 12558261 18787 (0.15%) 8617 (0.07%)

Logo Analysis of CFAV-specific small RNAs

The DENV2- and CFAV-specific small RNAs from bothldgpes were analyzed
with the WebLogo 3 program (http://weblogo.threeplusone.¢ordgtermine if there
were preferences for specific nucleotides at certaitipos. The total untrimmed 35 nt
length of virus RNA-matching reads was analyzed in the progtherefore, the
sequences for the six 3’-terminal nucleotides matchitkerl attached to the small RNAs
in preparation of libraries. In both the DENV2 and CFARNAS from Aag?2 cells,
there were no apparent preferences for specific nudesét any positions in the 5’ 21 nt
(Figure 4.7A and Figure 3.4A). However, in the C6/36 cell tibsa there appeared to be
a bias for adenine on the nucleotide at position 10 iCE&V-specific small RNAs
(Figure 4.7B). Ago3-associated Piwi-interacting RNAs [{p#) often have an adenine
at the 18 position, hinting at a possible mechanism for generatidghese small RNAs

in C6/36 cells (Brennecke et al., 2007, Gunawardane et al.,.2007)
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Figure 4.7. Logo analysis of CFAV viRNAs from mosquitdl celtures. Logo analysis
was performed on the vViRNAs using WebLogo(8) Aag2 CFAV VviRNA logo. (B)
C6/36 CFAV ViRNA logo.
RT-PCR for CFAV RNA

RT-PCR was used to confirm if CFAV RNA was presenthagmall RNA
libraries, as well as in our cell cultures. RT-PORI¢tect CFAV RNA was performed
on RNA used in SOLID sequencing analysis (prepared in Ocfii8), as well as
freshly prepared RNA from uninfected C6/36 cells, persist€DEpV infected C6/36
cells and Aag2 cells (grown in April 2009). All of the sdespfrom Aag2 cells, as well
as from the C6/36 cells infected with DENV2 and harveatdsldpi were positive
(Figure 4.8A). The C6/36 cells that were not infected bgioeparation of the SOLID
sequencing samples (October 2008) were not positive for GkEART-PCR (Figure
4.8A). It is not surprising that the C6/36 cells infectecdhV@ENV2 for the SOLID small
RNA sequencing were positive for CFAV RNA, since the DE2Nused to infect these
cells was grown in Aag2 cells, and thus the CFAV wa®sdhced to the C6/36 cells

during the DENV2 infection. The C6/36 cells that were gngvin April 2009 did have
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a faint band in the RT-PCR reaction (Figure 4.8A andB)is may mean they had a low
level of contamination with CFAV (although this probabiguld have produced more
CFAV RNA) or the RT-PCR reaction had a slight contation with Aag2 RNA.

The C6/36 cells that were persistently infected witAZBy adding cell culture
medium from Aag?2 cells (filtered through 0.1 um filtegnr& strongly positive for CFAV
RNA by RT-PCR (Figure 4.8B). This indicates that th&&From persistently
infected Aag2 cells is shed into the cell culture medauneh can infect C6/36 cells. The
control reactions where no reverse transcriptase (®iE)added were all negative,

indicating that the CFAV sequence was amplified fromlA&dA, not DNA integrations.
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A C6 Aagz2  pgg2
C6 C6 DENV Aag2 DENV ppny
Uninfected Mock D5 Mock D1 D5

4109 10/08 10/08 10/08 10/08 10/08

RT: + - + - + - o+ -+ -+ -
B C6 C6 + Aag2 Aag2
Uninfected medium “uninfected”
4/09 11 dpi 4/09
RT: + - + - + -

Figure 4.8: RT-PCR for CFAV RNA. Template was totdlARused to make SOLID libraries
(A) and RNA from April 2009 cell cultures of C6/36 uninfect€é/36-CFAV infected and Aag2

cells. Reactions were set up with and without reverssdrgptase (RT) enzyme to demonstrate
amplification was from RNA only.

Alignment of CFAV genome to DENV2 genome

The CFAV and DENV2 (Jamaica 1409) genome sequences werecaligtin
BLAST to identify regions of sequence similarity thaayprovide small RNAs from one
virus to target the other. The two longest homologous segqueignments are shown in
Figure 4.9. Aregion 176 nt in length from CFAV nt 8763-8936 (NStegand DENV2
nt 8890-9063 (NS5) had 72% sequence identity, and another 399amt fregn CFAV nt
9555-9950 (NS5) and DENV2 nt 9692-10086 (NS5) had 65% sequence ideEhtgn

in these regions, there are no areas where the sequeatehed for 18 or more
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nucleotides. This suggests that small RNAs made frorggheme of one virus are not
able to target the other virus in a RISC-based sequencécspeachanism.

The sequence identity of the two virus genomes was cothpaieg the
EMBOSS (needle) Pairwise Alignment Algorithm. The viRISAs are approximately
47% identical at the nucleotide level when the full lerggghomes are aligned using the
EMBOSS program (Table 4.3). This is further indicatioat tsmall RNAs from one
virus genome are probably not able to target the genorhe other virus by RNAI in

mosquito cells.

Score = B7.8 bits (96}, E=mpect = 4e-18
Identities = 12E8/176 (72%), Gaps = 4/176 (2%)
Strand=FPlu=z/FPlus=

CFAV Guery 8763 CICCATCTGCRAGGGRAGTGTGRAATGTGTATCTACRACACCATGEECARGARGERGARE HB22
peeererr  nrer rreeerrrer e roreeenerr o rerer teer kel
DENV2 ©Sbjct 8890 CTCCATCTTGAAGGARAGTGTGRRACATGTGTGTACRACATGATGGGAARARGRGRGARG 8049

Query 8823 AAGCCCAGCCTAGCT-GGCGAGGCCAAGGGCTCAAGGACCATCTGETACATGTGECTITEG BE8E1

il LT e e e i e e Peereernrennrn
Sbjct 8950 RARCT-RAGGGGAGITCGGCAAGGCARRMGGTAGCAGAGCCRTRATGETRCATGTGECTT-G 9007

Query 8B82 GAGC-CGGTICCTTGAATTTGAGGCTCTCGGCTTTCTITAATGCGEATCACTGGETC B936
L R O A A N e e e RN RN RN RN |
Sbjct 9008 GRGCRCGCTTCTITAGRAGTTTGARGCCCTAGGATTCTTGRAATGRAGATCACTGGTTC 9063

Figure 4.9: Top two results of BLAST alignment of CFAV aridND/2 Jamaica 1409 strain
RNAs. CFAV is the Query sequence and DENV2 is the Subgsgience.
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Table 4.3: Results of EMBOSS needle Pairwise Alignment gdrithm comparison of
DENV2 and CFAV sequences.

Parameter Score

Identity 6104/12875 (47.4%)
Similarity 6104/12875 (47.4%)
Gaps 4332/12875 (33.6%)
Length 12875

Score 10243.5

Examination of CFAV derived small RNA peak in Aag2 cells

A similar group of peaks of CFAV ViRNAs was found in@ithe Aag2 cell
samples (but not C6/36) when vViRNAs were aligned to th&\Cfrenome. These peaks
were located between nt 3600-3800 of the CFAV genome (HgL@y. This
corresponds to the NS2A gene of the virus. The small RS these peaks were
mostly from the positive strand of the genome, indgicgthey may generate from the
secondary structure of the genomic RNA.

When looking at the alignment of CFAV and DENV2 RNAsly one similar
sequence 19 nt in length falls into this region (althoughdimall sequence actually falls
between the two peaks), is only 19 nt in length and thelmaaly occurs if one
nucleotide from the DENV2 genome is deleted (Figure 4.1B)ceShere are not many
matches from these abundant CFAV small RNAs to tB&lY)2 genome, it seems
unlikely that these small RNAs have any role in reducingNBE replication in of Aag2

cells.
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Peak 1: ~nts 3630-3650
Peak 2: ~nts 3695-3720
~2000-3000 Hits

Aag2 Aag2 DENV Aag2 DENV
Mock vs. Day 1 vs. Day 5 vs.
CFAV CFAV CFAV
CFAV
DENV2

Figure 4.10: Examination of similar CFAV and DENV2 RNAences aligning with nt 3000-
4000 of CFAV RNA. Region from BLAST alignment that had nutitepidentity between
CFAV and DENV?2 in this 3000-4000 nt region shown.

Search of VectorBase for CFAV-like integrations

The mosquito genome database, VectorBase, was sgdoct@FAV-like
integrations in thé\. aegyptigenome to see if any larger segments of the virus may ha
been integrated. Various mosquito-only flaviviral-likesences have been described in
mosquito genomic DNA previously (Crochu et al., 2004). A $bart segments (58-338
nts in length) closely matching CFAV sequences weredomitheA. aegyptidatabase
(Figure 4.11). All of these sequences are found in the sapercontig, and some of
them overlap with each other. How these sequencesimteggated into the genome and
what role they may play in mosquito immunity to mosopanly flaviviruses is not

understood.

160



Figure 4.11:A. aegyptigenomic sequences in VectorBase that match CFAV genome.

PCR for CFAV DNA Integrations

PCR was performed on DNA extracted from Aag2 and C6/36 tcetletermine if
the sequences described by Croehal, (2004) were present in our cell cultures. The
same PCR primers described in Croehal, (2004) were used in the PCR reactions
with DNA from Aag2 and C6/36 cell cultures. The sequenceritbes] as Cell Silent
Agent 2 (CSA2) was found in Aag2 cells, but not in C6/36 ¢Eligure 4.12), which was
consistent with the results of Crochu al (2004), as they found this sequencAin
aegypti Since this sequence insert was found in Bothegyptimosquitoes and in the
Aag? cell line, this suggests that the sequence could hizgrated into the genome a
long time ago and may be found in makyaegyptipopulations. Both the Cell Silent
Agent (CSA) sequence inserts that were detected by Ceicii(2004) in C6/36 cells
were detected in our C6/36 cells, but not in the Aag2 aeiigy the same primers (Figure
4.12). The sequence identity between the CSA integratidriCFAV is approximately
68%, and the sequence identity between the CSA2 integatm CFAV is

approximately 65% (data not shown).
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Aag2 NS5 Albo. integration primers
C6/36 NS5 Albo. integration primers

Aag2 NS3 Albo. integration primers
C6/36 NS3 Albo. integration primers

Aag2 PF Aegypti primers
C6/36 PF Aegypti primers

1000 bp

500 bp

100 bp

Figure 4.12: PCR for Cell Silent Agent DNA integrationg\eg2 and C6/36 cells. DNA
from either Aag2 or C6/36 cells was used in PCR for tteggmations describe in Crochu,
et. al. (2004), using the same primer sequences. PF staride Pan-flavi primers, NS3
and NS5 Albo. stand for the primers used to detect the N$éBI&5-like sequences
found in theA. albopictuscells.

Small RNAs from CFAV DNA Integration

Small RNAs potentially transcribed from the Cell Sildgent 2 (CSA2) genome
integration found in Aag2 cells were searched for irsthall RNA libraries prepared
from both the mock-(DENV2)-infected and DENV2-infectedIfls) Aag2 cells for
SOLID sequencing. The purpose was to see if there wharege in small RNA
production from these regions during DENV2 infection of Alag2 cells, to investigate if
the CSA2 integrations had a role in small RNA anthdefense.

The total number of small RNAs that matched this regras 3,286 for the

mock-infected and 2,798 for the DENV?2 infected cells. Thesetdid not seem to be a
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dramatic change in levels of small RNA generated frioisregion during DENV2
infection (Figures 4.13 and 4.14). All of the small RNAdchad from the negative
sense strand of potential RNA transcripts. The masihaon sizes were 22 and 27 nt in
length, possibly hinting at a role for endogenous-siRNA aR8IA type responses. The
distribution of the small RNAs along this region was even, with peaks of small RNAs
at the 5’ and 3’ ends. Nt 548-2026 of CSA2 are similar to\tB& gene of Kamiti River
virus, and nt 2699-3001 are similar to agCP1163X.@fambiaeaccording to its
GenBank entry AY347953. This agCP11637 frAngambiaes related to a transposon
from D. melanogaster The presence of small RNAs derived from a transptiken
region is not surprising and these could be generated &ydmsiRNA or piRNA
mechanism, as they have roles in protecting the genammetfansposons. The presence
of a transposable element flanking the virus-like sequetagealso explain how the viral

sequence may have been integrated into the mosquito genom
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Dicing Activity of C6/36 cells Persistently Infected withAY

Dicing activity was assayed in CFAV-persistently ingecC6/36 cells to
determine if the presence of CFAV was the reason AadR ayjgbeard to have more Dcr2
activity in thein vitro dicing assay (in Chapter 3). A lysate was made fr@6/86 cell
line that was persistently infected with CFAV and coragao Aag2 cell lysate (which
are naturally persistently infected with CFAV) and tio&-CFAYV infected C6/36 cell
line (using the same protein concentration in eachdysdthe dsRNA added to the
lysate was a biotinylated 500 bp segment from tigal gene. Neither the uninfected
C6/36 cells nor the CFAV-persistently infected C6/36 ced broduced a 21 bp dsRNA
cleavage product, while the Aag2 cell line was able to prodpecedaict that was the
same size as the human recombinant Dcr product (uskd asatker) (Figure 4.15).
This indicated that a persistent infection with CFAV nat affect the innate ability of
either mosquito cell line to produce Dcr2-like products. dlbserved differences are

most likely due to a deficiency in Dcr2 activity of C6/36l€¢has described in Chapter 3).

CFAV
Persist.
C6/36 Aag?2 C6/36 giecf;m-
0 ON 0 ol 0 onN Rxn

21 bp

Figure 4.151n vitro dicing assay with C6/36 cells persistently infectechWFAV compared to
uninfected C6/36 cells and Aag2 cells. Recominant Dicetiogashows size of 21 bp RNAs.
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Discussion:

CFAV persistent and acute infection presented an opportionéxamine small
RNAs of another flavivirus. During our small RNA argi/we discovered many
CFAV-specific small RNAs in the Aag2 cell culture sdesp but only a few CFAV-
matching reads in th&. aegyptimosquitoes. The Aag2 cell line is persistently infected
with this insect-only flavivirus, and it appears to beogguzed by the antiviral RNAI
pathway. Although the CFAV RNA-specific proportion afal RNAs was higher (0.2-
0.7%), the size distribution and polarity of the CFAV-&pe small RNAs in Aag2 cells
were similar to the DENV2-specific small RNAs found afb&=ENV2-infection, and these
characteristics suggest that they are products of trgearois SIRNA pathway.

We inadvertently co-infected the C6/36 cells with CFAWitained in the
DENV?2 virus stock, and the CFAV-specific small RNAs produlesad similar properties
to the DENV2-specific small RNAs, but were uncharactiersf an exogenous siRNA
pathway. Logo analysis of CFAV-specific small RNAsm C6/36 cells showed a bias
for adenine at the fposition from the 5’ end, which is also characterisfipiRNAs
bound by Ago3 (Brennecke et al., 2007, Gunawardane et al., 2007).

The possibility that CFAV-derived small RNAs could affegplication of
DENV2 in the Aag2 cells was examined. NextGENe analgsistified a large peak of
positive-sense small RNAs between CFAV RNA nt 3600-3800 thiae of the Aag2
samples. This region was also compared to the sequainitesDENV2 genome to
examine if small RNAs from this peak could target DENV2ARRM 19 nt match, with
one gap was found, so it is most likely too small to fimmcin targeting of DENV2 RNA

in the cell.
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The CFAV and DENV2 genomes were compared to determineri th enough
sequence similarities for small RNAs from one virusatgeét the other virus. These
alignments did not show very many areas of the virabg®s with exactly matched
sequences, so a sequence-specific response to DENV2 infecGd-AV-persistently
infection of Aag2 cells seems unlikely, although an ineeghe in level of RNAI activity
due to persistent CFAV may have a non-specific effedBNV2 replication in these
cells. Possible effects of CFAV persistent infecoonDENV?2 replication in the Aag2
cells are unknown and need further study.

The cell lines were also examined for the DNA integratiof mosquito-only
flavivirus sequences that were previously found by Cratlal. (2004). TheA. aegypti
integration (CSA2) was found in the Aag2 cells, and thegiration in C6/36 cells
described by Crochet al. (2004) was also found in our C6/36 cell line. The small BNA
that matched the CSA2 integration in Aag2 cells weréyaed to examine if they
changed in response to DENV2 infection. The number #228nall RNAs actually
went down slightly after DENV?2 infection (5 dpi), althoutlie numbers were fairly low
overall for both the DENV2-infected and DENV2-mock infecteag2 samples.
Interestingly, all of the small RNAs from this regiwere derived from the negative
strand of the mosquito genome, indicating they may bigatkfrom an endo-siRNA or
piIRNA pathway-like small RNA mechanisms. A large peak8A2-derived small
RNAs matched the area of the CSA2 integration arou2é®® that corresponds to a
knownDrosophilatransposon (which may have been responsible for thesaquence

integration in the DNA) (Crochu et al., 2004), further licgeting a role for the endo-
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SiRNA or piRNA pathways in defending the integrity of thesquito genome from areas
with transposons.

C6/36 cells were also persistently infected with CFAVilbfgcting’ them with
medium from Aag2 cells. A cell-free lysate was madenfthese persistently CFAV-
infected C6/36 cells to test if the presence of CFAV thaseason that Aag2 cells had
better dicing activity in the cell-free lysate than r@RAV infected C6/36 cells (Chapter
3). The CFAV-persistently infected C6/36 cell line did aleave the -gal dsRNA into
21 bp small RNAs, which is the same result seen in witedeC6/36 cells, showing that
the presence of CFAV is not the reason that Aag2 bells better dicing activity than
C6/36 cells.

Overall the analysis of CFAV small RNAs in Aag2 sedhowed a similar pattern
of small RNA sizes and distributions along the genonBENEV2 small RNAs in the
Aag? cells, indicating that both virus infections seerbddargeted by the mosquito
cells’ antiviral exogenous siRNA pathway. The inadveriefection of C6/36 cells with
CFAV demonstrated that the small RNAs from CFAV wa&reilar in polarity, sense,
and genome distribution as the DENV2-specifc small RMAS6/36 cells, showing
further indication of the lack of @rosophilalike exogenous siRNA antiviral pathway in
these cells. The size and polarity, along with Logdyamsaof CFAV-derived ViRNAs
suggest that CFAV is possibly targeted by a piRNA-like meisina which is similar to
the results seen in C6/36 cells with DENV2.

There does not appear to be enough similarity betweenrtldRNAs to result in
sequence specific targeting of ViRNAs from one virus taother virus genome, but does

not rule out the possibility that the presence of aigterst infection with one of the
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viruses many increase the overall amount of antivirahRWstivity in the cell and may
explain why DENV2 grows relatively poorly in Aag2 cell eukts. The dynamics of the
interaction of mosquito-only flaviviruses and arboviruses] their effects on the
antiviral RNAI activity in the cell are an exciting arfea further research in

arbovirology.
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CHAPTER 5

SUMMARY
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In the last decade, small RNA pathways have emergagesiominant antiviral
defense in insects (Galiana-Arnoux et al., 2006, vantRij £2006, Wang et al., 2006).
The work described in this dissertation examined thdl $theAs produced in mosquito
cell lines from botlA. aegyptiandA. albopictusnmosquitoes during infection with
DENV2 and an insect-only flavivirus, CFAV, and also ddssalithe apparent
dysfunctional exogenous siRNA pathway in thealbopictuscell line C6/36.

Components of the exogenous RNAI pathway in mosquitaes been shown to
play a role in the antiviral response to arboviruses asdbENV, SINV, WNV and
ONNYV (Brackney et al., 2009, Campbell et al., 2008b, Cinichogt al., 2009, Keene et
al., 2004, Myles et al., 2008, Sanchez-Vargas et al., 2009)pakdown of RNAIi genes
resulted in increased viral titers in infected mosquitwesxpression of an inhibitor of the
RNAI pathway caused morbidity and mortality from a egly non-pathogenic virus.
Although RNAIi was shown to modulate arboviral infectadrmosquitoes, little was
known about how the virus was being targeted by the mosssibsall RNA pathways.
Massively parallel sequencing was used in this work to examaiweDENV?2 interacts
with the antiviral RNAi pathways of mosquito cell lineBENV2 small RNAs from the
A. aegyptiAag? cell line had the characteristics of exogenous AiRathway products
such as a length of 21 nt and a close to equal sensasenaetratio. The DENV2 small
RNAs from the Aag2 cells appeared to be generated fromsalafi regions of the
genome, with few ‘hot spots’ for Dcr2 cleavage. Thesellts were consistent with the
exogenous siRNA antiviral pathway first describe®msophilg and the Aag2 cell
DENV2 small RNA characteristics matched those se®ENV?2 infectedA. aegypti

mosquitoes.
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When DENV2 small RNAs produced during infection of #healbopictuscell
line C6/36 were examined, a very different small RNA sizé polarity pattern emerged.
DENV2 small RNAs from C6/36 cells were almost all frtma positive sense stand and
were much longer in length, with the majority of thEND/2 small RNAs being 27 nt in
length. The distribution pattern along the DENV2 genaise showed that most of
these DENV2 small RNAs from infected C6/36 cells weredgmenerated from specific
regions of the genome. These results were consistdnin vitro lysate analysis of Dcr2
activity in both C6/36 cells and Aag2 cells, showing that C66 had a poor ability to
cleave exogenous long dsRNA. Furthrevitro work showed that C6/36 cells did not
recognize long dsRNA as a trigger to knockdown GFP expressihe cells, although
exogenously provided siRNAs targeting GFP were functiontdie C6/36 cells. These
in vitro results combined with the deep sequencing data indicattheéh&@6/36 cells have
a dysfunctional exogenous siRNA pathway, mostly asthp of Dcr2 cleavage of long
dsRNA. Northern blotting for dcr2 mRNA expression indidateat there may be lower
levels of Dcr2 expression in the C6/36 cells than inAthg? cells. The size and sense of
the C6/36-derived DENV2 viRNAs implicated a possible rolettier piRNA pathway in
the cleavage of viral RNA in the cell. Logo analysfishe DENV2-specific small RNAs
from C6/36 cells also implicated the piRNA pathway inrtgeneration. Virus-derived
piIRNAs were recently describedDrosophila(Wu et al., 2010), and could possibly
function as a backup system when the exogenous siRNvirahpathway is not
functioning properly or is overwhelmed.

During our deep sequencing studies, we also determined thEadRecell line

was infected with the mosquito-only flavivirus CFAV. Taaevere many more CFAV-
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derived small RNAs in our Aag2 samples than DENV2 smidiAR although their size
and polarity suggest that they are also derived from the saogenous siRNA pathway
as the DENV2 small RNAs. C6/36 cells were also inaéwit infected with CFAV,

and the CFAV-derived small RNA size, polarity and gendmgibution was similar to
the DENV2-derived small RNAs from C6/36 cells, showing th& abnormal dicing of
viral RNA was not just restricted to DENV2. DENV2 and GF#equences were
compared to examine if infection with one virus may teisuleduced ability to infect the
cells with another flavivirus, and it seems there woulditbe opportunity for SiRNA
derived from one virus to target the other virus in a secgrspecific fashion, although a
persistent infection with a mosquito-only flavivirus abuésult in an overall increased
antiviral RNAI response, and could lead to increased aatsimrveillance by the cellular
machinery. Further work studying the dynamics of mosquitig-flaviviruses and
arboviral interactions with the antiviral RNAI pathweguld provide some valuable
insight into mosquito-arboviral infections in the wild.

In summary the work presented in this dissertatiomnvedahat the exogenous
antiviral RNA pathway appears to target DENV2 during intecbf Aag2 cells and.
aegyptimosquitoes. Interestingly the DENV2-derived small RNrdm theA.
albopictusC6/36 cell line appear to be derived from a different ERISA pathway,
such as the piIRNA pathway, and this cell line seemswe tgsfunctional Dcr2 activity.
Since this cell line grows arboviruses very well, it hasn used extensively for cell
culture-based arbovirology studies, and it seems théiboahould be used when using
the C6/36 cell line for studying the interactions of arbhasas with the cells’ antiviral

defenses. This work has expanded our knowledge of theanteiaof DENV2 and
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CFAV with the small RNA pathways of Aag2 and C6/36 mosaeatibcultures, and has
opened up the field for further investigation into the siR&IA pathway used for
antiviral defense in C6/36 cells and how small RNAs antvieadtsmall RNA pathways

may interact in dual infections of mosquito cells.
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Table A.1: Primers used in experiments

Primer name Primer sequence 5’ 3’

Chapter 2:

DENV2 M F ttc cat tta acc aca cgt aat gg

DENV2MT7 F taa tac gac tca cta tag ggt tcc att taagac gta atg
g

DENV2 M R tgt cat tga agg agc gac ag

DENV2MT7R taa tac gac tca cta tag ggt gtc att gaagggaaca g

DENV2nt1F agt tgt tag tct acg tgg acc gac aa

DENV2nt1T7F

taa tac gac tca cta tag gga gtt gtttagtgt gga ccg
aca a

DENV2 nt 4995 R

act cct tgt gac aac acc att acc g

DENV2 nt 4995 T7 R

taa tac gac tca cta tag gga ctc cHaf@ca cca ttg
ccg

DENV2 nt 4976 F

atg gtg ttg tca caa gga gtg gag

DENV2 nt 4976 T7 F

taa tac gac tca cta tag gga tgg tgatghag gag tg
ag

DENV2 nt 10700 R

cat tcc att ttc tgg cgt tct gt

DENV2 nt 10700 T7 R

taa tac gac tca cta tag ggc att i ¢tyc gtt ctg t

5" MRS cloning linker primer

tgg aat tct cgg gca cca agg t

3’ cloning linker primer

ctg gaa ttc gcg gtt aaa

BGAL F gtc gcc age gge acc geg cgc ctt tc

BGALT7F taa tac gac tca cta tag ggg tcg cca gcg gca ccg £gc
gccttt ¢

BGAL R ccg gta gcc age geg gat cat cgg

BGALT7R taa tac gac tca cta tag ggc cgg tag cca gcg cgg @tc

atc gg

For SOLID library PCR primers see Appendix Table A.2

Chapter 3:

T7 Aegypti/Albopictus Dicer2
1211 F

taa tac gac tca cta tag ggc ttt ttg cga aag cct gag
tc

] gca

T7 Aegypti Dicer2 1715 R

taa tac gac tc cta tag gga ttaat@t gac tgt tct tc

T7 Albopictus Dicer2 1715 R

taa tac gac tca cta tag ggactctatact ggc tgt cct
tc

Aegypti Dicer2 4619 F

ccg ggc agt taa cag atc tgc gct cg

T7 Aegypti Dicer2 5116 R

taa tac gac tca cta tag ggc atdacgtmtttg ttg gtt
cc

Albopictus Dicer2 4619 F

ccg gac agt tga ccg atc ttc gtt cg

Albopictus Dicer2 5116 R

taa tac gac tca cta tag ggc atetc@tg ctg ctg att
cc

For Dicer2 sequencing primers,

see Appendix tables A.3 and A.4

Chapter 4:

CFAV-3500 FWD

Cta gaa cat cga cac taa ctc g

CFAV-3720 REV

gct tcc tcc taa tca tat acc
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CSA NS3F

gat cat cgt gcg cag ctt tat gg

CSA-NS3 R

cct tgg ttt cag aaa caa tga cc

CSA-seg#2 (NS5) F

aat tag caa gga aga ctt gc

CSA-seg#2 (NS5) R

gtg agg ttc ttt cct caa ga

PF1F tgy rtb tay aac atg atg gg

PF1 R

gtg tcc cad ccd ged gtr tc

Table A.2: Primer sets used in SOLID library PCR reactons (provided by the

SOLID Small RNA Expression Kit)

5’ SOLID Primer Set

Sequence 5’ 3

Same 5’ set for all reactions

cca cta cga ctc cgetittc tat ggg cag
tcg gtg at

3’ SOLID PCR Primers:

Sequence 5 3

SOLID PCR Primer Set 1

ctg ccc cgg gtt cct cat @tagicecc tge
tgt acg gcc aag gcg

SOLID PCR Primer Set 2

ctg ccc cgg gtt cct cat wiach cc tge
tgt acg gcc aag gcg

SOLID PCR Primer Set 3

ctg ccc cgg gtt cct cat fTiect te tge tgt
acg gcc aag gcg

SOLID PCR Primer Set 4

ctg ccc cgg gtt cct cat ikt gor tge
tgt acg gcc aag gcg

SOLID PCR Primer Set 5

ctg ccc cgg gtt cct cat totat tgc tgc tgt
acg gcc aag gcg

SOLID PCR Primer Set 6

ctg ccc cgg gtt cct cat fgigeic ac tge
tgt acg gcc aag gcg

SOLID PCR Primer Set 9

ctg ccc cgg gtt cct cat et tac tge tgt
acg gcc aag gcg
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Table A.3: Primers used in Dicer-2 mRNA gene sequendrfrom Aag2 cells

Primer

Sequence 5’ 3

Aegypti Dicer2-1 F

ggt tag caa aat tta atc gtg

Aegypti Dicer2-395 R

fta tcc aga tct ttg ccc att tcc

Aegypti Dicer2-396 F

gcc att aac tga agg tgg

Aegypti Dicer2-743 F

gtg taa tcg gtc ttt ctg

Aegypti Dicer2-774 R

ata gag taa cat tcc aga aag acc g

Aegypti Dicer2-1225 R

aag taa tac acg acc tca acg

Aegypti Dicer2-1226 F

ttt gcg aaa gcc tga ggc atc

Aegypti Dicer2-1539 F

gga tag aag ggt tct cg

Aegypti Dicer2-1548 R

cct tct atc ctt ttt agc ac

Aegypti Dicer2-1879 F

att ccg ccg ttt ttc ac

Aegypti Dicer2-1903 R

cct tgg cgg tga aaa acg gcg

Aegypti Dicer2-2251 R

ctg cat caa aat ccttcc aat g

Aegypti Dicer2-2252 F

acc tcg gca aac tag cag

Aegypti Dicer2-2567 F

ccg aaa tag aac ttg ctc

Aegypti Dicer2-2645 R

aga aat tcc ttc cac agt

Aegypti Dicer2-2924 R

ccg tact cc gga ttt ggg aaa g

Aegypti Dicer2-2925 F

ttc cta cgc gaa tta ttt c

Aegypti Dicer2-3283 F

gag cgg aaa gga aag cag

Aegypti Dicer2-3299 R

tgc ttt cct ttc cgc tec ttg

Aegypti Dicer2-3656 F

caa tct tgg atg tac ccg tag

Aegypti Dicer2-3676 R

cta cgg gta cat cca aga

Aegypti Dicer2-4003 F

caa cca cct cta gca acg

Aegypti Dicer2-4012 R

gag gtg gtt gcc agt cgt

Aegypti Dicer2-4334 F

cgc aca atg tcc tga agc

Aegypti Dicer2-4413 R

afc tac ttc acg aat atc aa

Aegypti Dicer2-4781 F

tta ccg atc agg tga ac

Aegypti Dicer2-4789 R

gat cgg taa ttt cgt gtt

Aegypti Dicer2-5100 F

aca aca cga agc gta tgg

Aegypti Dicer2-5215 R

aaa cga aac att act tag cac

Aegypti Dicer2-5557 F

gac tgt tta cat gaa acc

Aegypti Dicer2-5660 R

aga agc taa taa caa agc

Aegypti Dicer2-5909 R

aaa ggt aat ata aaa cgt gc
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Table A.4: Primers used in dcr2 mRNA gene sequencingdm C6/36 cells

Primer

Sequence 5’ 3

Aegypti Dicer2-1226 F

ttt gcg aaa gcc tga ggc atc

C6/36 “1" F

gac tta caa tag ggc gat tga t

C6/36 “501” F

cag tcg aag gga agg gcc agg a

C6/36 “700" R

aat atc tca ata tat aac tcct

C6/36 “1001” F

ttg act gca gaa atc agc tga a

C6/36 “1200" R

gcc ggc tcc aat geg caa aac g

C6/36 “1501" F

gta gtc ctt tga aga aat cga ¢

C6/36 “1700" R

ctc atg cac cat ggt aac gac g

C6/36 “2001" F

ctt ctt ttg gcg gag aag att ¢

C6/36 “2200" R

gcg acc ttt tcg ctt cct cca a

C6/36 “2501" F

agt ttg cca taa aac tgc tgc a

C6/36 “2700" R

ttc gtg cca ttc ctt gtg ata ¢

C6/36 “2901" F

gtt gac aat gac gga tga gga g

C6/36 “3200" R

taa tcg atg tgt gtt cta agc ¢

C6/36 “3423" F

aca gtt gac cga tct tcg tt

C6/36 “3600" R

cag gtt gac ctg atc ggt gat t

C6/36 “3921" R

tgg cga cat acg cct cat gct g

Albopictus Dicer2-2412F

caa cat ttt cca ctc gtt gta ¢

Albopictus Dicer2-2532 F

tgt gga gac ccc cat cgt gtt gc

Albopictus Dicer2-2592F

gca att cca cat tac ggt att c

Albopictus Dicer2-4203F

tct ttc aca gcg gac caa gg

Albopictus Dicer2-4223R

cct tgg tce get gtg aaa ga

Albopictus Dicer2-4397F

ggc tag gaa cac aca tcg att atc g

Albopictus Dicer2-4619F

ccg gac agt tga ccg atc ttc gtt cg

Albopictus Dicer2-4404R

cga taa tcg atg tgt gtt cct age ¢

Albopictus Dicer2-5006 F

acg agt tta agc cac cat gtt cg

Albopictus Dicer2-5039F

cgc gcg cca ttc cgg acg atg

Albopictus Dicer2-5060R

cat cgt ccg gaa tgg cgc gac

Albopictus Dicer2-5116 R

cat acg cct cat gct gct gat tcc

Dicer2 Degenerate 3186F

tty ccr gck gac tac tgg ytg aag gc

Dicer2 Degenerate 3583R

tcc cag ttk cgy tcm asa tcw syc g

Dicer2 Degenerate 4956F

gct vga cgt kce saa ggy gct ggg cg

Dicer2 Degenerate 5280R

ttg gcn gck gem cke ttn ger tck tee

Nucleotide Code:
: Adenine

Cytosine

Guanine

Thymine

AorG

CorT

GorC

NLXBAOOX2
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Nucleotide Code Contiuned:

W:

Z<ITOWIA

AorT
GorT

: AorC

CorGorT
AorGorT
AorCorT
AorCorG
any base
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1

Aag2Dcr2 (1) -------

AegyptiDcr2 (1)
C636Dcr2 (1)

50

----- TTAATCGTGCTAGGCCGTACCGTAATCGAATTTTCATT

GGTTAGCAAAATAATCGTGCTAGGCCGTACCGTAATCGAATTTTCATT

51
Aag2Dcr2 (39)
AegyptiDcr2  (51)

100
CGTGGTTTCTTCCGTGAAAATATCGTTCATTGTTTTTCGCTTTCGTTCAG
CGTGGTTTCTTCCGTGAAAATATCGTTCATTGTTTTTCGCTTTCGTTCAG

C636Dcr2 (1)
101

Aag2Dcr2 (89)

AegyptiDcr2 (101)

150
ACGTTGTGCCAGATTGTTAAAGTTCGAAAATAGTAATTAACCGGCATTGT
ACGTTGTGCCAGATTGTTAAAGTTCGAAAATAGTAATTAACCGGCATTGT

C636Dcr2 (1)
151

Aag2Dcr2 (139)

AegyptiDcr2 (151)

200
TTGCGGTTCAATTTGCGGAAAAAATAGAAAATTTCTCATCTCTTGTTGAC
TTGCGGTTCAATTTGCGGAAAAAATAGAAAATTTCTCATCTCTTGTTGAC

C636Dcr2 (1)
201

Aag2Dcr2 (189)

AegyptiDcr2 (201)

250
TCCATTGAATGTATCCAACTGAACCATCATGGATATGATTATGCCACAGC
TCCATTGAATGTATCCAACTGAACCATCATGGATATGATTATGCCACAGC

C636Dcr2 (1)
251

Aag2Dcr2 (239)

AegyptiDcr2 (251)

C636Dcr2 (1)

300
AAGACGATTTCATCCCGCGGGACTACCAGCGGACGATGAAGACAATCTGC
AAGACGATTTCATCCCGCGGGACTACCAGCGGACGATGAAGACAATCTGC

301

Aag2Dcr2 (289)
AegyptiDcr2 (301)
C636Dcr2 (1)

350
ATGCAGAAAAATACAATCATCTACTTGCCGACCGGAGCCGGAAAGACCCA
ATGCAGAAAAATACAATCATCTACTTGCCGACCGGAGCCGGAAAGACCCA

351

Aag2Dcr2 (339)
AegyptiDcr2 (351)
C636Dcr2 (1)

400
TATCGCCCTGATGGTCATCAAGGAAATGGGCAAAGATCTGGATAAGCCAT
TATCGCCCTGATGGTCATCAAGGAAATGGGCAAAGATCTGGATAAGCCAT

401

Aag2Dcr2 (389)
AegyptiDcr2 (401)
C636Dcr2 (1)

450
TAACTGAAGGTGGTAAAAGGACGTTTTTTGTCGTGAATACCGTTGCATTA
TAACTGAAGGTGGTAAAAGGACGTTTTTTGTCGTGAATACCGTTGCATTA

451

Aag2Dcr2 (439)
AegyptiDcr2 (451)
C636Dcr2 (1)

500
GCTAAGCAGCAGGCCGAATTCCTGAGTCATAATCTTACCTACGACACATC
GCTAAGCAGCAGGCCGAATTCCTGAGTCATAATCTTACCTACGACACATC

501
Aag2Dcr2 (489)
AegyptiDcr2 (501)

550
GATCTATACCAGTGATCGAAATGTGGATGCTTGGAAACAGGACAAATGGC
GATCTATACCAGTGATCGAAATGTGGATGCTTGGAAACAGGACAAATGGC

C636Dcr2 (1)
551

Aag2Dcr2 (539)

AegyptiDcr2 (551)

600
TGGAAGAGTTCGCGAAGTACCAGGTCATTGTTTGCACATGTCAAATATTG
TGGAAGAGTTCGCGAAGTACCAGGTCATTGTTTGCACATGTCAAATATTG

C636Dcr2 (1)
601

Aag2Dcr2 (589)

AegyptiDcr2 (601)

650
TTGGACGTGCTGAAGCATGGTTATCTCTCGGTTAAACACATCAACTTGCT
TTGGACGTGCTGAAGCATGGTTATCTCTCGGTTAAACACATCAACTTGCT

C636Dcr2 (1)
651
Aag2Dcr2 (639)
Aegypt iDcr2 (651)

700
TATATTTGATGAATGCCACCATGGTGTAGGAGAACATCCTATGCACGGGA
TATATTTGATGAATGCCACCATGGTGTAGGAGAACATCCTATGCACGGGA

C636Dcr2 (1)
701
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Aag2Dcr2 (689)
AegyptiDcr2 (701)
C636Dcr2 (1)

TTATGGAACAATTTCTGAGGGTABAGTCTGACCACCCACGTGTAATC
TTATGGAACAATTTCTGAGGGTTBAGTCTGACCACCCACGTGTAATC

751

Aag2Dcr2 (739)
AegyptiDcr2 (751)
C636Dcr2 (1)

800
GGTCTTTCTGGAATGTTACTCTATAAACAGATTAAAAGTGTCGCCCTAGT
GGTCTTTCTGGAATGTTACTCTATAAACAGATTAAAAGTGTCGCCCTAGT

801

Aag2Dcr2 (789)
AegyptiDcr2 (801)
C636Dcr2 (1)

850
ATCTCCAGAATTGGAACGCTTGGAAAATACATTTAACGCGACAATTGCTA
ATCTCCAGAATTGGAACGCTTGGAAAATACATTTAACGCGACAATTGCTA

851

Aag2Dcr2 (839)
AegyptiDcr2 (851)
C636Dcr2 (1)

900
CCGTTGGGAGTTATGATGCTTTCACCGAGGTCTGCAAATTTTCGACAGAT
CCGTTGGGAGTTATGATGCTTTCACCGAGGTCTGCAAATTTTCGACAGAT

901
Aag2Dcr2 (889)
AegyptiDcr2 (901)

950
CCCAATGAACTTTTGGTGTCTTATTCAACCCTTCGACTGTCACCTGTGAT
CCCAATGAACTTTTGGTGTCTTATTCAACCCTTCGACTGTCACCTGTGAT

C636Dcr2 (1)
951

Aag2Dcr2 (939)

AegyptiDcr2  (951)

1000
GGCTGACATCGTGAACAACATCAACGCTTTCAGTCAAACGATTGAAGAAT
GGCTGACATCGTGAACAACATCAACGCTTTCAGTCAAACGATTGAAGAAT

C636Dcr2 (1)

1001
Aag2Dcr2 (989)
AegyptiDcr2 (100

1)

1050
TTCACCTTCCAAAATATTTAAATCAAAATAAAGCCCTCCTAAAAGACAGA
TTCACCTTCCAAAATATTTAAATCAAAATAAAGCCCTCCTAAAAGACAGA

C636Dcr2 (1)
1051

Aag2Dcr2 (1039)
AegyptiDcr2 (1051)

1100
CCAAAGCCACTGAAAGAGATCCGAAAACTCTTCACAGAGTTGATTTATCA
CCAAAGCCACTGAAAGAGATCCGAAAACTCTTCACAGAGTTGATTTATCA

C636Dcr2 (1)
1101

Aag2Dcr2 (1089)
AegyptiDcr2 (1101)

1150
GCTTGGCGATACTGGTCTTTTTGGGGGATCAATAGCTTTACTTGGTTTGA
GCTTGGCGATACTGGTCTTTTTGGGGGATCAATAGCTTTACTTGGTTTGA

C636Dcr2 (1)

1151
Aag2Dcr2 (1139)
AegyptiDcr2 (1151)
C636Dcr2 (1)

1200
TAGTCCAATTTGAGBGACAAAAGGCAATGE AGITCAATGCTAMSA
TAGTCCAATTTGAGGGACAAAAGGCAATGE AGI TCAATGCTASA

1201

Aag2Dcr2 (1189)

AegyptiDcr2 (1201)

C636Dcr2 (18) T
1251

Aag2Dcr2 (1236)

AegyptiDcr2 (1248)
C636Dcr2 (68)
1301

Aag2Dcr2 (1286)

AegyptiDcr2 (1298)
C636Dcr2 (118)
1351

Aag2Dcr2 (1336)

AegyptiDcr2 (1348)
C636Dcr2 (168)
1401

Aag2Dcr2 (1386)

- GACT-TACAATAGGGCA
1250
CTGGCATGAGACGIGTATTA--- CTTTTTGCGAABCCTGAGGCATCA
CTGGCATGAGACGIGTATTA--- CTTTTTGCGAABCCTGAGGCATCA
TGATTTAGCGGCCACGAATTCGCCTTTTTGCGAAXCCTGAGGCATCA
1300
GATCGAAAATTAATGAGGGTTTGGBATGAAGACAAATTGATAAGT
GATCGAAAATTAATGAGGGTTTGGBATGAAGACAAATTGATAAGT
GATCGBAAGC GATGAGGGTTTGGPRATCAAGSAAMAATTGACAGAT
1350
TCAGACTCTGAAGETCCACAATTGATARATCAGCTGGAAAGTGTAC
TCAGA CTCTGAAGETCCAECAATTGATAATCAGCTGGAAAG TGTAC
TTAGAAGTCTTAAGATACGECAGT TGATAATGAGCTGGBAAGATGTAr
1400
GAGAGRATCGIGATAAAARGEAAAAGCTGAITTTCGTCCAGCBCG
GAGAGRATCGIGACAAAARGEAAAAGCTGAITTTECGTCCAGCBCG
GAAAGAAACCACGATAAAA/CGAAAAAACCCTTGIGI TTGTGCAGCGCG
1450
CTTCTCEGCGAAGTITTGTACCATTACTGAAAATTACTTC(CCTCACA
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AegyptiDcr2 (1398)
C636Dcr2 (218) A
1451
Aag2Dcr2 (1436)
AegyptiDcr2 (1448)
C636Dcr2 (268)
1501
Aag2Dcr2 (1486)
AegyptiDcr2 (1498)
C636Dcr2 (318)
1551
Aag2Dcr2 (1536)
AegyptiDcr2 (1548)
C636Dcr2 (368)
1601
Aag2Dcr2 (1586)
AegyptiDcr2 (1598)
C636Dcr2 (418)
1651
Aag2Dcr2 (1636)
AegyptiDcr2 (1648)
C636Dcr2 (468)
1701
Aag2Dcr2 (1686)
AegyptiDcr2 (1698)
C636Dcr2 (518)
1751
Aag2Dcr2 (1736)
AegyptiDcr2 (1748)
C636Dcr2 (568)
1801
Aag2Dcr2 (1786)
AegyptiDcr2 (1798)
C636Dcr2 (618)
1851
Aag2Dcr2 (1836)
AegyptiDcr2 (1848)
C636Dcr2 (668) A
1901
Aag2Dcr2 (1886)
AegyptiDcr2 (1898)
C636Dcr2 (718)
1951
Aag2Dcr2 (1936)
AegyptiDcr2 (1948)
C636Dcr2 (768)
2001
Aag2Dcr2 (1986)
AegyptiDcr2 (1998)
C636Dcr2 (818)
2051
Aag2Dcr2 (2036)
AegyptiDcr2 (2048)
C636Dcr2 (868)
2101
Aag2Dcr2 (2086)
AegyptiDcr2 (2098)

GITCTAGCGAAGTITTGTACCATTACTGAAAATTACTTACTGAGA
TTCTAGCGASGTCTTGTACCAGIACTGAAAATTACTTA CACAAA
1500
CGGAGACGXAACCTTATTGITCCAGATTCATGGTGGGBEAATGET
CGGAGACGEAACCTIATTIGITCCAGATTCATGGTGGGBEAATGAT
CGGAGATGCOTGACCTICATCCICCCAGATTCATGGTGGGGBAACGES
1550
TCCATGCCGAATGATTGACAAATTTTGAGTGEAAAAAGGATAGAAG
TCCATGCCGAATGATTGACAAATTTTGAGTGLAAAAAGGATAGAAG
TCAATGCGCGAATTATTGASCAGATTTTGAGTGCAAGAAAGATCGTCG
1600
GGTETCGAACGGTMAAAAACGAATGAAABAACGTTATTGTAARACCA
GGTETCGAACGGTMAAAAAGAATGAAABAACGTTATTGTAARACCA
GGTRATCGAACGGTIAAGAGAAATGAAACAACGTTATTGTAABACAA
1650
ACGTATAGASGAGGGATIGAICTICAAATGTGCAACAKGTCG CAAG
ACGTATAGASGAGGGATIGAICTICAAATGTGCAACAKGTCG CAAG
ATGTETCGAAGAGGCATAGACCTCGCAGATGTGCAACAESTGATCAAG
1700
TATGACATCCGCAAMT TTG@GTCCGTATCAGCAGTAAAAGGAABGC
TATGACATCCGCAAMT TTG@GTCEGTATCAGCAGTAAAAGGAABGC
TATGA CATCCGCAARRTTTGAATCTTACCAACAGTGAAGGGAAGGC
1750
CCGTATGAAGACAA@ CAGTATATGGAATACTGEGATAACGAAATCGIC
CCGTATGAAGACAA@CAGTATATGGAATACTGEGATAACGAAATCGIC
CAGGATGAAGACAECAGTATATGGIATGI TGAATAACGAGAACGAC
1800
ATATCTTCCTGGAGAAATACAGACTCTATAAGAGTATTGARAGGAGTG
ATATCTTCCTGGAGAAATACACACTCTATAAGAGTATTGARAGGAGTG
AAAAATTTCTTGAAAAGTACCCECTGTATAAGAGTATTGANGGAGTA
1850
CGAAGGTGCTTATCGGAAAARATAAACCGGAAGACCACCTCGATGC
CGAAGGTGCTTATCGGAAAARATAAACCGGEAGACCACCICGATGC
CAGAGGTGCTTATCGBAAAATATCAACCGGQTSATCCTITTGGATGC
1900
GGAIGTCCACAAGAETATACAATGAGATCATTCAACCGTTTTTCACG
GGAIGTCCACAAGAETATACAATGAGATATTCE@CCGTTTTTCACG
GACGTCCACABGAQT TATATAATGAGATATTCECCGTTTTTCATG
1950
CCAAGGTGCCAATG GGATGECTGICEGGCATACACCTCCTGAACCEG
CCAAGGTGCCAAG GGATGIECTGICEGGCATACACCTCCTGAACCE
CCAMGGTGCCAAG GGATGACTCTCCGCGITCAACTTCTGAACCS
2000
TACTGCATGGGAATGEAAGATGCATTTACCAATARRACGTCATTG
TACTGCATGGGAATGEBAAGATGCATTTACCAATARRACGTCATTG
TACTGCATGGGAATGAIEGGACGCATTTACCAATAAACGTCAGIG
2050
GGAACCATCGATCTGABG\CGCGEARATAATAGTGGAGTITTGTTGC
GGAACCATCGATCTGABG\CGCGEARATAATAGTGGAGTITTGTTGC
GGAACTGICGATCTGAMACGG CAAATTGTGGTGGEGTGATGTTGC
2100
CECTICAGTCCACGTGCABGAAAAAATCECCEAATCEATGCGCAR
CECTICAGTCCACGTGCBGAAAAAATCECCCEAATCEATGCGCAR
CACTGCAGTCCAGGTGCGBGGAAAAAATCTAGRAATCAATGCGCAB
2150
ATCAAGI TGGAAAACGATBGCGGEGTITCAACGGTGCCGAAACTGTA
ATCAACTTGGAAAACGATAGCGGETTCAACGETGCCGAAATTETA
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C636Dcr2 (918)
2151
Aag2Dcr2 (2136)
AegyptiDcr2 (2148)
C636Dcr2 (968) C
2201
Aag2Dcr2 (2186)

AegyptiDcr2 (2 198)

C636Dcr2 (1018)
2251

Aag2Dcr2 (2236)

AegyptiDcr2 (2248)

C636Dcr2 (1068)
2301

Aag2Dcr2 (2286)

AegyptiDcr2 (2298)

C636Dcr2 (1118)
2351

Aag2Dcr2 (2336)

AegyptiDcr2 (2348)

C636Dcr2 (1168)
2401

Aag2Dcr2 (2386)

AegyptiDcr2 (2398)

C636Dcr2 (1218) T

2451
Aag2Dcr2 (2436)
AegyptiDcr2 (2448)
C636Dcr2 (1268)
2501
Aag2Dcr2 (2486)
AegyptiDcr2 (2498)
C636Dcr2 (1318)
2551
Aag2Dcr2 (2536)
AegyptiDcr2 (2548)
C636Dcr2 (1368)
2601
Aag2Dcr2 (2586)
AegyptiDcr2 (2598)
C636Dcr2 (1418)
2651
Aag2Dcr2 (2636)
AegyptiDcr2 (2648)

C636Dcr2 (1468) TT

2701
Aag2Dcr2 (2686)
AegyptiDcr2 (2698)
C636Dcr2 (1517)
2751
Aag2Dcr2 (2736)
AegyptiDcr2 (2748)
C636Dcr2 (1567)
2801
Aag2Dcr2 (2786)
AegyptiDcr2 (2798)
C636Dcr2 (1617)

ATTAAGTGGGAAACGATGGCGGTTTCAACGTTGCCGAABITATA
2200
TGAGAATAACGAGCTBAATGAACATCTAATACACATAGACTGCAATACC
TGAGAATAACGAGCTBAATGAACATCTAATACACATAGACTGCAATACC
GAAAATAMGAGCTAGGGACCATTITGATTCCGATTGACTGCBAAATC
2250
AGCTTAACAATTGAAAGATAEETATTTCCACATTGARAAGSATTTTGA
AGCTTAACAATTGAAAGATAEETATTTCCACATTGARAAGSATTTTGA
AGCTRAACALTTGAAAGATAITACTTCCECACTGGEGCTGATTTTGR
2300
GCAGACCITCGEAAACTAGEBGEACCCAAAAGTGCATBGAACGCACGC
GCAGACCITCGEAAACTAGBGEACCCAAAAGTGCATBGAACGCACGC
GAAGA TCCGAAAACTAGTGRACCAGAAGTGCATAGAACGCACGC
2350
TATCCAGTATCBAAGCAAABACAGAGTIGITTCCAICAGCEGGGAAAC
TATCCAGTATCBAAGCAAABACAGAGTGITTCCACAGCEGGGEAAAC
TATTGAGTATCGAAGCAAAGACCGGTTCCTTCCGRAGCOGGAAAC
2400
CCTGTTACATCTACGETGCAATTACAGA GGST TTGCACASGATC@
CCTGTTACATCTACGETGCAATTACAGA GGST TTGCBCASGATC@
CCTGTTACATCTACGTTGCEATTCCAGGATTCGACCAAGATCT
2450
ACAAACGREAATGTCAACATTTTCCACTTTGTATAGCTCGGAGAMA
ACAAACGEAATGTCAACATTTTCCACTTTGTATAGCTCGGAGAMA
CGAACGAAATGTCAACATTTTCCACEBLTGTACAACTCGGAGANA
2500
TTTTIGGATAATGAGACGAAACTCTCCACECACTAGCAARBATGAAGT
TTTIGGATAATGAGACGAAACTCTCCAESECACTAGCAABATGAAGT
TTTCGGATAATGABGACGAAACGCTTCCAGTTCTGGCAAAATGAAGT
2550
TCTTTGTRACTTTGGGACAATCAAGTACABTAGAGGAGATCCCATC
TCTTTGTRACITTGGGACAATCAAGTACABTAGAGGAGATECCCATC
TCTTTGRAGGTTGGGACTATCAAGTACACTTGTGGAGACCCCATC
2600
GTE&TGCCTAACGEGATCCGAATAGAACTGCTCACTGAGCAATT
GTE&TGCCTAACGEGATCCGAATAGAACTGCTCACTGAGCAATT
GTATGCCTAACCEGETCCGASTAGAACTGCTCTCTGAGCAATT
2650
CCAGTTACGGETTCCGCGACGTGRAACTGTGGAAGGN TTCTCT
CCAGTTACGGETTCCGCGACGTGAAACTGTGGAAGEGN TTCTCT
CC/CATTACGGATTCCGCGACGTGCTRTTATGGAAGGAITCCTTG
2700
GO GCGATTACGACAABGGAMACAGTTICTGGIGGTEGCCTTTGAA
GO GCGATTACGACAABGGAMACAGTTICTGGIGGTEGCCTTTGAA
TACGATTACGACAAGGATCAACAGTTCATGGRGT- CCTTTGAG
2750
AATTCTACTCACCTAGACTGAAACTCATCAGAATTTCAAAATTTGAG
AATTCTACTCACTAGACTGAAACTCATCAGAATTTCAAAATTTGAG
AAATCGACCCAO TGGATTGGAACTCATCGSAAGITCCAGTATTTGAG
2800
CGAACBCAITCGGAAATTCAACGARGCTCGTAACAAGATGGATTCG
CGAACBCCAITCGGAAATTCAACGARGCTCGTAACAAGATGGATTCG
CGAACTCOGGTCGGAAAGBTCGACGATGCTAGGAGCACGATGGATTCG
2850
AAGECGATAAGTACCACACAAGHAIATTITACAGTGGTACABAACAAC
AAGECGATAAGTACCACACAAGAIATITTITACAGTGGTACABAACAAC
AAG(CGACAACTACC(CCACAAGCCATTCTTCCTTGGTACAAAACAA(
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2851
Aag2Dcr2 (2836)
AegyptiDcr2 (2848)
C636Dcr2 (1667)
2901
Aag2Dcr2 (2886)
AegyptiDcr2 (2898)

C636Dcr2 (1717) C

2951

Aag2Dcr2 (2936)

AegyptiDcr2 (2948)

C636Dcr2 (1767)
3001

Aag2Dcr2 (2986)

AegyptiDcr2 (2998)

C636Dcr2 (1817)
3051

Aag2Dcr2 (3036)

AegyptiDcr2 (3048)

C636Dcr2 (1867)
3101

Aag2Dcr2 (3086)

AegyptiDcr2 (3098)

C636Dcr2 (1917)
3151

Aag2Dcr2 (3136)

AegyptiDcr2 (3148)

C636Dcr2 (1967)
3201

Aag2Dcr2 (3186)

AegyptiDcr2 (3198)

C636Dcr2 (2017) G

3251

Aag2Dcr2 (3236)

AegyptiDcr2 (3248)

C636Dcr2 (2067)
3301

Aag2Dcr2 (3286)

AegyptiDcr2 (3298)

C636Dcr2 (2117)
3351

Aag2Dcr2 (3333)

AegyptiDcr2 (3345)

C636Dcr2 (2167)
3401

Aag2Dcr2 (3383)

AegyptiDcr2 (3395)

C636Dcr2 (2217)
3451

Aag2Dcr2 (3433)

AegyptiDcr2 (3445)

C636Dcr2 (2267)
3501

Aag2Dcr2 (3483)

Aegypt iDcr2 (3495)

C636Dcr2 (2317)
3551

2900
AAGGACACCCATACGIGTICACTATGGTGCATGEATCTGAGCCGA
AAGGACACCCATACGIGTCACTATGGTGCATGEATCTGAGCCGA
AAGGECAACCATACGTGTTACCATGGTGCATEXACCTGAGCCGG

2950
GAGICCITTCCCAAACCGGAGTACAGCCTACGCGAATTATCAGEC
GAGICCITTCCCAAACCGGAGTACAGCCTACGCGAATTATCAGE

AGCCACTTCCCAAATCGGAGTACEECCTACGCGAATTATCAGG

3000
AAGCGTACCATTTGBEGTGGTTAAGAGATCATTICTCATTGAAGTG
AAGCGTACCATTTGBEGTGGTTAAGAGATCATTICTCATTGAAGTG
AAGCGTACCATTTGCETGGTTAAGWGATCATTCCTCATCGAGGTA

3050
AAAGGCATCAB\GITTACCTCAACCGITGAACCCGGAGIGAAGACGA
AAAGGCATCAB\GTTACCTCAACCGITGAACCCGGAGIGAAGACGA
AAAGGCATCARGCCTATCTCAACCECTGAAICCCGGAGIGAAGACGA

3100
CGAAAGAEGACCCGAAGCACSATTGGCGEBTTTAACGAAATCTGATTC
CGAAAGAEGACCCGAAGCACSATTGGCEBTTTAACGAAATCTGATTC
CGE®&AAGAGACCCGAAGCAREACTGGCGITCAATGAAATCCTCATTC

3150
CCGAACTGTEBCACAACTRBCAATTCCEGAGACTACTGIH GAAGGCC
CCGAACTGTEBCACAACTBCAATTCCEGAGACTACTGIH GAAGGCC
CGGAACTGTCCACAACTACAATTCCBGACGACTACTGE GAAGGCC

3200
ACCCTCCTG@AGIGACTICATCATTCCACTACCTTABITGGCGGA
ACCCTCCTG@AGIGACTICATCATTCCACTACCTTABITGGCGGA
ACCCTCCTGQACCGUSCTCCATCE&ATTCACTACCTTCITTGGCGGA

3250
AAACATTCEGTGGACTGGAACGGGTEAATGTTGETGITTGGAA
AAACATTCEGTGGACTGGAACGGGTEAATGTTGETGITTGGAA

AAGATTCAGTGGATTGGCACGGGTGIAACGTTGGTCCTTGGAA

3300
ATCACACGATGAAGACGTGGEGTTGAGTREAAAGAGCGGARGAAAG
ATCACACGACGAAGACGTGGIG TTGAGTREAAAGAGCGGAAGAAAG
ACCACACGATGACGACGTGGEA TEGAGTAAAGAAGCGGABGGEAAG

3350
CAGT- TG- GAGGAACTBAGCTGATGGAATTTGYSAAGATGAAGEGA
CAGT- TG- GAGGAACTBAGCTGATGGAATTTGYSAAGATGAAGEGA
CAAAGI GAAGAGGAACTEAATTGATGGAATTTGISATGACGAAGAGA

3400
AGACGACGAATTTGATTTGBBAAGCGABAGGTATTGETGGECCAE
AGACGACGAATTTGATTTGBBAAGCGABAGGTATTGETGGACCAE
AGAIGACGAATTTGATTTGGBAAGCGAMGGTGC GATGGEGCCAC

3450
AGRATTTGABCGATTGGCRGAAACCAAATGGCO CAATTACCGGGAT
AGRATTTGABCGATTGGCRGAAACCAAATGGCO CAATTACCGGGAT
AGGATTTGAACGATTGGCAGCGAATCAAATACTTCGSTTACCGAGAT

3500
ATACOICTGCEGIGGCAGGEIGACGAGGAACCGEIATATTGAGCSAAA
ATACAICTGCEGIGGCAGGEIGACGAGGAACCGEIATATTGAGCSAAA
ATTCACTGCATGGCAGGIGACGAGGAACCGIEATATCGAAAGAAA

3550
CTGGGATAXGTGTCGAABTTGATCBGACTACTACAATGAICTTTGTGA
CTGGGATGXGTGTCGAABTTGATCIEBGACTACTACAATGACTTTGTGA
CTGGGATAEGTGTCGAAMN GGATCTCGATTACTATAATATITTGTTA

3600
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Aag2Dcr2 (3533)
AegyptiDcr2 (3545)
C636Dcr2 (2367)
3601
Aag2Dcr2 (3583)
AegyptiDcr2 (3595)
C636Dcr2 (2417) T
3651
Aag2Dcr2 (3633)
AegyptiDcr2 (3645)
C636Dcr2 (2467) G
3701
Aag2Dcr2 (3683)
AegyptiDcr2 (3695)
C636Dcr2 (2517)
3751
Aag2Dcr2 (3733)
AegyptiDcr2 (3745)
C636Dcr2 (2567)

ATAAGTTITCCGATCTGTCAIGCGTGAAAGECCCGCAGAGCATTAGT
ATAAGTTITCCGATCTGTCAIGCGTGAAAGECCCGCAGAGCATTAGT
ACAAGTICTCCGATCTGTCGICCGTGAARGACTGCAGAGGEATTAGT
3650
ACAGCATACAGTCAGCEGTATATAGACGGO CCTCGGTAGTCCGAAG
ACAGCATACAGTCAGCGTATATAGACGGA CCTCGTAGTCCGAAG:
CGGCATACAATCGGCATTTACAGACGGCACGACCAGTCCGAALE
3700
AGAACCATGGCAACCTGGAGTACACGTAGRECAGAAATTTGCCATA
AGAACTATGGCAATCTGGAGTACCGTAGRECAGAAATTTGCCATA
GAACBATGGCAATTTGGAGTTCAGTAGACAAAAGTTTGCCARA
3750
AACTGCECAGTTGACCCCAGCAAPACGETCAATGTCAATCIICAACAG
AACTGCECAGTTGACCCCAGCAAPACGETCAATGTCAATCIICAACAG
AACTGCEGCAATTAAATCCAGCAABACRATCAATGTCAATCACAACAG
3800
AAGRACATAATCAAGGCA TGACGACGAAATAATCGICCGATGITTTGA
AAGRACATAATCAAGGCA TGACGACGAAATAATCGICCGATGITTTGA
AAGGACATTCTTAAAGCARTAACAACAAAATCSGCBECCGATGEBITTGA

3801 3850
Aag2Dcr2 (3783) CCTGGAACG ACGAATTGITEGAGATGATTTITTGAAGTTICCATCT
AegyptiDcr2 (3795) CCTGGAACG ACGAATTGITEGAGATGATTTITTGAAGTTICCATCT
C636Dcr2 (2617) T CTGGAACTGATGAGTTCCTAGGSGATGCTTCTTGAAGTTGCAACTT
3851 3900

Aag2Dcr2 (3833)
AegyptiDcr2 (384
C636Dcr2 (2667)
3901
Aag2Dcr2 (3883)
AegyptiDcr2 (3895)
C636Dcr2 (2717)
3951
Aag2Dcr2 (3933)
AegyptiDcr2 (3945)
C636Dcr2 (2767) T
4001
Aag2Dcr2 (3983)
AegyptiDcr2 (3995)
C636Dcr2 (2817)
4051
Aag2Dcr2 (4033)
AegyptiDcr2 (4045)
C636Dcr2 (2867)
4101
Aag2Dcr2 (4083)
AegyptiDcr2 (4095)
C636Dcr2 (2917) G
4151
Aag2Dcr2 (4133)
AegyptiDcr2 (4145)
C636Dcr2 (2967)
4201

5)

CICTCTACCITGI TAAATATCACAAGGAATGGCACGAAGGCTTACT
CICTCTACCITGI TAAATATCACAAGGAATGGCACGAAGGCTTACT
CCCTGTATTTGATTAAGTATCACAAGGAATGGCACGAAGGTTGEROG
3950
GAGTIAAGGGCCAAATTGTAAGCAATCEIAGG ECTATTGIGAEAT
GAGTTAAGGGCCAAATTGTAAGCAATCEIAGG ETATTGIGAEAT
GACGTCAAGGGCCAAATTGTAAGCAATCAUASGT TATTGCGCCAT
4000
AAAGTACGACTACCIGARAATGCRAAAATTCACAAATTCGAT@BAAA
AAAGTACGACTACCIGARAATGCRAAAATTCACAAATTCGAT@BAAA
AAGTACGCGCTTCCCGAATGCTCAAAGTACACAAATTCGAT@BAAA
4050
ACGATTGGCACCACCICTAGAAACGGTTCCGAAATATCAAAGGAACG
ACGATTGGCACCACCTCTAGAAACGGTTCCGAAATATCAAAGGAACG
ATGACTGGCACCICACCTCGGACGGTTCCGAMAACATTAAAAAACG
4100
ATGCAACTGTGAATCA TCCGECEAGTECCTATATCGGTTGACTTAAC
ATGCAACTGTGAATCA TCCGECAGTECTATATCGGTTGACTTAAC
ATGCAGCGGTAAATCACTCCGCTCACGTCCTGTACCGGTTGARATGAC
4150
AGACGAGGAATCAAAACCGBSTGGTBCCEAAAGACAGIGATGAT
AGACGAGGAATCAAAACCGBSTGGTBCCEAAAGACAGIGATGAT
GATGAGGBATAAAAACCGEGTGGTGATECGAAGATACCGATGAT
4200
TTATIGACAGCTTGAGTGCAGAAACATGCAGATCECTCECAAATG
TTATIGACAGCTTGAGTGCAGAAACATGCAGATCECTCCCAAATG
TCATCGUCAACTTGABTGCAGGAATACGCCGATCGICTCAEATG
4250

Aag2Dcr2 (4183)

AegyptiDcr2 (4195)

C636Dcr2 (3017)
4251

Aag2Dcr2 (4233)

GAAATTATCTCTCACAGCAGACCATGGGGGACAAGBGGCGGATGC
GAAATTATCTCTCACAGCAGACCATGGGGGACAAGBGGCGGATGC
GQCAACTATCTTTCACAGCAGACCATGGGGGACABGBGGCGGATGC
4300
CATGGAAGCATTGAGCGTCTAGTECAATCAGTTIGGCACCAGCAT
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AegyptiDcr2 (4245)

C636Dcr2 (3067) A

4301
Aag2Dcr2 (4283)
AegyptiDcr2 (4295)
C636Dcr2 (3117)
4351
Aag2Dcr2 (4333)
AegyptiDcr2 (4345)
C636Dcr2 (3167)
4401
Aag2Dcr2 (4383)
AegyptiDcr2 (4395)

C636Dcr2 (3217) C

4451

Aag2Dcr2 (4433)

AegyptiDcr2 (4445)

C636Dcr2 (3267)
4501

Aag2Dcr2 (4483)

AegyptiDcr2 (4495)

C636Dcr2 (3317)
4551

Aag2Dcr2 (4533)

AegyptiDcr2 (4545)

C636Dcr2 (3367)
4601

Aag2Dcr2 (4583)

AegyptiDcr2 (4595)

C636Dcr2 (3417)
4651

Aag2Dcr2 (4633)

AegyptiDcr2 (4645)

C636Dcr2 (3467)
4701

Aag2Dcr2 (4683)

AegyptiDcr2 (4695)

C636Dcr2 (3517)
4751

Aag2Dcr2 (4733)

AegyptiDcr2 (4745)

C636Dcr2 (3567)
4801

Aag2Dcr2 (4783)

AegyptiDcr2 (4795)

C636Dcr2 (3617)
4851

Aag2Dcr2 (4833)

AegyptiDcr2 (4845)

C636Dcr2 (3667) C

4901
Aag2Dcr2 (4883)
AegyptiDcr2 (4895)
C636Dcr2 (3717)
4951
Aag2Dcr2 (4933)
AegyptiDcr2 (4945)

CATGGAAGCATTGBEEGTCTA@GTCCAAICAGTIGGCACGAGCAT
ATGGAAGCATTGTEAGTCTE&GTTCAMCCEGTCGGCARACAGCAT
4350
CCTTCAAACTETGCACATTTTGAATCCTGCGAAAAMGCACAATGTC
CCTTCAAACTETGCACATTTTGAATCCTGCGAAAAMGCACAATGTC
CTTTCAAACTGTGCGTATTTTGAATGCTGCBAAAAQ CATGATGTT
4400
CTAAGACTCCTTGCTGACAAGATCGAAACCAACERCTGAAAACTCATAT
CTAAGACTCCTITGCTGACAAGATCGAAACCAACERCTGAAAACTCATAT
CTGAAACTTCTCGATGAGAAGATCGBAACCAACGCTTAGAACACACAT
4450
TGATATTCA@GAAGRGATGCATTCCTCAAGAACTACAGAAGAATTIGAMA
TGATATTCAGAAGRGATGCATTCCTCAAGAACTACAGAAGAATIGAAS
GATTATCACGAAG CGACGGTT TTCTAAAAAATCACTCCAGGATCGAMA
4500
GIATICTGGATATAAGTTCAAGGATAGARIATCTCCTACAAGACTC
GIATICTGGATATAAGTTCAAGGATAGARIATCTCCTACAAGACTC
GCATCCTTGGSTACAAGTTCAAGGATAGABTACCTATTGCAGGACTT
4550
ACCCATGGT CATACCCTACCAACAGAATTACGGGAAGCTECAACAGTT
ACCCATGGT CATACCCTACCAACAGAATTACGGGAAGCTECAACAGTT
ACCCATGCTCCTATCGGACTAATCEGATAACCGGAAGCTRCAGCAGTT
4600
GGAATTCCTCEGATGCGGATTAGAITTCCTCATCTGATGTACATCT
GGAATTCCTCEGATGCGGATTAGATTTCCTCATCTGATGTACATCT
GGAATTCCTCAGATGCGAICTGGACTTCCTCATCTBATGTACATCT
4650
TTGAGCAGAACCCTACCATEBGCGGCAGTRACAGATCTECETCG
TTGAGCAGAACCCTACCATEBCGCGGCAGTRACAGATCTECETCG
TTGAGCAGAACCCTACCATGBCCGACAGTTGACCGATCTICAITCG
4700
GATTGGTGAATABGI CAATTCGCGCGTGATACTIGTICGCAIGGTCT
GATTGGTGAATABGI CAATTCGGCGTGATACTIGTICGCATGGTCT
GATTGGTGAATAPATCACCCTAGCGTGBCTGCTGGTCCGCACGGTCT
4750
CCACTTGTACATCCTGGCAGAGTAEGIO TCACCGACABGGTIAGCA
CCACTTGTACATCCTGGCAGAGTAEGII TCACCGACABGGTIAGCA
CCACTTGTACATCCTGGCAGAGT@ECTI TTTCGGACACGTCAACA
4800
AGTTTGGITGTTCCAGAACAAACAMACACGAAATACCGATCAGET
AGTTTGGBITGTTCCAGAACASACAMCACGAAATACCGATCAGET
AGTTTGTCATGTTCCAGAACAAACAAGCACGAAATACCGATCAGET
4850
AACTTGCTCGTCGAGAATAGACCGGAAGATAGEAATTCGAGACGT
AACTTGCTCGTCGAGAATAGACCGGAAGATAGEAATTCGAGACGT
AACCTGCTEGGTCGAGAATCGGACCGGAAGATC@GEAATTCGEBGACGT
4900
TCGAAGGECTEGCEGATGTGI TCGAGABCTEGTAGAIGAGTCTTTT
TCGAAGGECTEGCEGATGTGI TCGAGABCTEGTEGGAIGAGTCTTTT
CACAAGGCTCTCCGRGACGTCTTCGAGACCTTGTCGAAGAAGTGTTTT
4950
TCGGACTA@GGAAACAH TTGCCGCACTGGAAGTCATTACGEATG
TCGGACTA@GGAAACAH TTGCCGCACTGGAAGTCATTACGEATG
TAGACTCGGAAACGHA TTGCCGCAOTGGGGSTCATTACGGATA
5000
ATGGGCAPGAAATATGACCTTCACCE&AACACACAEATECCAGATCGT
ATGGGCATGAAAT/TTGACCTTCACCCAACACACCEATECCAGATCG
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C636Dcr2 (3767)
5001

Aag2Dcr2 (4983)

AegyptiDcr2 (4995)

C636Dcr2 (3817)
5051

Aag2Dcr2 (5033)

AegyptiDcr2 (5045)

C636Dcr2 (3867)
5101

Aag2Dcr2 (5083)

AegyptiDcr2 (5095)

C636Dcr2 (3917)
5151

Aag2Dcr2 (5133)

AegyptiDcr2 (5145)

C636Dcr2 (3948)
5201

Aag2Dcr2 (5183)

AegyptiDcr2 (5195)

C636Dcr2 (3948)
5251

Aag2Dcr2 (5233)

AegyptiDcr2 (5245)

C636Dcr2 (3948)
5301

Aag2Dcr2 (5283)

AegyptiDcr2 (5295)

C636Dcr2 (3948)
5351

Aag2Dcr2 (5333)

AegyptiDcr2 (5345)

C636Dcr2 (3948)
5401

Aag2Dcr2 (5383)

AegyptiDcr2 (5395)

C636Dcr2 (3948)
5451

Aag2Dcr2 (5433)

AegyptiDcr2 (5445)

C636Dcr2 (3948)
5501

Aag2Dcr2 (5483)

AegyptiDcr2 (5495)

C636Dcr2 (3948)
5551

Aag2Dcr2 (5533)

AegyptiDcr2 (5545)

C636Dcr2 (3948)
5601

Aag2Dcr2 (5583)

AegyptiDcr2 (5595)

C636Dcr2 (3948)
5651

Aag2Dcr2 (5633)

AegyptiDcr2 (5645)

C636Dcr2 (3948)

ATGGGCABGAAATATGACCTTCACCBAATACGCCCATTCAGATCGT
5050
GCACAGTTGTAIGAGTEAAGCGICGT CCAAGCCARCTTCARACEG
GCACAGTTGTAIGAGTEAAGCGICGT CCAAGCCARCTTCARACEG
GCECAACTGTACGAGTTAAGCBCCATGTTCGCCAACTTCAG CECG
5100
CCATCCCGGAC@ESACACGGTITGTTAAGCTEGG ACGAGARAGG
CCATCCCGGAC@ESACACGGTITGTTAAGCTEGG ACGAGARAGG
CCATTCCGGACAABACACGGTIA GG TGAAGCTBAATACAAGATCAEG
5150
AACCAACAACACGAAGCAEATGATTITGGTCAAMCAAGGACGACGCAAA
AACCAACAACACGAAGCAEATGATTTGGTCAAAMACAAGGACGACGCAAA
AATCACCACCATGASGCGATGGET--C CCCAAA------======---
5200

GAGGGCAGCGGCCAAAGCGGCACTGCAAGTGTTGCGCAAGCACTACCGCA
GAGGGCAGCGGCCAAAGCGGCACTGCAAGTGTTGCGCAAGCACTACCGCA

5250
GTGCTAAGTAATGTTTCGTTTTGTATAATTTTCTTTGTACTAGTGTCGTT
GTGCTAAGTAATGTTTCGTTTTGTATAATTTTCTTTGTACTAGTGTCGTT

5300
TACAGATGGGAGTTGTTGAACTGTTTTOGTBAATTAATATTAAATG
TACAGATGGGAGTTGTTGAACTGTTTTAGTABAATTAATATTAAATG

5350
GCGATAAAATGTTTTATAGAAAGCGTTTGAACGATTTATCGAGTATTAAA
GCGATAAAATGTTTTATAGAAAGCGTTTGAACGATTTATCGAGTATTAAA

5400
TCAAACATAATTGTATGGAGGCAATGTCGCAAAATGTCGACATTTTTCAA
TCAAACATAATTGTATGGAGGCAATGTCGCAAAATGTCGACATTTTTCAA

5450
GTGTTTGTAAAACTCTAATCGTCCTACAATACTCTAATGTAAAAAACTGT
GTGTTTGTAAAACTCTAATCGTCCTACAATACTCTAATGTAAAAAACTGT

5500
GGAAGTGCTCATCAAATGTGTACTAAGTCGTTTGAGTCGAATCAGAACAT
GGAAGTGCTCATCAAATGTGTACTAAGTCGTTTGAGTCGAATCAGAACAT

5550
AGTTTTAATAAAATTCCAATAGAAATACCTATACAAAAAAAATAGAATGA
AGTTTTAATAAAATTCCAATAGAAATACCTATACAAAAAAAATAGAATGA

5600
AACTCCAAATCTGACTGTTTACATGAAACCATTGACTCTCTTTTGTGATA
AACTCCAAATCTGACTGTTTACATGAAACCATTGACTCTCTTTTGTGATA

5650
GAAGAGAATTGAAGACTTGGCAGTAGEITMMGATTGGCTTCCATGC
GAAGAGAATTGAAGACTTGGCAGTAGATIMGATTGGCTTCCATGC

5700
TTTGTTATTAGCTTCTAAGAGGGCGGGTTTGGAGAAGATCATTATCTAAC
TTTGTTATTAGCTTCTAAGAGGGCGGGTTTGGAGAAGATCATTATCTAAC
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5701
Aag2Dcr2 (5683)
AegyptiDcr2 (5695)
C636Dcr2 (3948)
5751
Aag2Dcr2 (5733)
AegyptiDcr2 (5745)
C636Dcr2 (3948)
5801
Aag2Dcr2 (5783)
AegyptiDcr2 (5795)
C636Dcr2 (3948)
5851
Aag2Dcr2 (5833)
AegyptiDcr2 (5845)
C636Dcr2 (3948)
5901
Aag2Dcr2 (5883)
AegyptiDcr2 (5895)
C636Dcr2 (3948)

5750
AATTTGAATATCGGATCAAGCCAACGGTAAATCGCTGTCAAAGCAAATAC
AATTTGAATATCGGATCAAGCCAACGGTAAATCGCTGTCAAAGCAAATAC

5800
TTGTCTACGTGTGCTGGACGTTTATGATCTTCGGAACTGCGAATATGCAT
TTGTCTACGTGTGCTGGACGTTTATGATCTTCGGAACTGCGAATATGCAT

5850
TTAGGCAAAGTGTGCTTAAGATTGTCAAAGAAATGTTTTCCTTCTCAGAA
TTAGGCAAAGTGTGCTTAAGATTGTCAAAGAAATGTTTTCCTTCTCAGAA

5900
GGAAAACBGAACAATAATAAGAAAAGCTATTTGATTGAATATATGCACG
GGAAAACPGAACAATAATAAGAAAAGCTATTTGATTGAATATATGCACG

5930
TTTTATATTACCTTTAAAAAAAAAAAAAAA
TTTTATATTACCTTTAAAAAAAAAAAAAAA

Figure A.1: Alignment of dcr2 nucleotide sequences fforaegyptimosquitoes (from
GenBank), Aag2 and C6/36 using VectorNTI AlignX described in Ch&pter
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1 50
DrosophDcr2 (1) -----MEDVEIK I PRGYGLREVDHLTKSIG WYLPTCSGKTFVAIVEKRF
AaegyptiDer2 (1) MDMIMPQQDDPRDYCRTIMKTICMQKTIYLPTGAGK THIAENVIIKEM
Aag2Dcr2 (1) MDMIMPQQDDFI || PROYGRTMKTICMQKTIRYLPTGAGKTHIAENVIKEM
CB36DCI242 (1) commmmmmmmmemmmmeemecemee e
CB36DCI2+L (1) commmmmmmmmcmmemeeeeeeee e

51 100
DrosophDcr2  (46) SQ DFDKHES GGKRLEMNTVELARQQMAVRRCTINFKVEVGEQED
AaegyptiDer2  (51) GKDL DKRETEGGKRFEVVNTVALAKQQ/A FESHNLTYDTSNTSDRND

Aag2Dcr2  (51) GK DL DKRETEGGKR FEVNTVALAKQQAFESHNLTYDTSNTSDRNVD

CB36DCI242 (1) crommmmmmmmmmmmemeeeeee e
CB36DCI2+L (1) coommmmmmmcmmemeeeeeeee e
101 150

DrosophDcr2  (96) D WIRGNIGBEIK KNQVEVGTAQUFLDMY TQWVAL SSLSWAY | DECHHT
AaegyptiDer2 (- 101) A WKQDKALEEFAKYQWIVCTOQIL LDVEKHYESYKHINEEI FDECHHS

Aag2Dcr2 (101) A VK QDAL EEFAKYQVEVCTOQIL LDVEKHESVKHINELI FDECHHE
CB36DCI242 (1) commmmmmmmmmmmmememmmeememee e
O 10 7 T

151 200
DrosophDcr2  (146) CHHPFREAVRLETIANQTKLPRWGLTGVLIK--GNEITN VATKUKELE!
AaegyptiDer2 (151) GEHPMHGME@FLRVPKSDRRVEGLSGVLLEYKQIKSVALVSPELERLEN

Aag2Dcr2 (151) GEHPMHGME@FLRVPKSDRRVIGLSGVLEYKQIKSVALVSPELERLEN

CB36DCI242 (1) commmmmmmmmmmmmememememeee e
CB636DCI2+L (1) commmmmmmmmmmmmmeeeeeeee e
201 250

DrosophDcr2 (194) TYRGNI TVSDTKEMENMUNAKPTEVIWSEPHQEQUTVARIISAEIE
AaegyptiDcr2 (201) TENATI ATVGSYDAFTECKESTDPNEEEVSY----ST  LRESRVMADIVN
Aag2Dcr2 (201) TENATI ATVGSYDAFTECKESTDPNELEVSY----ST  LRESRVMADIVN

CB36DCI242 (1) commmmmmmmmmmmmmemememeee e
O 10 7 T
251 300
DrosophDcr2 (244) KFYVSLDLMNIGYQ  PIRRSKSLQ@MRDPSK-KSFVKQUENDRYQUKEG
AaegyptiDer2  (247) NINAFSQTIEEFHLPKYLNQNKALKDRPKPLKEIRKLETELRYQIGD TG
Aag2Dcr2 (247) NINAFSQTIEEFHLY PKYLNQNKALKDRPKPLKEIRKLF TELEYQIGD TG
CB36DCI242 (1) commmmmmmmmammmmmeememeee e
O 10 7 T J
301 350
DrosophDcr2 (293) IYAA SIANS LIV EFDIKRRQAET L SVKEMHRTATL CEKIIRFL BV QKEQ
AaegyptiDer2  (297) IALLGLIV QFELDKRGBDSSM.RLALRSCI TFCESLRHQIEKLMS
Aag2Dcr2 (297) LFGG [iSIA EEGLIV QFEEDKRGBBSSM.RLALRSCITFCESLRHQIEKLMS
C636Dcr2+2 (1) LTIGRLI- I RPRIRPFCENLRHQIEKLMS

C636DCr2+1 (1) --memememee TYNRAI I DLAAANSPRERKPE/SDREABRFGYQGKIDQ
351 400
DrosophDcr2 (343) DMTYDDDDDNV  INTEEVIMNESTPKVQR MKV SEAIX DPKDICC LVEV
AaegyptiDcr2 (347)  -eeee G-  LDNKTKLTKFSSLKVRQLDQ EKLYEENRDKKAKTLFV
Aag2DCr2  (347) ----m--- G LDNKTKLTKFSSLKVRQLDQ EKLYEENRDKKAKTLFV
C636DCr2+2  (28) --------- G LDI KEKLTRFSSLKI RQLINELEKMYERNRDKKAKTUFV
C636DCr2+1  (40) --memmmemenv B DTAVDK-AGEDVKKPR- KGKNPCVCAAAT
401 450
DrosophDcr2 (393) ERRYATCKCIYGLL LNYIQ STPELRNWATPQFMIVG RN lISPDFESVILERKW
AaegyptiDcr2 (388) QRRFSAKVLYHLKIYF AETEDANLI VPDFMVGNNGSMPERILSAKK
Aag2Dcr2 (388) QRRFSAKVLYHLKIYF AETEDANLI VPDFMVGNNGSMPERILSAKK
C636Dcr2+2  (69) QRRFSAKVLYNL KIYF SQTEDADLI LPDFMVGNGSMPESEQILSAKK
C636Dcr2+1  (69) L REGLVPCTENLLLTNGEC-PHPARLHGQQRWAGY-A DFECQERSG
451 500
DrosophDcr2 (443) KSAPQQ--------- FRDGNAEMICSSVEEEGIDVQACNHVFIL DPV
AaegyptiDcr2 (438) DRR\LER--------- FKKNETNVIVTTNVLEEGIDLQMCNVKYDHI
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Aag2Dcr2 (438)
C636Dcr2+2 (119)

C636Dcr2+1 (117) Y

501
DrosophDcr2 (483)
AaegyptiDcr2 (478)

Aag2Dcr2 (478)
C636Dcr2+2 (159)
C636Dcr2+1 (166)

551

DrosophDcr2 (533) K

AaegyptiDcr2 (528)
Aag2Dcr2 (528)
C636Dcr2+2 (209)

C636Dcr2+1 (212) PQG

601
DrosophDcr2 (582) |
AaegyptiDcr2 (578)

Aag2Dcr2 (578)
C636Dcr2+2 (259)

C636Dcr2+1 (260) CRSEKRS

651
DrosophDcr2 (632)
AaegyptiDcr2 (618)

Aag2Dcr2 (618)
C636Dcr2+2 (299)
C636Dcr2+1 (292)

701
DrosophDcr2 (682)
AaegyptiDcr2 (668)

Aag2Dcr2 (668)
C636Dcr2+2 (349)
C636Dcr2+1 (337)

751

DrosophDcr2 (732) EPQ

AaegyptiDcr2 (716)
Aag2Dcr2 (716) A

C636Dcr2+2 (397) G
C636Dcr2+1 (374) WSR

801
DrosophDcr2 (779)
AaegyptiDcr2 (766)

Aag2Dcr2 (766)
C636Dcr2+2 (447)

C636Dcr2+1 (424) CTPCGD

851
DrosophDcr2 (828)
AaegyptiDcr2 (816)

Aag2Dcr2 (816)
C636Dcr2+2 (497)
C636Dcr2+1 (473)

901
DrosophDcr2 (878)
AaegyptiDcr2 (862)

Aag2Dcr2 (862)

C636Dcr2+2 (544) F

C636Dcr2+1 (519)

DRR\ER--------- FKKNETNVIVTTNVLEEGIDLQMCNWKYDHP
DRRY ER---------- FKRNETNVIVTTNVLEEGIDLQMCNT KYDHP
RTVQEKNQRYCNDKCARRBADYQHBQY-SSANVCILP TVEGKG(D

550
KTENMVQSKGART TEAKEVIIF TADKEREK THIQ QY Q YRKAHNDIAEYL
QTFAS'QQSKGARMIKISQYMVMINENRHI FLEKYRLYKSIEEELRRCL
QTFAS'QQSKGARMIKISQYMVMINENRHI FLEKYRLYKSIEEELRRCL
QTFAS'QQSKGARMIDSQYMVMINEERQKFLEKYRLYKSIEQELQRCL
EGQPWGDVE- RRTTKI S-KYPAN- EY-TGATEVRYRKNYQPARSFGCRR
600
DRVEEKTEPEL YENKGHFQDDIDP- FTNENGAVELPNNABABEHRYCQT
IGKTINRPDPLDADVHKELYNEIIPPFFTAKGAKLDALSAIQLLIRYCMG
IGKTINRPDPLDADVHKELYNEIIPPFFTAKGAKLDALSAIQLLIRYCMG
IGKTINRPDPLDADVHKELYNEIIPPFFTAKGAKLDALS®LLNRYCMG
VI'--DY SAVAHCQRCQACTIERRSTSEPILHGNATCRI YQY@HVGT
650
PTDAFGF/IPWEHVEIQEDERDRIFGVSAKKHVISINMPYNCMIRDTIY

MPRDAFTNTNVTWHRLKD---------- GRI | VEMLLPLQSTVREKE
MPRDAFTNTNVTWHRLKD---------- GRI | VEMLLPLQSTVREKE
MPRDAFTNTNVTWHERLKN---------- G WEWLPLQSTVREKL
NCCGGDVAAVHGA------=-==-=-=--- KN LRKSYAQHA

700

SDPNDNVKTAKI SAARKACK VLY SLGEL NERFVPK TLKERVASIA DVBFE
GNPMRNIKLAKRSAAFNACRKLYENKEHLIPIDCKYQLNNLKDVYFR
GNPMRNIKLAKRSAAFNACRKLYENKEHLIPIDCKYQLNNLKDVYFR
GNPMRNIKLAKRSAAFNACRKLYENKEHLIPIDC RNQLNNLKDVYFR
GETIG GFQRLPKVIRK-RA-RAFDSD- L@KSAEQEERCLLPPLG-F-RRF
750
HVIKY GDSYTATVNKADK SKDRTY K TE@L EFYBALPRVGE| CYAYEIFLE
HVKDFDARGKLAG-T QKCIRTHAIQYPKQTECFPQPGKPCYIYVLRI
HVKDFDARGKLAG-- QKCIRTHAIQYPKQTECFPQPGKPCYIYVLRI
HWADFLEDSGKLAQ-- QKCIRTHAIEYPKQTTECFPEPGKPCYIYVLRI
RKTSYARNAEY HKNARY ------------ Y; SEANDRLLPGAWTLLHLRFAH
800
FESCEYTEHWIYLNIQTP---  RNYAIELR NKEPREAENPL FSNQEKEH
AAGFAQDPINDNVNIFHSLYSSENNFGMTTKPLRALAKMKFFVTIGLIN
AGFAQDPNDNVNIFHSLYSSENNFE&MTTKPLRALAKMKFFVTIGLIN
AGFEQDFSNENVNIFHSLYNSENNFGMTTKPLR/LAKMKFFVTIGLIN
L RARSFERKCQHFPLYVQLEQFRNNDIE TASS SGKNEVL C\VGTYR
850
VRVANAPEENIIQ NS-E QUELEHQFFGNVFRINEKIVHPEFVLDRR KEN
VHE ETPIVLPN GGSH ELALLRQFMWTVFRDVLKLWEFLCCDYDNEEN
VHE ETPIVLPNGGSH ELALLRQFITVFRDVLKLWEFLCCDYDNEEN
VHLVETPIVLPN AGSB/ELALLRQFH TVFRDVIRLWKFLVYDYDNGI N
PHRVA-RGLRSRTRSAEAI PHYG PRRAPIMEGLPCLRLRQRDQ
900
SYLVVPLIL GAGEQKEDVELMTNERREPQSHG NVQQRQOPAPRPEDR
SFLVVPLKNST--- HLDWKLIR EFQNLSEPPSH STI ARNKMEFEALKY
SFLVVPLKNST--- HLDWKLIR EFQNLSEPPSH STI ARNKMEFEALKY
SFW\VL-RINRPTWIGNSFGSSSI-ANLRRKCRRWEG AGWISKRTTTATR-
QFHGSLKKST--- HLDVELIR QFQYLSEPPSEVBTMARSRVDFEADNY
950
EGKIVIT QWMAN-Y DIKPMIVTKVER ELTPL SYNVEKNQODKIYYEETMSKG
RHKVILPWYKNKE@®YVVTMVHEHLTESPFR. NPEYGSYANYFQAYH
RHKVILPWYKNKE@YVVTMVHEHLTESPFR. NPEYGSYANYFQAYH
FLGTKTTRSNHT S PWEMSTRRAAPSQMRSGPTRIT SAKRTI WPWLS
RHKVILPWYINNKE(PYVVTMVHEHLTGSPFF- NAEYGSYAYFSEAYF
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951

DrosophDcr2 (927) NRIG

AaegyptiDcr2 (911)
Aag2Dcr2 (911)
C636Dcr2+2 (593) RINS
C636Dcr2+1 (568)

1001

DrosophDcr2 (977)

AaegyptiDcr2 (961)
Aag2Dcr2 (961)
C636Dcr2+2 (641)
C636Dcr2+1 (618)

1051

DrosophDcr2 (1026) TDYMBRPL

AaegyptiDcr2 (1
Aag2Dcr2 (1010)
C636Dcr2+2 (691)
C636Dcr2+1 (667)
1101
DrosophDcr2 (1068) K
AaegyptiDcr2 (1059)
Aag2Dcr2 (1059) S
C636Dcr2+2 (736) K-
C636Dcr2+1 (717) N
1151

010)

DrosophDcr2 (1118) VCEM

AaegyptiDcr2 (1107)
Aag2Dcr2 (1107) ----
C636Dcr2+2 (785) K-----
C636Dcr2+1 (765) ----
1201
DrosophDcr2 (1168) R
AaegyptiDcr2 (1149)
Aag2Dcr2 (1149)
C636Dcr2+2 (818) -
C636Dcr2+1 (807)
1251
DrosophDcr2 (1218) S
AaegyptiDcr2 (1199)
Aag2Dcr2 (1199)
C636Dcr2+2 (863) PS-
C636Dcr2+1 (857)
1301
DrosophDcr2 (1268)
AaegyptiDcr2 (1249)
Aag2Dcr2 (1249) |
C636Dcr2+2 (909) YT
C636Dcr2+1 (907) V
1351
DrosophDcr2 (1318) LV
AaegyptiDcr2 (1293)
Aag2Dcr2 (1293)

C636Dcr2+2 (944) G-Q-RMRR-

C636Dcr2+1 (951)
1401

DrosophDcr2 (1368)

AaegyptiDcr2 (1338)

1000
DVVHKDKFAMIEYROL TEQETFYVHN FEKFNAK SKAKM VILIPELC
LAVVKPDQFLIEVKGITSYLNRLNPGVEDDGKSTRSKHWRFNEILIPELC
LAVVKPDQFLIEVKGITSYLNRLNPGVEDDGKSTRSKHWRFNEILIPELC
SSRKASRAl STD-IP ESKTTARVPESTG@VKSSERNCATTIN S
LAVVKPDQFLIEVKGITSYLNRLNPGVEDDGKSTRSKHWRFNEILIPELC

1050
FNENF- PEDLWLK | FEPSI ENRVIYFELHAEAERKR ANTY LNEHLEPFNG
HNYQF PADYWLKATLLPSALRLHYLLLAENIRVDLATGANVGCLENHT
HNYQF PADYWLKATLLPSALRLHYLLLAENIRVDLATGANVGCLENHT
QPTTGRPPSCQARSIA TIFFWRRREVWIVIRRY PTLYAWK TRLRTWMWS
HNYQF PADYWLKATLLPSALRI HYLLLAEKIRVDLATGANVGCLENHT
1100
El DYSLKR\V-DPEG\VIPT EDIE-----EPK  JSLEEPMPT
IEDVDVEYKERKGKQEE- LQ_MEFEEDEDEDDEFDLEEAKRSAPENL
IEDVDVEYHKERKGKQEE- LQ_MEFEEDEDEDDEFDLEEAKRSAPENL
|| SSGRGSKVKRN\- N-WNLRMTRVK M NLIWRKRIGR--WR HRI- TNWQG
IEDVDVEYRKGKGEEEL ELMEFEDDEDEDDEFDLEEAKRSBBPQLL
1150
SIEA SVANLEITEFENPW®YMEPVIISRNLL STYPVE DYYYHESVGN
SELARNQISI TGDIPLPW®DEEPVDIERNWDQVSKOL DY YNFVN-
ELARNQIIS| TGDIPLPW@DEEPVDIERNWDQVSKOLDYYNFVN-
LPLPEIFRCHGRTTRNRLISKETGIRCRKW SITIML LLTSSRI CRSV
ELARNQWSVTGDIPLPW@DEEPVDIERNWDQVVOLDYYMFVN -
1200
NEMDFEDKEY VK NQFHMPCNIIYGNRTPAK NANVPALIVIPSKRYV
KFSDLIVREKAAERISTAYTSA/YRRAGSPKRE- PMAILD-- VP
KFSDLIVREKAAERISTAYTSA/YRRAGSPKRE- P--MAILD VP
QSAVRHTHRPFTDGPRARRGIQWQFVFR------------
KFSDLS/REMTAERISSAYTSA'YRRA SSPKRE- PMAILD-- VP
1250
GKVKPILLILQKTVSKEHI TPAEQG B AAIITASSAADVFINER. ENLCD
VDQKFAIKLLQLTPANNVNLQQK | KALTTKSSSDVFDLERYELED
VDQKFAIKLLQLTPANWNVNLQQK | KALTTKSSSDVFDLERYELED
SKSLP- NCGN-IQQTRSMSIVARR TFLKQ-QQURRPMC.IWNVNVEC- GM
VEQKFAIKLLQLNPANT NVNLQQRILKA | TTKSAADVFDLERYELED
1300
FEKL SATEYLEASKYSDWEGT ETEVKS KBVSNRNEFCL ' DADIIPK TEN
AFLKFS SLYLVKYHKEWHEGFLTAVKGQIVSNRNLVYCAIKFGMLK
AFLKFS SLYLVKYHKEWHEGFLTAVKGQIVSNRNLVYCAIKFGMLK
SLQERCI-LESITRING TKAS-RPSRAE-AIAIWFI  APESTAFPACK
AFLKFATSLYLI KYHKEWHEGFLTAVKGQIVSNRNLVYCAIKFGMLK
1350
TI GETPRY WL PPGISEPHNYLALWRENPEFAKIIG PHNERDLALGIEES
I HKFDPKNDW®BATVPKNIKRTMGB------ VNHSARVLYRLTLTEEE
HKFDPKNDW®PATVPKNIKRTMGE------ VNHSARVLYRLTLTEEE
NSIR KMTGLPWRRFRTENKRGKR -------------- IT PLASCT
HKFDPKNDW®PATVPKNIKOTMQ@------ VNHSARVLYRLNTDEE
1400
KGNCGSDINYNREYEG RANGQSFY ACADFSSEYNFGVELVTIP NKVI A&
IKTGVVTAKNSIDFIAQLELHG----  NVPDPSPMANYLSQQTMGDKTPA
IKTGVVTAKNSIDFIAQLELHG--—-  NVPDPSPMANYLSQQTMGDKTPA
KPEWMRRLAWNS----SR  NLRCTGIRPIRLRWPTIFHS
NTPDPSPMANYLSQQTMGDKTPA
1450
DTEEALLGY VKNYGEQHAFKNEEYFKI'CRADIDKPLTQLIMIELGGKM
DAMEALLGVC\SVGIERSFKLLPHFGILPKTHNVLRLLADKI EN- QRL

IKTGVVDPKTSDEFIAQLENMHG----
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Aag2Dcr2 (1338)
C636Dcr2+2 (985)
C636Dcr2+1 (996)
1451
DrosophDcr2 (1418) R
AaegyptiDcr2 (1386)
Aag2Dcr2 (1386) K
C636Dcr2+2 (1029)
C636Dcr2+1 (1044) R
1501
DrosophDcr2 (1468)
AaegyptiDcr2 (1436)
Aag2Dcr2 (1436)

C636Dcr2+2 (1078) MPPI

C636Dcr2+1 (1094)
1551

DrosophDcr2 (1518)

AaegyptiDcr2 (1486)

Aag2Dcr2 (1486)

C636Dcr2+2 (1123)

C636Dcr2+1 (1144)
1601

DAMEALLGVC\EYGIERS-KLLPHFGILPKTHNVLRLLADKIEN-- QRL
RPWGRRRRMQMCLESAFKRSAYSDESNCRILVCCQKLMMF------
DAMEALLGVCWKYGIQRS-KLLPYFAGWL.PKTHDVLKLLDEKIEN-- QRL
1500
ANVNTTEIDGFL NHY YLIEKNLGYTFKDRRYLLQALTHPSYPTNRITGS
KTHIDI REVIAFLKNYRRIE GLGYKFKDRTYLLQALTHASRTNRITGS
THIDI REVIAFLKNYRRIESILGYKFKDRTYLLQALTHASKTNRITGS
NFSMRRSRTNELEHTSIIA KSTVF-KIT PGSKASLEGIISSRIETYCRRIP
THIDYREVDGFLKNSRIESILGYKFKDRTYLLQALTHASKFTNRITGS
1550
YCQELEFI GDAILDFLI SAYIF ENNTKMNPCGAL TDLRSALVNNTLACI CV
YQQLEFIGDAVLDFLISMYIFEQNPTMSPGQDLRSA.VNN/TLACIL V
YQQLEFIGDAVLDFLISMYIFEQNPTMSPGQDLRSA.VNN/TLACIL V
RLEG--PEAIS SWNSEMRSWVTSSQCTSLSRTLP-APDS-P| FV
YQQLEFIGDAVLDFLISMYIFEQNPTMSPGQDLRSA.VNN TLACLLV
1600
RHRLHFEI LAENAKLSEI SKFWFQESQGIRVINYVRI LEEEADVQPTP
RHGLHLY LAESASHDTVSKFLFCECHKHEITDQVNLLVEES----
RHGLHLY LAESASHDTVSKFLFCEQNKHEITDQVNLLVEESBRK---
RHW---1 | SP-RVAOMBEGTVSTCTSWSRPPFRTPSTSLSCSRNKT -----
RHGLHLY LAESASFSDTWKFWFCEQNKHEITDQVNLLVEESRBK---
1650

DrosophDcr2 (1568) LDLDDELDMTELPHANKCISQEAEKGVPPK GEFNVSTNVDVPKALGDME

AaegyptiDcr2 (1530)
Aag2Dcr2 (1533)

---DR K MAEFVDVPKALGDVFE
---- MAEFVDVPKALGDVFE

------------- STK SPIR

C636Dcr2+2 (1164)

C636Dcr2+1 (1191)
1651
DrosophDcr2 (1618) A
AaegyptiDcr2 (1549)
Aag2Dcr2 (1549)
C636Dcr2+2 (1171)
C636Dcr2+1 (1207)
1701
DrosophDcr2 (1666)
AaegyptiDcr2 (1599)
Aag2Dcr2 (1599)
C636Dcr2+2 (1220) -WA
C636Dcr2+1 (1257)
1751 1761
DrosophDcr2 (1716) Q
AaegyptiDcr2 (1649)
Aag2Dcr2 (1649) V

1700
LI AAVWLDCR- DLQRMEVI ENEFEPELQE-TRK\WPI NHIRQ-VEHK-H
SLVAAVFLDSGNDMAYWNIYGMMGNELTFTENTPIQIVRQLYEFKFS
SLVAAVFLDSGNDRAYWNIYGMMGNELTFTENTPIQIVRQLYEFKFS
STCWSRNRIRVRNSWSPRLSETSRALWQQCFKEPETI EPSLGGSTV
SLVAAVFLDSGNDRAVWRVIYGI MGNEMITFTENTPIQIVRQLYEFKRP
1750
AKPVESSPI VECETVIWSCOETCMEKT KVYGFGNKBRAKLSAAKHALQ
CKPTFSRAIPIEDTVLVKIRYEIRNQQHEAY GFQNKIDAKRAAAKAALQ
CKPTFSRAIPIEDTVLVKIRYEIRNQQHEAY GFGNKIDAKRAAAKAALQ
TK--PS PKI RFFRSCGICTSLSHHW/RQSSVAPERTMRCWES-NTRS
CSPI FSRAIPDPDTVLVKIKYKIRNQOQHEMERQ----------------

LSKCDA----
VLRKHYRSAK-

C636Dcr2+2 (1265) GISSMRRWVAK

C636Dcr2+1 (1291)

Figure A.2: Alignment of dcr2 amino acid sequences fyosophila melanogaster

---- MAEFVDVPKALGDVFE

(GenBank NP_52377&\. aegyptimosquitoes (GenBank AAW48725), Aag2 and C6/36
using VectorNTI AlignX described in Chapter 3. Two diffdreeading frames (+1 and
+2 from first nucleotide in C6/36 sequence) were transkate@6/36 dcr2, and both are
aligned here.
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Vector NTI AlignX Amino Acid alignment color scheme:
black on window default color - non-homologous residues

blue on cyan - consensus residue derived from a bloagkndasresidues at a given
position

black on green - consensus residue derived from a singée@tive residue at a given
position

red on yellow - consensus residue derived from completelgervative residues at a
given position

green on window default color - residue weakly homologoumnsensus residue at
given position

DrosophDcr2 (343) DMTYDDDDDNV  [NTEEVIMNESTPKVOREMIKVSEAIXDPKDICCLVFV

AaegyptiDcr2 (347)  -------- G- LDVMKTKLTKFSSLKVRQLDQ EKLYEENRDKKAKTLFV
Aag2Dcr2 (347) --------- G LDVKTKLTKFSSLKVRQLDQ EKLYEENRDKKAKTLFV
C636Dcr2+2  (28) --------- G LDl KEKLTRFSSLKI ROLINELEKMYERNRDKKAKTWFV
C636Dcr2+1  (40) ------------- &B----- DIFAVDK-AGEDVKKPR- KGKNPCVCAAAI
401 450
DrosophDcr2 (393) ERRYICKCI YGLLLNYIQ STPELRNVITPCGFMVGRNINSPDFESVL ERKW
AaegyptiD cr2 (388) QRRFSAKVLYHLKIYF AETEDANLI VPDFMVGNNGSMPESR)ILSAKK
Aag2Dcr2 (388) QRRFSAKVLYHLKIYF AETEDANLI VPDFMVGNNGSMPESR)ILSAKK
C636Dcr2+2 (69) QRRESAKVLYNLKIYF SOTEDADLI LPDEMVGNGSMPESEQILSAKK
C636Dcr2+1 (69) L REGLVPCTENLLLTNGEC-PHPARLHGEQQRWAGY-A DFECQERSG
451 500
DrosophDcr2 (443) AKSALQQR--------- FRDGNAEMICSSVLEEGIDVQACNHVFIL DPV
AaegyptiDcr2 (438) DRRER---------- FKKNETNVIVTTNVLEEGIDLOQMCNWVKYDHP
Aag2Dcr2 (438) DRRVER:---------- FKKNETNVIVTTNVLEEGIDLQMCNWVKYDHP
C636Dcr2+2 (119) DRRYER---------- FKRNETNVIVTTNVLEEGIDLOMCNT KYDHP
C636Dcr2+1 (117)Y RTVQEKNQRYCNDKCARRBADYQHGQV-SSANVCILP TVEGKE(D
501 550
DrosophDcr2 (483) KTENMVQSK&ART TEAKFVEFTADKEREKTIEQQY Q YRKAHNDIAEYL
AaegyptiDcr2 (478) QTFAS'QQSKEARMKNSQYMVMDNENRHI FLEKYRLYKSIEEELRRCL
Aag2Dcr2 (478) QTFAS'QQSKEARMKNSQYMVMDNENRHI FLEKYRLYKSIEEELRRCL
C636Dcr2+2 (159) QTFAS'QQSKEARMKKSQYMVWNNEERQKFLEKYRLYKSIEQELQRCL
C636Dcr2+1 (166) EGQPYCDVE- RRTTKI S- KMPAV- EY- TGATEVIYEKNYCPAFSFGCRI

Figure A.3: Predicted Helicase domain for C6/36 Dcr2 +2 tatinsl from NCBI
BLAST conserved domains finder. The domain region is tinée and in bold type.
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551
DrosophDcr2 (533) K
AaegyptiDcr2 (528)

Aag2Dcr2 (528)
C636Dcr2+2 (209)
C636Dcr2+1 (212) PQG

600
DRVEEKTEPELYEIKGHFQDDI DP- FTNENGAVLLPNNALAILHRYGQT
IGKTINRPDPLDADVHKELYNEIIPPFFTAKGAKLDALSAIQLIRYCMG
IGKTINRPDPLDADVHKELYNEIIPPFFTAKGAKLDALSAIQLIRYCMG
IGKTINRPDPLDADVHKELYNEIPPFFTAKGAKLDAAVOLLNRYCMG
VI --DY SAVRICQRCQACTLERRSTSEPILHGNATCRI YQY®HVGT

601 650
DrosophDcr2 (582) | PTDAFGFVIPWEHVEQEDERDRIFGVSAKKHVISINMPVNCMERDT] Y
AaegyptiDcr2  (578) MPRDAFTNTNVTWHRLKD---------- GRI | VEMLLPLQSTVREKE
Aag2Dcr2 (578) MPRDAFTNTNVTWHRLKD---------- GRI | VEMLLPLQSTVREKE
C636Dcr2+2 (259) MPRDAFTNTNVTWHRLKN---------- G WEWLPLOSTVREKL
C636Dcr2+1 (260) CRSEKRS NCCGGDVAAVHGA------=-==-=-m--- KN LRKSYAQHA
651 700

DrosophDcr2 (632)
AaegyptiDcr2  ( 618)
Aag2Dcr2 (618)
C636Dcr2+2 (299)
C636Dcr2+1 (292)

SOPMODNVKTAKI SAARKACKVLY SLGELNERRVPKTLKERVASIA DVHFE

GNPMRNIKLAKRSAAFNACRKLYEMKEHLIPIDCKYQLNNLKDVYFR
GNPMRNIKLAKRSAAFNACRKLYEMKEHLIPIDCKYQLNNLKDVYFR
GNPMRNIKLAKRSAAENACRKLYEMNKEHLIPIDC RNQLNNLKDVYFR

CETHCGF(RLPKVIRK- RA- RAFBSLC- LGKSAE(EERCLLPPL( F- RRF

Figure A.4: Predicted dsRNA binding domain for C6/36 Dcr2 +2 katins from NCBI
BLAST conserved domains finder. The domain region is tinéel and in bold type.

DrosophDcr2 (828) SYLVVPLIL GAGEQKEDVELMTNFRRLPQIHGINVQQRQOPAPRPEDE
AaegyptiDcr2 (816) SFLVVPLKNST--- HLDWLIR EFONLSEPPSH STI ARNKMEFEALKY
Aag2Dcr2 (816) SFLVVPLKNST--- HLDWLIR EFONLSEPPSH STI ARNKMEFEALKY
C636Dcr2+2 (497) SEWWVL-RINRPTWIGNSFGSSSI-ANLRRKCRRWGAGWISKRTTTATR-
C636Dcr2+1 (473) FHGPLKKST---- HLDWELIR QFQYLSEPPSEVSTVARSRVDEEALNY
901 950
DrosophDcr2 (878) EGKIVTOQWMN-YDKPMLVTKVHRELTPLSYMEKNQCODKITYYEETMSKG
AaegyptiD cr2 (862) RHKVILPWYKNKE®@YVVTMVHEHLTESPFR- NPEYGSYANYFQAYH
Aag2Dcr2 (862) RHKVILPWYKNKE®@YVVTMVHEHLTESPFR- NPEYGSYANYFQAYH
C636Dcr2+2 (544) F FLGTKITRSNHTS.PWCMSTRFAAPSQMRSGPTRIT SAKRTI WPWLS
C636Dcr2+1 (519) RHKVILPWYKNKE®YVVTMVHEHLTESPFR- NAEYGSYANYFSAYH
951 1000
DrosophDcr2 (927) NRIG DVVHKDKEMIEVROLTEQL TFYVHNRGKFNAKSKAKMKWILIPELC
AaegyptiDcr2  (911) LAVVKPDQFLIEVKGITSYLNRLNPGVEDDGKSTRSKHWRFENEILIPELC
Aag2Dcr2 (911) LAVVKPDQFLIEVKGITSYLNRLNPGVEDDGKSTRSKHWRFENEILIPELC
C636Dcr2+2 (593) RINS SSRKASRA STD-IP ESKTTARVREATGGMKSSERNCATTIN S
C636Dcr2+1 (568) LAVVKPDOQFLIEVKGITSYLNRLNPGVEDRSTRSKHWRFENEILIPELC
1001 1050

Figure A.5: Predicted PAZ domain of C6/36 Dcr2 +1 transldtiom NCBI BLAST
conserved domains finder. The domain region is underlinethadald type.
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1201 1250
DrosophDcr2 (1168) R GKVKPLLILQKTVSKEHI TPAEQGEFLAAITASSAADVFINER. EILCD

AaegyptiDcr2 (1149) VDQKFAIKLLQLTPANTNVNLQQKI I KALTTKSSSDVFDLERYELLCD
Aag2Dcr2 (1149) VDQKFAIKLLQLTPANTNVNLQQKI | KALTTKSSSDVFDLERYELECD
C636Dcr2+2 (818) - SKSLP- NCGN-IQQTRSMSIYMRR TFLKQ-QQURRPMQ. IWNVNEC- GM
C636Dcr2+1 (807) VEQKFAIKLLQLNPANT NVNLQQRILKA | TTKSAADVFDLERYELLCD
1251 1300
DrosophDcr2 (1218) S  [JFEKL SATEYEASKYSDWAEGTETEVKS KBVSNRNEECL I'DADIPKTEN
AaegyptiDcr2 (1199) AFLKFSI'SLYLVKYHKEWHEGFLTAVKGQIVSNRNLVYCAIKFGMLK
Aag2Dcr2 (1199) AFLKFS SLYLVKYHKEWHEGFLTAVKGQIVSNRNLVYCAIKFGMLK
C636Dcr2+2 (863) PS- SLQERCI-LISITRING TKAS-RPSRAE-AIAIWFI - APESTAFPACK
C636Dcr2+1 (857) AFLKFATSLYLI KYHKEWHEGFLTAVKGQIVSNRNLVYCAIKFGMLK
1301 1350
DrosophDcr2 (1268) TI QGETPRY WL PPGISHPHNVLALWRENPEFAKIIG PHNERDLALGEES
AaegyptiDer2 (1 249) | JHKFDPKNDW®PATVPKNIKRTMGE------ VNHSARVLYRLTLTEEE
Aag2Dcr2 (1249) | | HKFDPKNDW@BATVPKNIKRTMG------ VNHSARVLYRLTLTEEE
C636Dcr2+2 (909) YT NSIR KMTGSL PWRRFRTENKRGKR------------ T PLASCT
C636Dcr2+1 (907) VHKFDPKNDW@RATVPKNIKQTMQ@------ VNHSARVLYRLNTDEE

Figure A.6: Predicted partial region of RNasellla donwdi©6/36 Dcr2 +1 translation
from NCBI BLAST conserved domains finder. The domainaegs underlined and in
bold type.
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DrosophDcr2 (1418) R ANVNTTEIDGFL NHYYLIEKNLGYTFKDRRYLLQALTHPSYPTNRITGS

AaegyptiDcr2 (1386) KTHIDI REVIAFLKNYRRIE GLGYKFKDRTYLLQALTHASRTNRITGS
Aag2Dcr2 (1386) K THIDI REVDAFLKNYRRIESILGYKFKDRTYLLQALTHASY TNRITGS
C636Dcr2+2 (1029) NFSNRRSRTNELEHTSIIA KSTHF-KIT PGSKASEGISSRIETYCRRIP
C636Dcr2+1 (1044) R THID YREVDGFLKNSRIESILGYKFKDRTYLLQALTHASPTNRITGS
1501 1550
DrosophDcr2 (1468) YQELEFIGDAILDFLI SAYIF ENNTKM\PGAL TDLRSA_ VNN TLACI CV
AaegyptiD cr2 (1436)  YQQLEFICDAVLDFLISMYIFEQNPTMSPGQDLRSA VNN/TLACILY
Aag2Dcr2 (1436) YQQLEFIGDAVLDFLISMYIFEQNPTMSPGQDLRSA.VNN/TLACIL V
C636Dcr2+2 (1078) MPPI RLIG--PEAIS] SWNSSMRSNBSSQCTSLSRTLP-APDS-PIFV
C636Dcr2+1 (1094) YQQLEFIGDAVLDFLISMYIFEQNPTMSPGQDLRSA VNN TLACLLVY
1551 1600
DrosophDcr2 (1518) RHRUHFEI LAENAKLSEI[ISKEWNEQESQ GIRVTNYVRIJLEEEADVQPTP
AaegyptiDcr2 (1486) RHGLHLY LAESASADTVSKF.FQEQHKHEITDQVNLLVEES---
Aag2Dcr2 (1486) RHGLHLY LAESASADTVSKF.FOEQNKHEITDQVNLLVEESRK---
C636Dcr2+2 (1123) RHW--I | SP-RVOABGTVSTCT SW)SRPPFRTPSTSLSCSRNKT ----
C636Dcr2+1 (1144) RHGLHLY LAESASFSDTWKFVWFCEQNKHEITDQVNLLVEESRK---
1601 1650
DrosophDcr2 (1568) LDLDDELDMTELPHANKCISQEAEKGVPPK GEFNVETNVDVPKALGDME
AaegyptiDer2 (1530) ---DR K MAEFVDVPKALGDVFE
Aag2Dcr2 (1533) -~ MAEFVDVPKALGDVFE
CB36DCr2+2 (1164) --mromrmmmmrmemememece e STK SPIR
C636Dcr2+1 (1191) MAEFVDVPKALGDVFE
1651 1700
DrosophDcr2 (1618) A LIPAAWIEDCR- DLQRVEVIENEFEPEEQEETRK\PINHIRQ. VEHK-H
AaegyptiDcr2 (1549) SLVAAVFLDSGNDRYWQVIYGMMGNELTFTENTPIQIVRQ L YEFKFS
Aag2Dcr2 (1549) SLVAAVFLDSGNDRY\WQVIYGMMGNELTFTENTPIQIVRQ L YEFKFS
C636Dcr2+2 (1171) STCWSSRNRIRVRNSWSPRLSETSRAEWQQCFFPETI EPSLGG STV
C636Dcr2+1 (1207) SLVAAVFLDSGNDFAVRVIYGI MGNEMIFTENTPIQIVRQ L YEFKFP

Figure A.7: Predicted RNaselllb domain of C6/36 Dcr2 +1 tatios from NCBI
BLAST conserved domains finder. The domain region is tinée and in bold type.
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In vitro lysate analysis with infected cells
Introduction:
Cells were examined for changes in Dcr2 activity aftisrction with DENV2,

TE3'2J SINV, or MRE16 SINV using the vitro lysate system described in Chapter 3.

Methods:

C6/36 and Aag2 cells were grown and maintained as previoussilzesin
Chapters 2 and 3. Cells were infected at an MOI of 0.1 EBM\Z2 and 1 for the SINV
(MRE16 and TE3'2J). Cells were harvested for lysate praparat 2 dpi for SINV
infections and 4 dpi for DENV2 infections. Lysates wegeilibrated for protein
concentration.In vitro dicing assays were preformed as described in Chapteth3, wi

biotinylated dsRNA derived from thegal gene.

Results:

These in vitro dicing assay experiments were performéelmanalyze if Dcr2
activity changed during infection with DENV2 and two SINV&eie appeared to be an
increase in Dcr2 activity after DENV2 infection, as b@&2 products appeared at earlier
time points than in the mock-infected lysate (Figure AI8). Dcr2 product was seen in
the C6/36 cells mock- or DENV2-infected (Figure A.9), althola# is not surprising as
these cells did not produce 21 bp products in experimentssinoChapter 3. Infection
with the MRE16 strain of SINV seemed to increase Dctiigc(Figure A.10), while

TE3'2J strain of SINV seemed to reduce the Dcr2 activilguife A.12). No Dcr2
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cleavage products were seen in the C6/36 cells mock-, TEBMRE16-infected cells

(Figures A.11 and A.13).

Mock DENV2
HI’Z O 2 4 60/N O 2 4 60/N Market

21 bp

Figure A.8: Aag2 cells mock- and DENV2- infected in vitro micassay using
biotinylated -gal dsRNA, take timepoints at 0, 2, 4, 6 hours and ovetrnifhe marker
is biotinylated -gal dsRNA incubated with human recombinant Dicer.
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Mock DENV?2
0 2 4 60N 0 2 4 60N

Marker

21 bp

Figure A.9: C6/36 cells mock- and DENV2- infected in vitroraicassay using
biotinylated -gal dsRNA, take timepoints at 0, 2, 4, 6 hours and ovetrnifhe marker

is biotinylated -gal dsRNA incubated with human recombinant Dicer.
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Mock MRE16
HI’Z O 2 4 60/N Markel O 2 4 GO/N

21 bp

Figure A.10: Aag2 cells mock- and SINV MRE16- infected in vitimng assay using
biotinylated -gal dsRNA, take timepoints at 0, 2, 4, 6 hours and ovetrnifhe marker
is biotinylated -gal dsRNA incubated with human recombinant Dicer.
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Mock MRE16
O 2 4 6oN O 2 4 60N

Market

21 bp

Figure A.11: C6/36 cells mock- and SINV MRE16- infected in vii@ng assay using
biotinylated -gal dsRNA, take timepoints at 0, 2, 4, 6 hours and ovetrnifhe marker

is biotinylated -gal dsRNA incubated with human recombinant Dicer.
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Mock
0 2 4 6 OIN Maker g

TE3'2J

2

4 6 OIN

21 bp

Figure A.12: Aag?2 cells mock- and SINV TE3'2J- infected inovidicing assay using
biotinylated -gal dsRNA, take timepoints at 0, 2, 4, 6 hours and ovetrnifhe marker

is biotinylated -gal dsRNA incubated with human recombinant Dicer.
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Mock TE3'2J
0O 2 4 6 OIN O 2 4 6 O/N Marker

21 bp

Figure A.13: C6/36 cells mock- and SINV TE3'2J- infected iroviticing assay using
biotinylated -gal dsRNA, take time points at 0, 2, 4, 6 hours and overnighe marker
is biotinylated -gal dsRNA incubated with human recombinant Dicer.
Discussion

A cell-free lysate assay was used to analyze theteffdENV or SINV
infection of the Aag2 and C6/36 cell lines. It appearsittiattion with DENV and the
MRE16 strain of SINV led to increased levels of Dcravagtin Aag2 cells, while
infection with the TE3'2J strain of SINV resulted es$ Dcr2 activity. Campbell et al.
(2008a) showed that there seem to be less VIRNAs madeleoMRE16 strain than the

TE3'2J strain. Combined with the results from thesatro lysate assays, it may

suggest that in TE3'2J infected Aag?2 cells, Dcr2 is busy psotgeshe viral RNA, and
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thus is not active to participate in cleavage of thggerous -gal RNA that is

supplemented into the lysate.
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