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ABSTRACT

STUDIES OF AEDES AEGYPTI IMMUNE PATHWAYS IN RESPONSE TO DENGUE
VIRUS INFECTION: EVALUATION OF GENETICALLY MODIFIED MOSQUITO

FITNESS, IMMUNE PATHWAY EXPRESSION AND NATURAL GENETIC VARIATION

Mosquito-borne diseases, such as dengue, are global health priorities, since they affect
hundreds of millions of people per year. Vector control is one of the most successful tools for
preventing mosquito-borne disease transmission and characterization of anti-viral mechanisms
has led to the development of novel vector control strategies. One of the main mechanisms of
mosquito antiviral defense is the small interfering RNA (siRNA) pathway, which has been
shown to influence Aedes aegypti dengue viral infection. The RNA interference (RNAI)
response of this pathway has been utilized to create transgenic Ae. aegypti lines, which are
refractory to dengue virus type-2 (DENV2) infection. Additionally, genetic studies can also
provide insights into function and natural variation of anti-viral pathways, potentially leading to
the development of new approaches to vector control.

The recent advancements in transgenic technologies are increasing the potential of
genetically-modified vectors for disease management. In this project an RNAI based
genetically-modified mosquito, Carb109, was evaluated for fitness after a backcrossing to a
genetically diverse laboratory strain (GDLS). This method improved the mosquito fitness and
transgene stability over previous non-backcrossed strains, making it more feasible for use in
genetic vector control programs. However, positional effects of the transgene made the
homozygote less fit and stable regardless of introgression into a GDLS.

The next two aims explored the genetics of SIRNA genes in a gene expression and a

population genetic study. Gene expression of multiple potential anti-viral immunity genes in



Ae. aegypti strains artificially selected for differences in midgut infection rates showed some
evidence for the involvement of dicer2 (Dcr2), a sSiRNA gene in DENV2 midgut escape in these
strains. Gene expression also varied naturally diurnally and over the lifetime of the mosquito,
which demonstrated the importance of keeping consistent sample collection schedules for gene
expression studies. Lastly, four non-synonymous substitutions in the Dcr2 gene were evaluated
for association with susceptibility to DENV2 Jamaica 1409 infection, but no association was

found.
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CHAPTER I: LITERATURE REVIEW

Dengue pastand present

Arthropod-borne disease research began in the late 1800s when Fredrick Kilbourne and
Theobald Smith determined the Babesia transmission cycle between cattle and ticks (Assadian
and Stanek, 2002). These discoveries were followed by Patrick Manson and Ronald Ross, who
first demonstrated transmission of filariasis and malaria by blood-feeding arthropods. This
discovery elucidated the filariasis and malaria transmission cycles and ultimately led to the
reward of a Nobel Prize to Ross. The later work of Josiah Nott, Carlos Finlay and Walter Reed
led to the discovery of the yellow fever transmission cycle. Since this discovery, there are over
500 known arthropod-borne viruses with more being discovered every year (CDC, 2010).

Dengue virus (DENV) is an arthropod-borne virus (arbovirus) that affects more humans
than any other arbovirus today. The earliest descriptions of dengue like disease are found in
medical encyclopedias from the Chinese Chin dynasty (265-420 AD) (“Etymologia of dengue,”
2006). Modern discovery of the transmission cycle of DENV started in the early 1900s with
Graham (Graham, 1903) and Bancroft (Bancroft, 1906) who first determined that DENV was
mosquito-borne and identified the principal vector, respectively. Soon after, Ashburn and Craig
isolated the etiological agent and by the 1930s many aspects of DENV transmission had been
defined (Ashburn and Craig, 1907). A few of the subsequent findings concerned the
identification of secondary vectors (Simmons et al., 1930b) (Snijders et al., 1931). During this
time researchers also determined the extrinsic incubation period, (Schule, 1928; Simmons et al.,
1930a) seasonality and duration of Aedes aegypti infection, (Blanc and Caminopetros, 1929)
human DENV symptomology (Sabin and Schlesinger, 1945) and the intrinsic incubation period

(Lumley, 1943).



Current studies indicate that dengue has been circulating globally for hundreds of years
(Twiddy et al., 2003), but in recent years the frequency and severity of this disease has increased
(Gubler, 1998). Current records suggest that there are over 50 million and as many as 400
million cases of dengue each year (Bhatt et al., 2013; WHO, 2009a), with an increase in the more
severe manifestations of the disease, dengue hemorrhagic fever (DHF), and dengue shock
syndrome (DSS) (WHO, 2009b). The Centers for Disease Control (CDC) defines dengue fever
as a self-limiting disease lasting approximately 7 to 10 days. Dengue fever is the most common
manifestation of the disease, but occasionally it may progress into DHF, or DSS. These more
serious forms of the disease are characterized by vascular permeability, plasma leakage, and
shock (WHO, 1997). In dengue endemic countries, the WHO estimated the disability-associated
life years (DALY'S) associated with dengue ranged from 400 to over 500, and the economic
burden exceeds hundreds of millions of dollars (WHO, 2009b). With the increase in the number
and severity of dengue cases, and with no current treatment or vaccine for the disease, these
numbers are predicted to increase drastically in the next decade. Currently, vector control is still
the principal approach for controlling DENV.

Even though DENV has been known to the modern world for over 100 years, it has been
increasing in incidence. There are many possible explanations for the global increase in the
incidence of dengue fever (DF), DSS and DHF. The increased severity of the disease associated
with DSS and DHF has been attributed to the introduction of new serotypes into naive
populations, co-circulation of multiple DENV serotypes (Halstead, 1988), global spread of the
more virulent southeast Asian genotypes (Armstrong and Rico-Hesse, 2001; Rico-Hesse et al.,
1997) regional changes in the primary vector (Vazeille et al., 2003), and the global expansion of

the primary vector, Aedes aegypti (Gubler, 1998). The increased incidence is also attributable to



human population expansion and urbanization, the lack of effective mosquito control in most
underdeveloped countries, insecticide resistance, increased global travel, and the lack of public
health infrastructure in most developing countries (Carabali et al., 2015; Gubler, 1995, 1998;
Gubler and Clark, 1996). These factors coupled with the lack of an effective vaccine make
dengue one of the most important arthropod-borne infectious diseases in the world today.

Dengue molecular virology

Dengue virus (DENV) is a single stranded positive-sense RNA virus in the family
Flaviviridae, genus Flavivirus. There are four distinct DENV serotypes. The flaviviruses
contain two other genera, Pestivirus and Hepacivirus. Within the genus, Flavivirus, most of the
viruses are arthropod-borne and they are transmitted by either mosquitoes or ticks. Medically
important mosquito-borne viruses in this genus include West Nile virus (WNV), Saint Louis
encephalitis virus (SLEV), as well as the type species yellow fever virus (YFV).

Dengue viruses are small (40-60nm) enveloped viruses with an approximately 11 kb
RNA genome. The genome has a type 1 5° m’G5’ppp5’ cap with no 3’ poly A tail (Chambers et
al., 1990; Wengler, 1981). During the replication cycle it is hypothesized virus cell entry occurs
by receptor mediated endocytosis (Acosta et al., 2009, 2008; Hung et al., 1999; Mosso et al.,
2008) and by clathrin mediated endocytosis (Acosta et al., 2011, 2008; Kuadkitkan et al., 2010;
Mosso et al., 2008), but there are exceptions to this dogma that vary by virus serotype and host
cell type (Acosta et al., 2009, 2008; Bielefeldt-Ohmann et al., 2001) . After entry, the virus is
encapsulated in an endosome eand the fusion of viral and endosomal membranes and leads to the
release of the viral genomic RNA into the cytoplasm. The genomic RNA is then translated as a
single large polyprotein which is cleaved co- and posttranslationally into mature proteins. The
genome has a single open reading frame that contains 3 structural, capsid (C), premembrane

(prM), envelope(E) and 7 nonstructural proteins, NS1, NS2A, NS2B, NS3, NS4A, NS4B, and



NS5 (Henchal and Putnak, 1990). After translation, viral RNA synthesis occurs in viral
replication complexes that are composed of vesicles derived from cellular membranes (den Boon
and Ahlquist, 2010; Paul and Bartenschlager, 2013). First, negative strand RNA is generated
using non-structural proteins translated from the genomic RNA, which serves as template for
positive strand genomic RNA. The newly made genomic RNA associates with the C protein,
and forms a complex that buds into the endoplasmic reticulum (ER) at which point it acquires its
envelope consisting of ER originated lipid bilayer and E and prM proteins. After entering the
trans-Golgi, the prM protein is cleaved (Stadler et al., 1997) resulting in the creation of the M
protein, conformational changes in the E protein (Allison et al., 2003) and the creation of a
mature viral particle.

The structural proteins are associated with the core and envelope of the dengue virion.
The C protein is one of the main components of the viral core along with the viral genomic
RNA. The C protein is involved in virion assembly and can be found in the cytoplasm of dengue
infected cells (Wang et al., 2002). The viral envelope consists of a host derived lipid membrane
and the prM and E proteins. The prM protein prevents E protein associated fusion, and when it
is cleaved forms the M protein (Allison et al., 1995; Guirakhoo et al., 1992; Heinz et al., 1994).
The E protein is associated with cell attachment and fusion (Heinz, 1986) and along with the M
protein, is the most abundant protein on the viral envelope (Allison et al., 1995).

The non-structural proteins aid in viral replication. The function of NS1 is not well
established but it may have a role in RNA replication (Lindenbach and Rice, 1999; Mackenzie et
al., 1996; Westaway et al., 1997). NS2A is hypothesized to recruit RNA templates in membrane
associated replication complexes and has been found to bind to NS3, NS5 and the 3’UTR

(Chambers et al., 1989; Mackenzie et al., 1998, 1996). NS3 with NS2B as a cofactor, function as



the viral serine protease, which cleaves the viral polypeptide at the NS2A/NS2B, NS2B/NS3,
NS3/NS4A and NS4B/NS5 junctions, as well as processing NS2A, NS3, NS4A, and C
(Westaway et al., 1997). NS3 also has NTPase and helicase activity important in viral RNA
replication (Cui et al., 1998; Kapoor et al., 1995) and may be involved in induction of apoptosis
(Prikhod et al., 2002). NS4B co-localization with NS3 has been demonstrated to improve NS3
helicase activity (Umareddy et al., 2006). NS4A, and NS4B localized to the site of RNA
replication, but overall little is known about their function (Lindenbach and Rice, 1999; Zou et
al., 2015b). However, the co-localization of NS3 and NS4B is required for efficient viral
replication (Zou et al., 2015a). The NS5 protein is the viral RNA-directed RNA polymerase
(RDRP), and also has methyltransferase activity required for the methylation of the 5* cap. The
5” and 3’ untranslated regions (UTR) have conserved sequences that initiate negative strand
synthesis (Olsthoorn and Bol, 2001; Wengler and Castle, 1986; Wengler, 1981; Zeng et al.,
1998) and the 3 UTR is involved in translational efficiency (Alvarez et al., 2005; Wei et al.,
2009). Secondary structure in the coding regions also directs the translational start sites and
influences replication efficiency (Clyde and Harris, 2006).
Dengue epidemiology

There are four serotypes of DENV (1-4) that have a tropical and sub-tropical distribution.
Dengue viruses occur in a sylvatic cycle between nonhuman primates and mosquito species, such
as Ae. furcifer, Ae. taylori, Ae. luteocephalus in Africa(Diallo et al., 2003) and Haemagogus
leucocelaenus in the Americas(de Figueiredo et al., 2010) and an epidemic or urban cycle which
occurs between humans and Ae. aegypti and to a lesser extent Ae. albopictus. The epidemic
cycle is thought to have arisen from the sylvatic cycle within the last 1,000 to 2,000 years (Rico-
Hesse, 2003). The timing of these transmission cycles is influenced by the intrinsic and extrinsic

incubation periods. The intrinsic incubation period of dengue is defined as the time required for a



vertebrate host to develop disease symptoms after an initial infectious bite. DENV intrinsic
incubation period is 3 to 14 days with a duration of infectivity to mosquitoes ranging from 2 to
10 days (Gubler et al., 1981). Laboratory experiments have also demonstrated the possibility of
non-viremic transmission of other flaviviruses like WNV, which happens by infected mosquitoes
feeding in proximity of a non-infected mosquito resulting in the transmission of the virus from
an infected to non-infected mosquito (Higgs et al., 2005; Reisen and Fang, 2007). Non-viremic
transmission may therefore be a mechanism to greatly enhance a transmission cycle due to its
ability to bypass the intrinsic incubation period in the vertebrate host.

The extrinsic incubation period is defined as the time from initial ingestion of the virus
by the vector to the time when it can transmit to a vertebrate host, and is typically 7 to 14 days
for DENV with variations due to other factors, especially temperature (Chan and Johansson,
2012; Watts et al., 1987). During the dengue transmission cycle, a mosquito may become
infected with DENV after imbibing a blood meal from a viremic primate. Before transmission to
another primate, the virus has to attach to the mosquito midgut, replicate within the midgut,
escape the midgut, disseminate to the mosquito salivary glands, and then be transmitted to a
primate in a subsequent blood feed (Woodring and Higgs, 1996). The speed of these processes
dictates the extrinsic incubation period of the virus and is influenced by environmental factors,
such as temperature (Watts et al., 1987) and vector and virus genetics.

Dengue vectors and vector competence

The main vector of DENV in urban cycles is Ae. aegpyti with Ae. albopictus as a
secondary vector. Known colloquially as the yellow fever mosquito, and the Asian tiger
mosquito respectively, they have tropical and sub-tropical distributions. However, due to its
ability to over winter Ae. albopictus is also found in temperate regions. Both are container

inhabiting, because their eggs are oviposited in containers where the larvae develop. Aedes



aegypti subspecies aegypti is commonly distributed in man-made artificial containers, which
contributes to their domestic and peridomestic distribution (Moore et al., 1978). In contrast
Aedes aegypti subspecies formosus is mostly found in natural containers such as tree holes, husks
or coconuts and other fruits and nuts, or rock pools, and adults largely feed outdoors in sylvatic
habitats (Lounibos, 1981; Powell and Tabachnick, 2013). Aedes aegypti formosus also has a
lower DENV vector competence than its sibling species. Aedes albopictus is also common in
urban environments as it also inhabits natural containers leading to a more diverse oviposition
and host feeding preferences (Clements, 1999; Gratz, 2004; Kramer and Ebel, 2003) as
compared to Ae. aegpyti. There are many factors that contribute to the transmission of a virus
from a vector to a vertebrate host. A few examples are vector density in the population, host
feeding frequency, vector longevity, length of the extrinsic incubation period, and vector
competence. These factors are all part of the Ross- Macdonald vectorial capacity model
(Macdonald, 1957) modified by Garret-Jones (Garret-Jones, 1964). To further the complexity of
arboviral transmission, these factors themselves are also influenced by outside environmental
factors that affect the vector competence of the host (Adelman et al., 2013; Alto et al., 2008,
2005; Anderson et al., 2010; Bates and Roca-Garcia, 1946; Chamberlain and Sudia, 1955; Dye,
1992; Epstein, 2001; Grimstad and Haramis, 1984; Grimstad and Walker, 1991; Gubler et al.,
2001; Pant and Yasuno, 1973; Platt et al., 1997; Reeves et al., 1994; Schneider et al., 2007;
Smith, 1987; Takahashi, 1976; Watts et al., 1987). Viral factors can also influence the vector
competence of a mosquito (Anderson and Rico-Hesse, 2006; Armstrong and Rico-Hesse, 2001;
Bosio et al., 2000; Miller and Mitchell, 1986; Myles et al., 2004). The complexity of arboviral
transmission is further demonstrated by the fact that there are over 3,200 recognized species of

mosquito, and only a small fraction of these are known to vector a pathogen.



The vector competence of a mosquito is defined as its permissiveness to infection
(Severson and Black, 2005) or its ability to be infected with a virus that results in viral
replication and transmission to a susceptible host (Kramer and Ebel, 2003). As mentioned
previously, when a mosquito imbibes an infected blood meal there are many steps before the
virus can be transmitted. If any of these events do not occur, there is a barrier to transmission
and the vector is incompetent or refractory to infection with the virus. On the other hand, if the
virus passes all of these barriers, then it can be transmitted to a vertebrate host, and the vector is
considered to be a competent vector. The most common barriers to arboviral infection are
midgut infection barriers (MIB) (Chamberlain and Sudia, 1961; Cooper et al., 2007; Paulson et
al., 1989), midgut escape barriers (MEB) (Hardy et al., 1983; Kramer et al., 1981) and salivary
gland infection and escape barrier (Grimstad et al., 1985; Kramer et al., 1981; Paulson et al.,
1989; Romoser et al., 2005). In a permissive vector, DENV-2 infection results in an initial
infection of the posterior mesenteronal midgut epithelial cells (Hardy and Reeves, 1990;
Whitfield et al., 1973). Then the arbovirus replicates in the midgut, spreads to and replicates in
the fat body and other cells or tissues and finally spreads to the salivary glands (Franz et al.,
2015; Hardy et al., 1983; Kuberski, 1979; Parikh et al., 2009; Romoser et al., 2005; Woodring
and Higgs, 1996). In A. albopictus a MEB was found to be the common barrier to disseminated
DENV-1 infections (Boromisa et al., 1987). Midgut infection barriers and MEB both appear to
be common in Ae. aegypti flavivirus infection (Bennett et al., 2005; Bosio et al., 2000; Gomez-
Machorro et al., 2004). Receptors, miRNA, and innate immune variations in the midgut have
been described as influencing these barriers during DENV infection (Black et al., 2002;

Carvalho-Leandro et al., 2012; Mercado-Curiel et al., 2008; Zhou et al., 2014), but in some cases



viral dissemination was dependent on viral strain, rather than midgut variations (Dickson et al.,
2014; Khoo et al., 2013b).

Even among competent vectors within the same species, there is variation in MIB and
MEB among individuals for DENV (Bennett et al., 2002; Boromisa et al., 1987; Gubler and
Rosen, 1976; Gubler et al., 1979; Lozano-Fuentes et al., 2009; Rosen et al., 1985; Tabachnick et
al., 1985; Tran et al., 1999; Vazeille-Falcoz et al., 1999) which is due to genetic factors in both
the virus and the vector. Different strains of DENV within the same serotype (Armstrong and
Rico-Hesse, 2001; Bennett et al., 2005, 2002; Dickson et al., 2014; Rico-Hesse et al., 1997,
Rosen et al., 1985) and among serotypes (Bennett et al., 2005) vary in their infectivity to both
vertebrate and invertebrate hosts. Previous studies showed that vector competence was a function
of both the viral and mosquito genotypes (Lambrechts et al., 2009). This work resolved earlier
studies that attempted to determine the genetic variation associated with DENV vector
competence. In Ae. albopictus, genetic variation was hypothesized to be additive (Gubler et al.,
1976) and in Ae. aegypti the refractory genotype was dominant to the susceptible genotype
(Gubleretal., 1979). Previous work hypothesized that susceptibility phenotypes in A.aegypti
were controlled by a small number of loci based on their stability over time (Miller and Mitchell,
1991) . More recently, a study determined that approximately 40% of the variation in Ae.
aegypti dengue susceptibility was attributed to genetic factors, with the remaining 60% of the
variation being attributed to “environmental” or uncontrolled factors (Bosio et al., 1998). There
were two quantitative trait loci (QTL) associated with MIB to DENV infection in Ae. aegypti and
one weak association with MEB (Bosio et al., 2000). These loci were located on different
chromosomes and the effects of these three loci were additive and independent. Additionally

studies tested these loci for anti-viral association (Bernhardt et al., 2012; Gorrochotegui-



Escalante et al., 2005). These studies showed that MIB and MEB were not independent and this
quantitative trait had multiple genes influencing DENV susceptibility (Bennett et al., 2002).
Trypsin was not found to be associated with vector competence of Ae. aegypti for DENV2
(Gorrochotegui-Escalante et al., 2005), nor was an association found with multiple anti-viral
genes in the small interfering RNA (siRNA) pathway: Argonaute 2 (Ago2), Dicer 2 (Dcr2),
R2D2 and the apoptosis pathway related gene inhibitor of apoptosis 2 (IAP2). Thus, while these
studies have shown that the virus and vector both play a role in vector competence of Ae. aegypti
for DENV, no finite gene or set of genes has been attributed to vector competence. Instead, the
large genetic component to vector competence appears to be controlled by multiple loci with
both dominant and additive effects.
Mosquito immunity

Midgut proteases

Adult female mosquitoes have a type 1 peritrophic membrane (PM), which is produced in
response to a blood meal. The peritrophic membranse does not begin formation for 8 hours and
is not fully formed for 20-24 hours post blood meal (Houk, 1977), but this can occur at different
rates in different mosquito species (Ponnudurai et al., 1988). Arboviruses are presumed to bind
and infect the midgut epithelium before formation of the PM (Hardy et al., 1983), but there is
some indication that the digestive biology of the midgut cells may influence viral proliferation.
The mosquito midgut is composed primarily of columnar epithelial cells, which absorb nutrients
and produce enzymes for nutrient digestion (Clements, 1992). The proteases secreted by these
cells may degrade envelope viral proteins (Tellam et al., 1999) and thereby aid in viral infection
of La Crosse virus (LACV) in Ae. triseriatus and DENV2 in Ae. aegpyti (Ludwig et al., 1991,
1989; Molina-Cruz et al., 2005). Likewise, abundant trypsin, an abundant midgut protease was

found to be associated with Ae. aegypti DENV2 vector competence suggesting a role for midgut
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digestion in viral immunity (Gorrochotegui-Escalante et al., 2005). Other studies have also
demonstrated that late phase midgut trypsin activity may decrease DENV2 infection in Ae.
aegypti (Brackney et al., 2008).

Insect innate immunity

For mosquitoes, as for other insects, there is little evidence for an adaptive immune
response (Dong et al., 2006; Watson et al., 2005). Instead, mosquitoes have an innate immune
response comprised of cellular and humoral responses (Blair and Olson, 2014; Sim et al., 2014).
There is evidence that all of the known innate immune pathways may play some role in the anti-
viral response to viruses in insects (Kingslover et al., 2013).

Insect cellular and humoral immune responses

There is evidence that the cellular immune response plays a role in insect viral infections
(Lavine and Beckage, 1995; Luo and Pang, 2006; Washburn et al., 1996). However, there is
little evidence for the involvement of the cellular immune response to arboviral infection other
than observational reports of midgut sloughing during alphavirus infection of Culex spp.
(Weaver et al., 1992, 1988). The cellular immune response generally involves phagocytosis and
encapsulation followed by melanization. In Ae.aegypti there are three main hemocyte types:
prohemocytes, which are precursors of all hemocytes; granulocytes, which are adhesive and
phagocytic; oenocytoids, which exhibit phenoloxidase (PO) activity (Castillo et al., 2006). There
is evidence for hemocyte involvement in Plasmodium infection of some Anopheles via PO
activity (Meister et al., 2004) or nitric oxide activity (Herrera-Ortiz et al., 2004; Kumar et al.,
2004; Luckhart et al., 1998). Hemocytes produce effector molecules against Plasmodium
(Lavine and Strand, 2002; Whitten et al., 2006) and thus have involvement in the humoral
immune response. Hemocytes may also play a role in JAK/STAT signaling in the fat body

(Agaisse et al., 2003) and the Toll humoral pathway may be involved in hemocyte proliferation
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(Qiuetal., 1998). These studies indicate that the insect cellular and humoral immune response
are not exclusive of each other.

The three main humoral insect immunity pathways are the Toll, immunodeficiency
(IMD), and the Janus kinase signal transducer and activator of transcription (JAK/STAT) (Fig.
1.1). These pathways produce effector molecules that target pathogens. The Toll pathway has
traditionally been associated with immune defense against gram-positive bacteria (Filipe et al.,
2005; Rutschmann et al., 2002) and fungi (Gottar et al., 2006; Lemaitre et al., 1996). Recently,
the Toll pathway has been found to be associated with anti-viral immunity in Drosophila
(Ferreiraet al., 2014; Zambon et al., 2005) and mosquitoes (Luplertlop et al., 2011; Xi et al.,
2008). As reviewed in Hoffman (2003), in Drosophila this pathway is activated by spaetzle
protein binding to the Toll receptor (Hoffmann, 2003; Trinchieri and Sher, 2007). Spaetzle
activation results from a proteolytic cascade that becomes activated by the pathogen (Jang et al.,
2006). Then the myeloid differentiation primary response 88 (myD88) and tube adaptor proteins
are activated, which in turn activate pelle. Pelle has kinase activity that results in the
phosphorylation of cactus, which is an inhibitory protein of nuclear factor- kappa b (NF-xg)
transcription factors dorsal related immunity factor (dif, larvae) and dorsal (adult) (Filipe et al.,
2005; Gottar et al., 2006). Mosquitoes have a dorsal orthologue, isoforms Relish 1A and 1B
(Rel1-A and Rel1-B) (Shin et al., 2005) and Relish orthologue Rel2, isoforms, long, short, and
nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor (IxkB-type) (Shin et
al., 2002). This interaction causes cactus to be degraded and releases NF-kg homologs, dif/dorsal,
which are transcription factors for anti-pathogen effectors.

The IMD pathway also activates a NF -xg -like Relish, but this pathway is associated with

the immunity against gram-negative bacteria (Hoffmann and Reichhart, 2002; Kaneko and
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Silverman, 2005; Kaneko et al., 2005, 2004) and recently with viral immunity (Avadhanula et
al., 2009; Lemaitre et al., 1995). As reviewed in the literature a pathogen activates the
peptidoglycan recognition protein LC, PGRP-LC, receptor, which leads to the activation of
caspase-8 like death-related ced-3/Nedd2-like (DREDD) and Fas-associated protein with death
domain (FADD), and a mitogen activated protein (MAP) kinase, TGF-beta activating kinase 1
(TAK1) (Hoffmann and Reichhart, 2002). TAK1 activates a signalsome and DREDD and FADD
cleave the inhibitory domain of a transcription factor called Relish. This cleavage leads to the
production of anti-pathogen effectors. Sometimes the IMD pathway is associated with the INK
(c-Jun N-terminal kinase pathway) (Delaney et al., 2006; Silverman et al., 2003), which is
involved in apoptosis, (Moreno et al., 2002) melanization, (Bidla et al., 2007) defense of
bacterial infection (Brandt et al., 2004; D. S. Schneider et al., 2007) and with the immune
response of C6/36 A. albopictus cells to WNV infection (Mizutani et al., 2003). Recently, the
IMD and JNK have also been implicated in D. melanogaster immunity to Nora virus (Cordes et
al., 2014). The IMD pathway has also been shown to play a role in Sindbis virus (SINV) (Huang
et al., 2013) and cricket paralysis virus (CrPV) (Costa et al., 2009) immunity in in D.
melanogaster. The IMD pathway has also been shown to be upregulated in the salivary glands
of Ae. aegypti during DENV infection (Luplertlop et al., 2011). Overall though, there is currently
little evidence for a large role of this pathway in arboviral infection in mosqutioes.

The JAK/STAT pathway is associated with anti-viral defense in Drosophila (Agaisse and
Perrimon, 2004; Dostert et al., 2005) , during dengue infection of Ae. aegypti (Souza-Neto et al.,
2009; Xi et al., 2008) and WNV infection of Culex cell lines (Franz et al., 2014). This pathway
is associated with hemocytes and the fat body (Agaisse et al., 2003; Dostert et al., 2005). As

described in previous reviews, the JAK/STAT pathway in Drosophila involves binding of the
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cytokine ligand unpaired (UPD) to the DOME receptor, domeless (Agaisse and Perrimon, 2004).
This causes DOME to by phosphorylated by hopscotch (HOP), a receptor associated JAK
tyrosine kinase. This causes the recruitment of STAT, a cytoplasmic transcription factor that
translocates into the nucleus and activates anti-pathogen effectors. Recent studies in
Drosophila indicate that the JAK/STAT pathway is anti-viral (Cordes et al., 2014; Kemp et al.,
2013), but it is specific to certain viruses, while other viruses are unaffected by alterations in this
pathway (Kemp et al., 2013). However, for the most part the JASK/STAT pathway is broad
against non-arboviral pathogens and Drosophila specific. There are only a few studies that show
a relationship between this pathway and arboviral infection in mosquitoes or mosquito cell lines
(Franz et al., 2014; Souza-Neto et al., 2009; Xi et al., 2008).

Apoptosis and immunity

The apoptosis pathway is known to be associated with anti-viral defense in many
organisms. This pathway involves an activation of caspases that result in the death of a cell
(Salvesen and Duckett, 2002). This pathway can be activated by cellular (Han et al., 2000;
Kumar et al., 2004) and humoral immunity (Horng and Medzhitov, 2001; Sanders et al., 2005).
In response, many viruses possess apoptosis inhibitors or, in some cases, hijack the pathway to
aid in viral proliferation (Best, 2008). There is some evidence that apoptosis pathways are
associated with anti-viral immunity in mosquitoes. Apoptosis-like phenomena have been seen in
the salivary glands and midguts of Culiseta melanura infected with eastern equine encephalitis
virus (EEEV) (Scott and Lorenz, 1998), Culex pipiens infected with West Nile virus (WNV)
(Girard et al., 2007, 2005; Vaidyanathan and Scott, 2006), Ae. albopictus infected with SINV
(Bowers et al., 2003), and Ae. aegypti infected with Semliki Forest virus (SFV) (Mims et al.,
1966). In other studies, changes in apoptotic gene expression during DEV infection of Ae.

aegypti suggested a potential role for this pathway (Xi et al., 2008). The Toll pathway, which
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has been implicated in anti-viral immunity in mosquitoes (Xi et al., 2008), has also been found to
be associated with the apoptosis pathway in Drosophila (Horng and Medzhitov, 2001) and Ae.
aegypti (Sanders et al., 2005). Bryant et al. (2008) determined that there is an expansion of
anti-viral apoptosis related genes in Ae. aegypti as compared to Drosophila, which was
hypothesized to be an immune mechanism developed to combat the increased pathogen exposure
in blood feeding insects (Bryant et al., 2008). More recently alterations in the apoptosis pathway
in A. aegpyti led to changes in the SINV replication and dissemination (Wang et al., 2012) and
similar results were seen with flock house virus (FHV) replication in Drosophila (Liu et al.,
2013).

Small RNAs and anti-viral immunity

The small RNA pathways have been shown to be vital to antiviral defense in insects.
RNA interference (RNAI) post-transcriptionally silences viral genes in response to the viral
dsRNA. Many RNA viruses like DENV are single stranded, but they have double stranded
replicative intermediates (Chambers et al., 1990) and secondary structures, that are thought to be
the targets for RNAI (Sanchez-Vargas et al., 2004). These replicative intermediates are
associated with the cellular derived membrane bound vesicles (Khromykh et al., 2000;
Mackenzie et al., 1998) and are composed of numerous nascent positive sense RNA bound to an
antisense complementary strand (Vaughan et al., 2002). There are 3 main classes of small RNAs
that have been found to be associated with modulation of virus infection, the small interfering
RNA (siRNA), microRNA (miRNA) and P-element-induced wimpy testis (PIW1)-associated
RNA (piRNA).

mMiRNA pathway and anti-viral immunity

The miRNA pathway is activated by small stem loop dsRNAs. These dsRNAs called

long primary RNA (pri-miRNA) can be cellularly derived in the nucleus or may have viral
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origins. This pri-miRNA is cleaved by an RNase, Drosha, to form pre-miRNA before being
translocated out of the nucleus by an exportin. Once in the cytoplasm, another RNase, Dicerl
(Dcrl), further cleaves and processes the pre-miRNA to a mature miRNA, which is a 17-24 base
pair (bp) partially double stranded RNA (dsRNA). One strand of the miRNA, the guide strand,
is then loaded into the RNA induced silencing complex (RISC) for use in targeting mRNA for
translational suppression. The RISC contains an RNase, Argonaute 1 (Agol), that facilitates
RNA cleavage and degradation thus reducing protein translation of the transcript (Hock and
Meister, 2008).

There is evidence that anti-viral immunity is associated with the miRNA pathway
(Asgari, 2015). Drosophila X virus (DXV) immunity in D. melanogaster may be attributed to
the miRNA pathway (Zambon et al., 2005). Keene et al. (2004) demonstrated that the miRNA
pathway may be important to 0’nyong nyong virus (ONNV) infection in A. gambiae by knocking
down Dcrl, which increased ONNYV titer (Keene et al., 2004). QTL mapping studies by
Bernhardt et al (2012) showed no association between, Agol, Dcrl and R3D1, and DENV?2
susceptibility in Ae. aegypti. However, this study was inconclusive because a chromosomal
inversion blocked recombination (Bernhardt et al., 2012). Viruses may also produce small viral
RNA s to regulate their own replication processes. In a recent study, one DENV derived small
RNA may have regulated the replication of NS1 (Hussain and Asgari, 2014); however, the
DENYV derived small RNA was likely expressed at levels too low to influence NS1 expression to
the degree seen in the study (Skalsky et al., 2014). Therefore, there is some evidence that the
miRNA pathway may play a role in the anti-viral response to viral infection, but the potential

role of miRNA in the self-regulation of viral replication is still undetermined.
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SsiRNA pathway and anti-viral immunity

The siRNA pathway is also associated with silencing of selfish genetic elements (endo-
SiRNA), but appears to also play a large role in anti-viral immunity (exo-siRNA) (Blair and
Olson, 2014; Blair, 2011; Gammon and Mello, 2015). As depicted in figure 1.2, during viral
infection, Dicer 2 (Dcr2) cuts viral dsSRNA into 21-23 nt RNAs, which are loaded into the RISC
(Du and Zamore, 2005; Zamore et al., 2000). The ssRNA produced and use by the RISC as a
guide to target complementary viral RNA sequences. The RISC is composed of Dcr2, R2D2, a
double stranded RNA binding protein (dsRBP), and Argonaute 2 (Ago2), which cleaves the viral
region targeted by the ssSRNA. The viral sequence targeted is then degraded if there is perfect
base pairing; if not then there is often translation silencing. Translational silencing involves
RISC complex or complementary target sequence binding to a transcript to block its translation,
but not resulting in the immediate degradation of the transcript.

The siRNA pathway has been determined to be primarily anti-viral as opposed to the
miRNA and piRNA pathway whose primary purposes is developmental, regulatory or for
protection against selfish elements. However, there is evidence that the piRNA pathway is also
antiviral (Schnettler et al., 2013; Vodovar et al., 2012), but the sSiRNA pathway is the primary
antiviral pathway amongst the small RNA pathways. Firstly, in D. melanogaster, there is an
increased rate of evolution in the siRNA pathway compared to the miRNA pathway, presumably
a result of positive selection due to counterdefense to viral evolution (Obbard et al., 2006). Also,
during viral infection, there is often an accumulation of virus-derived siRNAs (ViRNAS), mostly
siRNA pathway associated, and viruses often encode suppressors of RNAI. Both of these
observations suggest the importance of the RNAI pathway in anti-viral defense (Ding and
Voinnet, 2007; Li and Ding, 2006; Wu et al., 2010). In D. melanogaster, the siRNA pathway

has been associated with anti-viral defense against FHV (Galiana-Arnoux et al., 2006; C. Kemp
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etal., 2013; Li et al., 2002; Wang et al., 2006), Drosophila C virus (DCV) (Galiana-Arnoux et
al., 2006; Kemp et al., 2013; van Rij et al., 2006), Drosophila X virus (DXV) (Kemp et al.,
2013), cricket paralysis virus (CrPV) (Kemp et al., 2013; Wang et al., 2006), Sindbis virus
(SINV) (Galiana-Arnoux et al., 2006; Kemp et al., 2013), WNV (Chotkowski et al., 2008), and
vesticular stomatitis virus (VSV) (Kemp et al., 2013; Zambon et al., 2006).

In mosquitoes, there is evidence that the sSiRNA pathway is involved in anti-viral defense
against arboviruses. Anopheles gambiae had increased ONNV loads after silencing the Ago2 in
the siRNA pathway (Keene et al., 2004). The siRNA pathway is involved in regulation of SINV
in Ae. aegypti. Sindbis viral load was increased after dSRNA knock downs of Tudor
staphylococcal nuclease (TSN), a member of the RNAI RISC (Campbell et al., 2008), in Dcr2
defective mosquito strains (Khoo et al., 2010) and in the presence of the RNAI inhibitor, Flock
House Virus-B2 (FHV-B2) (Cirimotich et al., 2009). Accumulation of viral associated small
RNAs in other studies indicate that the mosquito siRNA pathway targets SINV (Campbell et al.,
2008; Khoo et al., 2010).

Studies have also shown that during DENV infection, virus-derived interfering RNAs
(ViRNAS) correspond with an increase in viral titer and decrease in extrinsic incubation time
when components of the RNAI pathway were knocked down (Sanchez-Vargas et al., 2009).
Knocking down the expression of members of the RNAI pathway caused an increase in viral titer
and dissemination in Ae. aegypti engineered to have an RNAI based resistance to DENV2 (Franz
et al., 2006). Additionally, Dcr2 knock down studies indicate that Rift VValley fever virus
(RVFV) infection is altered by the RNAI pathway in mosquito cells (Léger et al., 2013). A recent
study also demonstrated that Dcr2 genotype influenced Ae. aegypti susceptibility to DENV

infection (Lambrechts et al., 2013). Additionally, gene expression studies have shown a small
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but significant increase in Dc2 and R2D2 expression in response to DENV infection in Ae.
aegypti (Bonizzoni et al., 2012a).

The accumulation of the virus derived siRNAs (VIRNAS) in multiple studies also suggests
that the siRNA pathway is involved in the anti-viral response. In a Drosophila model, Dcr2 was
required for the formation of ViRNAs, while R2D2 was not vital to ViRNA production (Wang et
al., 2006). In another study, there were ViRNASs detected in DXV infection in Drosophila, but
this accumulation of ViRNAs was not associated with Dcr2, and therefore it was hypothesized
that either the miRNA or piRNA pathway were involved in this process (Zambon et al., 2006).
Therefore, there is an abundance of evidence to support the involvement of the SIRNA pathway
in the anti-viral immune response to arboviral infection.

piRNA pathway and anti-viral immunity

The piRNA pathway involves PIWI associated proteins that are in the Ago protein family.
The three known Drosophila PIWI proteins are Piwi, Aub, and Ago3. The piRNAs are either
maternally derived, meaning they are deposited in the maturing oocyte from the maternal nurse
cells, or they result from a transposon created piRNA cluster (Senti and Brennecke, 2010). In
Drosophila, these piRNAs are associated with a piwi/Aub or Ago3 complex that cleaves and
processes the target, which inactivates the target and creates another piRNA that can associate with
another Piwi-associated complex (Senti and Brennecke, 2010). This process continues creating a
loop of gene silencing referred to as the ping-pong model (Aravin et al., 2007). This pathway is
typically associated with the regulation of selfish elements, like transposons, and early
development, but has also been found to inhibit viral replication (e.g. DXV infection in
Drosophila) (Zambon et al., 2006). However, Ago3 and PIWI were found to be the only two

piIRNA pathway proteins in Ae. aegypti associated with anti-viral activity (Miesen et al., 2015).
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Furthermore, Ago3 dsRNA knock down experiments demonstrated that An. gambiae was
more susceptible to ONNV infection with an impaired piRNA pathway (Keene et al., 2004). More
recent studies have demonstrated that the piRNA pathway plays a direct role in the DENV antiviral
response in Ae. aegypti (Hess et al., 2011), SINV infection in mosquito cell lines (\Vodovar et al.,
2012), CHIKYV infection in Ae. aegypti and Ae. albopictus (Morazzani et al., 2012) and in SFV
infection in mosquito cell lines (Schnettler et al., 2013; Siu et al., 2011). Multiple studies on the
anti-viral response in mosquitoes and mosquito cell lines have also demonstrated the accumulation
of piRNA associated small RNAs, given further proof for the role of this pathway in mosquito
anti-viral immunity (Léger et al., 2013; Morazzani et al., 2012; Vodovar et al., 2012).

Small RNA pathway components

The small RNA pathways are composed of many proteins that interact with dsRNA in
order to regulate their expression. As discussed previously, there is evidence that these pathways
are associated with DENV2 susceptibility in Ae. aegypti and therefore the molecular biology of
these proteins and interactions between these proteins are important in understanding their role in
anti-viral immunity.

Dicers

Dicers are a RNAse 11l enzymes, that recognize and cleave dsRNA into 19-27 nucleotide
small interfering RNA (siRNA) or micro RNAs (miRNA) (Hammond, 2005). They contain
DexD/H-box RNA helicase domains and a Piwi/Argonaute/Zwille (PAZ) domain, as well as a
double stranded RNA binding domains (dsRBD) and two RNase 11 cleavage domains. The
PAZ domain binds to the 3’ overhang of the sSiRNA and miRNA, and one RNase 11l domain
binds each RNA strand (Hammond, 2005; Yan et al., 2003). The dsRBD binds dsRNA between
the RNase and PAZ binding sites, whereas the function of the helicase domain is related to signal

transmission (Kemp and Imler, 2009).
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Dicer 2 is the initiator of the sSiRNA pathway by recognizing and cleaving dsRNA (Bass,
2000; Tabara et al., 2002) while dicer 1 (Dcrl) recognizes and cleaves pre-miRNA in the
miRNA pathway (Kim, 2005; Lee et al., 2004) . There is also some indication that Dcrl and
Dcr2 play a role in RISC assembly (Pham et al., 2004; Schwarz et al., 2003; Tomari et al., 2004).
The cleavage of dsRNA by Dcr2 is aided by ATP (Liu et al., 2003; Nishikura, 2001). Dcr2 then
loads the siRNA into Argonaute 2 (Ago2) and remains associated with the complex (Bernstein et
al., 2001).

RNA induced silencing complex (RISC)

The RISC is a group of proteins that facilitate the loading, targeting and cleavage of
dsRNA via the siRNA and miRNA pathways (Kobayashi and Tomari, 2015). The currently
known members of the RISC are the argonautes (Agol or Ago2), R2D2, fragile X mental
retardation protein (Fmr-1) and vasa intronic gene (VIG), but it is hypothesized that there are
still many unknown components to the RISC (Schwarz et al., 2004). In the case of the SIRNA
pathway, target pairing is exact, which results in the mRNA cleavage as the mechanism of gene
silencing (Zeng and Cullen, 2003). In the miRNA pathway, there is only a small part of the
MIiRNA called the seed sequence that is required for target pairing. This incomplete match
pairing tends to cause the blockage of translation initiation, which is the primary mechanism of
silencing in this pathway (lwasaki et al., 2009; Pillai, 2005; Zeng and Cullen, 2003), but there is
some indication that like the siRNA pathway, the miRNA pathway can have a role in mMRNA
degradation as well (Bagga et al., 2005).

R2D2 and R3D1(Loquacious/Loq)

R2D2 and R3D1/Loq are associated with the loading of either the sSiRNA, or the miRNA,

respectively into the RISC. They are both dsRNA binding proteins (dsRBP) that bind the
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SiRNA or miRNA and thereby play some role in determining the guide strand incorporated into
the RISC (Preall et al., 2006).

The Argonautes (Ago) and PIWI proteins

Argonaute proteins contain PAZ and PIWI domains. The PIWI domain attaches to the 5’
end of the strand used to target complementary dsRNA, known as the guide strand, and the PAZ
domain binds the 3’ end of this same strand (Lingel and lzaurralde, 2004; Lingel et al., 2003; Ma
etal., 2004; Yan et al., 2003). The PIWI domain has RNase H endonuclease activity that
provides the slicer activity for the cleavage of the target dsRNA.

Argonaute proteins provide the slicing activity in the RISC, Ago2 being associated with
the siRNA associated RISC, and Agol being associated with the miRNA associated RISC.
However, Agol and Ago2 are not exclusive to their respective pathways. In Drosophila, Agol
interacted with both miRNAs and siRNAs (Caudy et al., 2003; Férstemann et al., 2007; Okamura
etal., 2004), but if miRNAs were not associated with Agol and siRNAs were not associated
with Ago2 the miRNA or siRNA pathways had reduced or no function (Férstemann et al., 2007).
Additionally, argonaute 3 (Ago3) associates with the transposon derived piRNAs to target and
cleave complementary RNA (Angelica and Fong, 2008). Aubergine (Aub) and PIW1 also contain
a PIWI cleave domain and they associate with piRNAs, but they contain anti-sense transcript that
target RNA (Ku and Lin, 2014).

Other RISC components

Other proteins have been found to be associated with the RISC. Fmr1, the Drosophila
homolog of Fragile x, VIG, a protein from the intron of the Vasa gene,(Caudy et al., 2002),
Dmp68, an RNA helicase, (Ishizuka et al., 2002) and Tudor-SN, potentially involved in product
degradation, have all been found to associated with the Drosophila RISC (Hammond, 2005).

Fmrl is a negative translational regulator that binds dsRNA (Wan et al., 2000). While not
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required for the RISC, Fmr1 has been shown to associate with Ago2, Dcr2, Dmp68, Agol and
miRNAs in vivo resulting in the increased efficiency and stability of the RISC (Caudy et al.,
2002; Ishizuka et al., 2002; Jin et al., 2004) VIG also has an RNA binding domain (Caudy et al.,
2002). Dmp68 unwinds short dsSRNA and appears to be required for RNAI in D. melanogaster.
It either mediates unwinding of the siRNA duplex to create an active RISC, or is involved in
later RNA recognition (Ishizuka et al., 2002).

VSRs

The anti-viral RNA response to viral infection probably led viruses to evolve suppressors
of RNAI (VSRs) (Obbard et al., 2009). Insect viruses such as FHV, DCV, and CrPV had all
been found to encode proteins that are suppressors of RNAi (Nayak et al., 2010; Wang et al.,
2006). Another study showed that dsSRNA knock downs of FHV-B2, and DCV-1A in transgenic
D. melanogaster expressing FHV-B2, and FHV-1A genes had increased titers of DCV (Berry et
al., 2009). In mosquitoes, studies demonstrated that expression of FHV-B2 reduced the number
of VIRNAs and increased viral titers during SINV and ONNV infection (Cirimotich et al., 2009;
Myles et al., 2008).

Multiple mechanisms of viral counterdefenses to RNAiI immunity have been seen in
many studies. Viruses have been shown to prevent Dcr processing by binding of VSRs to
dsRNA (Chao et al., 2005), or by binding the small RNA to prevent loading in the RISC
(Lakatos et al., 2006), or by directing or interfering with the interaction with proteins in the
RNAI pathway (Bortolamiol et al., 2007; Chapman et al., 2014; Moon et al., 2012; E. Schnettler
etal., 2013; Zhang et al., 2006). The production of subgenomic flavivirus RNAs (SFRNAS)
during flavivirus infection has been suggested as playing a role in viral counter defenses

(Chapman et al., 2014). The structure of the sSfRNA blocks the cellular endonuclease Xrnl from
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cleaving viral RNA. DCV 1A has been shown to bind dsRNA to prevent cleavage by Dcr2
(Nayak et al., 2010) and FHV B2 binds dsRNA to prevent Dcr2 processing (Chao et al., 2005;
Galiana-Arnoux et al., 2006; Lu et al., 2005). Additionally, flavivirus proteins have been shown
to inhibit autophagy and apoptosis, which would reduce the spread of viral infection (Roy et al.,
2014).

Anti-viral immunity in mosquitoes: the big picture

As it has been suggested throughout this review, many anti-viral immune response
pathways are involved in immunity to viral infection in insects. After studying FHV, and DCV
infection in D. melanogaster, Galiana-Arnoux et al. (2006) proposed that the immune system in
D. melanogaster is driven by the RNAI pathway, and various cytokine signaling pathways
(Galiana-Arnoux et al., 2006). More specifically this study suggested that the RNAI pathway
limits viral replication in cells while the cytokine signaling pathways signals the creation of
antiviral effectors to prevent spread of the infection to uninfected cells. During viral infection,
the cellular pathway can trigger the JAK/STAT pathway in nearby cells, can produce anti-viral
molecules and can trigger apoptosis. Apoptosis pathway inhibitor, IAP2, is necessary for
signaling in the IMD and JNK pathways of D. melanogaster (Gesellchen et al., 2005). In D.
melanogaster, the anti-viral response is regulated by the siRNA (Zambon et al., 2006),
JAK/STAT (Dostert et al., 2005) and the Toll pathways (Zambon et al., 2005).

Arboviral immunity in mosquitoes, such as Ae. aegypti, is likely governed by different
mechanisms than the Drosophila response to insect viruses. Firstly, mosquito arboviral infection
rates are low and there is little impact of arboviral infection on mosquito survivorship or
fecundity; therefore, there is little selection pressure to develop a strong response to arboviral

infection (Blair and Olson, 2014). On the other hand, the Drosophila viruses, such as DCV,
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typically have large impacts on host fitness (Gravot et al., 2000), which could potentially result
in stronger, broader immune response. Additionally, insect viruses tend to have VSR to combat
these strong immune responses, but VSRs have not been identified for arboviruses. Mosquito
viruses that are not arboviral have also been recently found to encode VSRs (Van Cleef et al.,
2014) indicating that the mosquito immune response to arboviruses may be reduced. The
strongest evidence for sSiRNA pathway involvement in anti-arboviral immunity are from studies
where the siRNA pathway is impaired artificially prior to an infected blood meal (Keene et al.,
2004; Khoo et al., 2010; Khoo et al., 2013a; Sanchez-Vargas et al., 2009), whereas studies that
assess natural changes in sSiRNA pathway gene expression in response to infection demonstrate
only small changes in expression (Bonizzoni et al., 2012b). In addition, blood feeding in the
absence of virus induces the expression of immune genes (Bonizzoni et al., 2011), thereby
indicating sSiRNA genes may be upregulated during oral infection for purposes other than
regulation of arboviral infection. The siRNA and piRNA pathways have other functions that
may be driving their expression in mosquitoes, but the large increase in arboviral infection and
dissemination rates in mosquitoes with a reduced siRNA response is strong evidence for the role
of this pathway in mosquito arboviral immunity.

The Toll and c-Jun kinase and JAK/STAT pathways were also found to be activated in
Ae. aegypti during dengue infection (Sanders et al., 2005; Xi et al., 2008). The Toll pathway
has also been linked to autophagy, a cell degradation mechanism, during viral infection (Moy et
al., 2014). However, these pathways are typically associated with anti-microbial immunity and
the anti-viral mechanisms of these pathways are not well understood. Additionally, in

comparison to the sSiRNA and piRNA pathways there is less evidence for the involvement of the
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Toll and c-Jun kinase and JAK/STAT pathways in the regulation of arboviral infection in
mosquitoes.

Anti-viral immunity and vector control

The evolving understanding of insect immunity has begun to complement new genetic
control technologies. The two current strategies employed for genetic vector control involve
genetic modification of naturally occurring effector genes or the introduction of an engineered
immunity gene. In both cases, the expression of these genes is enhanced by specialized
promoters, typically inducible upon uptake of the pathogen and typically tissue specific. Early
genetic control experiments used virus expressed antibodies that blocked sporozoite infection of
salivary glands of An. gambiae (de Lara Capurro et al., 2000). Genetically modified A. gambiae
have also been created to express effector genes that also blocked sporozoite infection (lto et al.,
2002; L. a Moreira et al., 2002). Since this time, there have been dozens of anti-microbial
peptides used to modify the immune response of A. gambiae to Plasmodium spp. infection
(Carter and Hurd, 2010). Modifying the expression of the naturally occurring Cecropin A and
Defensin A genes have also been used to modify the immune response of Ae. aegypti to bacterial
infection (Shin, 2003). Other groups also engineered Ae. aegypti or An. gambiae to have
modified expression of anti-microbial effectors (Kokoza et al., 2000). Another study created a
RNA interference based refractory gene that used the sSiRNA pathway to target the prM gene of
DENV?2 (Franz et al., 2006). More recently, an apoptosis pathway has been modified to suppress
DENYV infection in Ae. aegypti (Carter et al., 2014) and certainly as the genetic manipulation
technologies improve, new methods for developing refractory vectors will be established in the
future.

Recently, a release of insects with dominant lethality (RIDL) strain of Ae. aegypti

(Alphey and Andreasen, 2002; Phuc et al., 2007; Thomas et al., 2000) was shown to suppress
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wild populations of Ae. aegypti (Harris et al., 2012). These conditional, dominant, sex-specific
and lethal systems have provided a useful tool for the suppression of mosquito populations.
Modified traditional sterile insect technique (SIT) methods are also being considered for
mosquito population suppression (Bouyer and Lefrancois, 2014) . After population suppression,
a vector population replacement strategy could then be used to replace the wild-type population
with one refractory to pathogen, thus reducing the possibility for pathogen transmission.
Currently, the population replacement strategy is in its infancy, with only proof of concept
experimentation thus far, but with the advancement of transgenic technologies, a population
reduction strategy may be an important part of an integrated vector management program
(Robert et al., 2014).

Genetically modified mosquitoes for vector control

One of the major obstacles to the utilization of transgenic mosquitoes for vector control is
the lack of a strategy to drive these modified genes into a natural population. These drive
mechanisms are needed to compensate for the small numbers of transgenics in the population
compared to non-transgenics, and they will also have to compensate for any fitness reduction in
the transgenic vector that may prevent transgene maintenance in the population. The currently
proposed gene drive mechanism for vector control are underdominance, killer-rescue systems,
the paratransgenic Wolbachia system, homing endonucleases, the Medea systems and
CRISPR/Cas9 systems (Alphey et al., 2013; Gantz et al., 2015; Sinkins and Gould, 2006). With
underdominance, transgenic mosquitoes are released that contain toxin genes associated with the
gene of interest and an unlinked antidote gene which will protect the mosquito from the effects
of the toxin gene (Akbari et al., 2013; Davis et al., 2001; Magori and Gould, 2006). Killer rescue
approaches use a lethal transgene and an unlinked repressor gene (Gould et al., 2008). These

systems are self-limiting and easily allow vector control programs to limit the geographic
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dispersal of the transgene. In one example of this strategy, Semele (Marshall et al., 2011), males
are engineered to express a toxin that kills or renders females infertile that do not express the
antidote to the toxin. This toxin and repressor system can be linked to an anti-pathogen gene,
and thus only females with this transgene will be able to reproduce if mated with the transgenic
male. This system unfortunately requires a very large initial population of transgenic vectors.

In the Wolbachia system, an endosymbiont bacterium of mosquitoes, the Wolbachia bacteria
will be genetically transformed with the gene of interest and will be driven into the population
with its natural drive mechanism (Curtis, 2006; Hancock et al., 2011). Basically, females have to
be infected with the same Wolbachia spp. as their male mating partner, otherwise the progeny
are unviable. Likewise, the progeny of any mating with a Wolbachia infected female will also be
infected with Wolbachia. So, Wolbachia infected females have an advantage over non-infected
females, and the Wolbachia is able to quickly drive itself through the population (Rasgon, 2008).
Recent studies have shown that Wolbachia may reduce DENV infection rates in Ae. aegypti
(Frentiu et al., 2014), which is an additional benefit to this approach. The main drawback to the
system is the difficulty of transforming the Wolbachia to express genes of interest.

Homing endonucleases (HEGS) have also been proposed as genetic drive systems for
population replacement genetic vector control strategies (Burt, 2003). HEGs induce breaks in
dsDNA that results in HEG being copied into the broken chromosome during repair, thus
resulting in the integration of additional copies of the HEG associated genes into the genome
(Goddard et al., 2001). A recent study showed that the HEG, I-Scel, could be successfully
driven into an A. gambiae laboratory cage population and provided proof of principal for a

population replacement strategy for vector control (Windbichler et al., 2011).
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Lastly, the Medea system is based on the Medea element, which is a naturally occurring
selfish genetic element, that results in the death of all offspring without the element (Beeman et
al., 1992; Wade and Beeman, 1994). These elements have been artificially constructed in the lab
and essentially consists of a maternally expressed toxin and a zygotically expressed antidote that
results in the death of offspring that do not contain the antidote (Beeman and Friesen, 1999) or
the converse where the toxin is zygotically expressed and the antidote maternally (Marshall and
Hay, 2011). An anti-pathogen transgene can then be linked with this system and driven into a
population. Essentially, all of these drive systems have shown potential, but have not been
evaluated extensively, so they will require more evaluation before their utility in a vector
replacement control strategy is understood.

The two current approaches to mosquito control are strategies that reduce or eliminate the
abundance of mosquito populations and those which replace the wild mosquito populations with
individuals that are engineered to be refractory to pathogen transmission. In recent years the
former approach has been successful with lethal dominant strategies (Alphey and Andreasen,
2002; Phuc et al., 2007; Thomas et al., 2000). The latter technique involves the insertion of an
anti-pathogen effector gene into the germline of a mosquito via a linked transposon and injection
of a corresponding transposase. This gene is under the control of an engineered tissue specific
promoter and carries a marker gene for identification. Fitness effects associated with this
transformation can result from the transgene product(s), the location of the insertion site, or from
inbreeding in the parent line. There are multiple studies of the fitness of transgenic Ae. aegypti
and many of these studies have found a fitness cost associated with transgenesis. These fitness

problems have been attributed to the transgene marker, but in other mosquitoes, such as An.
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stephensi fitness costs due to transgensis varied (Catteruccia et al., 2003; C. Li et al., 2008),
sometimes even being neutral or advantageous (Amenya et al., 2010; Moreira et al., 2004).
Current research goals
The following chapters examine the vector competence of Ae. aegypti for DENV2 with

emphasis on the RNAI pathway. Chapter 2 explores the fitness and vector competence of
transgenic mosquitoes created to be refractory to DENV?2 infection by utilizing the RNAI
response to target the virus. These studies give insight into the possibility of using transgenic
mosquitoes that use an RNAI based resistance to DENV?2 in a vector control program for DENV
transmission. Chapter 3 examines the utility of integrating an RNAI based transgene engineered
for resistance to DENV?2 into a genetically diverse laboratory strain (GDLS) to improve the
fitness of the transgenic mosquito. Chapters 2 and 3 provide preliminary evidence that a
population replacement strategy using an RNAI based transgenic may be possible if the effects of
the integration site are evaluated and the transgene is introgessed into a GDLS population.

Chapter 4 examines the expression of immunity related genes associated with vector
competence of Ae. aegypti for DENV. This study uses two different Ae. aegypti strains,
D2MEB, selected for a midgut escape barrier to DENV2, and D2S3, selected for a limited
midgut escape barrier to DENV2. These strains are used to examine whether anti-viral gene
expression is associated with MEBs.  This chapter also examines the expression of the SIRNA
pathway genes over the lifetime of the mosquito and also examines the change in the expression
of the genes throughout the day. Chapter 4 attempts to determine whether transcriptional
changes in gene expression are associated with viral infection and midgut escape barriers.
Finally, Chapter 5 examines the association of DENV2 susceptibility in Ae. aegypti with four
SNPs in the siRNA pathway gene, Dcr2, within 12 Senegalese populations. This population

study attempts to link a single nucleotide polymorphism (SNP) to DENV susceptibility.  So,
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basically both Chapters 4 and 5 study the relationship between the vector competence of Ae.

aegypti and ant-viral immune pathways from a transcriptional and genetic level.
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Figure 1.1: Humoral immune pathways in response to virus infections. Adapted from Sabin
etal., (2010). Left- The Toll pathway is primarily involved fungi and gram-positive bacteria
immunity, but has also been shown to be involved in viral and arboviral immunity. Spatzle
becomes activated in the presence of a pathogen and triggers a proteolytic cascade resulting in
the formation of antimicrobial factors, drs, mtk, CECG, DEFC-D, GAM, LYSC. Middle- The Imd
pathway is associated with gram-negative bacteria immunity, but has also been shown to be
involved in viral and antiviral immunity. The Imd pathway is a caspae-8 like pathway that leads
the production of antimicrobials dpt, mtk, CECG, DEFC-D, GAM, LYSC. Right- The JAK/STAT
pathway is more commonly associated with anti-viral immunity in insects. This pathway
produces multiple anti-viral effector molecules including TotM, vir-1, DVRF1 and DVRF2.
Abbreivations: CECG- cecropin G; DCV- Drosophila C virus; DEFC-D- defensin D; dFADD-
Fas-associated protein with death domain; Dif- dorsal related immunity factor; dmyD88-
myeloid differentiation primary response 88; Dpt- diptericin; Dredd- death-related ced-3/Nedd2-
like; Drs- drosomycin; DVRF- dengue virus restriction factor; FHV- flock house virus; GAM-
gambicin; DXV- Drosophila X virus; IkB- inhibitor of kappa B; IKKy/B- inhibitor of kappa
gamma kinase beta; Imd- immunodeficiency; JAK- janus kinase; Jak-STAT- Janus kinase-
signal transducers and activators of transcription; LYSC- lysozyme C; Mtk- metchnikowin;
NFkB- nuclear factor- kappa B; PGRP-LC- peptidoglycan recognition protein LC receptor;
Stat92E- signal-transducer and activator of transcription protein at 92E; TAK1- TGF-beta
activating kinase 1; TotM- Turandot M; upd- unpaired; vir-1- virus-induced RNA 1
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Figure 1.2: siRNA pathway response to virus infections. Adapted from Merkling and van Rij

(2013). Inthe cytoplasm, dicer-2 recognizes and cleaves the viral derived double-stranded

RNA(dsRNA) into small interfering RNA (siRNA). The siRNA is then incorporated in an

Argonaute-2 (Ago-2) and RNA-induced silencing complex (RISC), which identify and cleave

the complementary viral RNA sequences.
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CHAPTER II: FITNESS IMPACT AND STABILITY OF A TRANSGENE CONFERRING
RESISTANCE TO DENGUE-2 VIRUS FOLLOWING INTROGRSSION INTO A

GENETICALLY DIVERSEAEDESAEGYPTISTRAIN

Introduction

This chapter includes work published by Franz et al., (2014). With increasing
advancements in transgenic technologies, and the increasing need for novel vector control
strategies, the use of genetically-modified mosquitoes for vector control is closer to becoming a
reality. However, gene replacement in the field requires stable, multi-generational effector gene
expression that is functional across diverse genetic backgrounds. The effector genes developed
for these purposes should have minimal fitness costs relative to wild-type mosquitoes (Beaty,
2000; James, 2005; Lambrechts et al., 2008; Scott et al., 2002). There have been multiple studies
that demonstrate evidence of a fitness load associated with transgenes (Catteruccia et al., 2003;
Nic Irvin et al., 2004; Moreira et al., 2004) and these fitness loads could prevent the spread of
these transgenes into wild populations. However, these studies were conducted in inbred,
homozygous lines. Therefore, the deleterious recessive alleles in these homozygous inbred lines
may mask transgene associated fitness effects. A genetically diverse background is therefore
imperative to assess transgene loads of genetically modified mosquitoes (Scott et al., 2002).

In previous studies, to complement a vector population replacement disease control
strategy, a transgenic Aedes aegypti was created with a midgut infection barrier (MIB) to dengue
virus serotype 2 (DENV?2) infection (Franz et al., 2006). The transgene in this line utilized the
intrinsic anti-viral properties of the RNA interference (RNAI) innate immune pathway, which
aids in the regulation of viral infection in mosquitoes and many other organisms (Blair, 2011).

This Carb77 transgenic line was engineered to express an internal repeat (IR) effector RNA in
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midgut tissues after initiation by a blood meal inducible carboxypeptidase A promoter (CPA)
(Franz et al., 2006). The effector RNA created a dsSRNA to the DENV2 prM gene. This strategy
initiated an early DENV2-specific RNAI response in midgut epithelial cells preventing midgut
infection. However, Carb77 mosquitoes eventually lost their DENV2 refractory phenotye, even
though the transgene sequence was intact in later Carb77 generations (Franz et al., 2009). The IR
RNA was no longer detected by northern blot analysis, so it was hypothesized that IR-RNA
expression loss may be due to chromatin/heterochromatin rearrangements which silenced the
transgene (Franz et al., 2009).  To further evaluate the genetic and phenotypic stability of this
transgene, this study engineered new transgenic Ae. aegypti lines with the same transgene as the
Carb77 line. The resulting Carb109M, was highly refractory to DENV?2 infection and was used
in the current study to evaluate the effect of genetic background on transgene stability. This
current strain has now been stably expressing the transgene for over 40 generations.

Carb109M was subjected to five generations of backcrossing into a genetically-diverse
laboratory strain (GDLS) derived from field collections of Ae. aegypti from southern Mexico (de
Valdez et al., 2011; Deus et al., 2012). The enhanced green fluorescence protein (EGFP) eye
marker associated with the transgene was selected in each of the five backcross generations to
produce six backcross 5 (BC5) lines (Carb109M/GDLS.BC5). To increase the frequency of the
transgene prior to family selection, the BC5 lines underwent five generations of selection for the
EGFP eye marker. In the end, the Carb109M/GDLS.BC5.HZ maintained the DENV?2 refractory
phenotype for multiple generations. These results demonstrate the importance of outcrossing
transgenes into recently-colonized, genetically diverse strains to more accurately assess
transgene-associated fitness loads and prior to releasing genetically modified strains into cage or

wild populations.
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Materials and Methods
Transgene design and establishment of transgenic families

Plasmid DNA construction and germ-line transformation are as described in previous
studies (Franz et al., 2006). In brief, Ae. aegypti Higgs white eye (HWE), a Rexville D strain
variant, pre-blastoderm embryos were microinjected with a mariner Mosl nonautonomous Class
Il transposable element (TE) helper plasmid and a pMos-Carb/Mnp+/i/Mnp-/svA donor plasmid
(Franz et al., 2014).

We obtained a total number of 201 GO larvae, 191 developed into adults. Male survivors
were individually mated to 20 HWE females and female survivors were separated into groups of
5 and mated to one HWE male. After the initial mating, to minimize the number of families the
female founders were pooled into groups of from 28-32 females and the male founders were
pooled into groups of three families. The overall number of families was reduced to 40 “super-
families’, three of which were from female founders. EGFP eye expression was found in 11
families, Carb1M, Carb1F, Carb22M, Carb96M, Carb96F, Carb109M, Carb109F, Carb175M,
Carb175F, Carb194M, and Carb203F by use of a fluorescence microscope (Olympus SZ12,
Melville, NY) with an EGFP-specific filter. These lines were backcrossed to the HWE parent,
and the G1 progeny of these seven lines were tested for susceptibility to DENV2 Jamaica 1409.
Carb109M, Carb109F, Carb175M and Carb175F were resistant to DENV2 infection.

Carb109M resulted from 3 males that were then intercrossed to 20 HWE females each resulting
in 2 male and 2 female EGFP positive progeny. The 2 males were then combined to make the
male Carb109 line (Carb109M) and the 2 females were combined to make the female Carb109
line (Carb109F). These two lines were then out crossed to the HWE line and maintained

separately in colonies throughout the study.
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Mosquito colony maintenance

All stages of mosquitoes were maintained at 28 °C + 2 °C, 80% + 5% relative humidity
and 14:10 hour light dark photoperiod. Larvae were raised at a density of ~100 mosquitoes per L
and were fed ~0.35g of 50:50 flake fish food (Tetramin, Melle, Germany) and rodent diet
(Harlan Labs) every other day until pupation. At pupation they were placed into 2.5L cartons
and were provided sugar and water upon eclosion. Five to eight days post emergence the
colonies were given a citrated sheep blood meal (Colorado Serum Co., Boulder, CO).

Detection of transgene integration and characterization of integration site

Total DNA was extracted using the Puregene kit (Qiagen, CA) from three females per
sample following the manufacturer’s protocol of the Puregene kit. DNA pellets were
resuspended in 50 pl hydration solution overnight at room temperature. Approximately 5 pg of
total DNA were digested with Pstl in a 30 pl reaction mix (25 ul DNA and water, 3 pl buffer, 2
ul (=40 U) Pstl) for 4 h at 37°C. Before electrophoresis on a 0.8% agarose gel, the entire reaction
mix was further diluted with water to a volume of 50 pl. The samples were boiled with loading
dye for 5 min and then quickly chilled on ice. The DNA transfer to a positively charged nylon
membrane (Brightstar, Applied Biosystems, CA) was carried out according to standard
procedures. Blots were hybridized with a 3P-dCTP (3,000 Ci/mmol) labeled probe
corresponding to the 354 bp mariner Mos1 left arm generated with the DECAprime 1l Random
Primed Labeling kit (Applied Biosystems). Hybridizations were conducted at 48°C overnight.

Genome Walking was carried out using the Clontech Genome Walker Universal Kit
(Takara Bio Company, Mountain View, CA) and Advantage2 polymerase mix (Franz et al.,
2009; Khoo et al., 2010). The mariner left and right arm primer are listed in previous studies
(Franz et al., 2009). Carb109 transgene integration into genomic DNA of supercontig 1.470 was

confirmed by PCR using primers 10318 FWD: 5’-ctcacacggcattacatgaaatatgttagtatttaatc-3’,
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maRight REV: 5’-gagcagcgcttcgattcttacgaaagtgtg-3” and malLeft FWD:
5’caattatgacgctcaattcgcgccaaac3’, 10318 REV: 5’--aacagtagcttgtatgcttaggcatactaattgag-3°.

Detection of transgene expression by northern blot analysis

RNA extractions and northern blot analyses were conducted as described in previous
studies (Adelman et al., 2002; Franz et al., 2006). Approximately 10-15 pg of total RNA from
the midguts of blood fed and non-blood fed females of the Carb109 and the Carb52 lines were
blotted onto a positively charges nylon membrane (Ambion) after separation on an 1.2% agarose
gel. Carb52 was used as a negative control. The Carb52 line also expressed EGFP from the CPA
promoter (Franz et al., 2011). Labelled probes from the prM region of the transgene were
generated as previously described and probes were hybridized using the same procedure (Franz
etal., 2006).

Oral virus challenge

To prepare virus for the DENV infectious blood meal, high passage DENV2 Jamaica
1409 virus at a multiplicity of infection (MOI) of 0.01 was used to infect C6/36 cells in L-15
medium supplemented with 3% heat inactivated fetal bovine serum, 1% streptomycin and 1% L-
glutamine for 12 days at 28° C. The media was replaced 5 to 6 days after infection. For the
chikungunya virus (CHIKV) infectious blood feeds, monolayers of Vero cells were infected with
CHIKYV 37997 at a MOI of 0.01 and incubated for 36 hours at 37°C. The infectious blood meal
was prepared for oral feeding as described previously (Bosio et al., 1998). A sample of each
blood meal was taken and frozen at -80°C for later quantification by plaque assay by the methods
described below.

Infectious virus titration by plaque assay

Individual mosquitoes were triturated in 1.0 ml of L15 medium (Franz et al., 2006).

Twenty-four well plates of LLC-MK?2 cells were grown to confluency and infected with 10-fold
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serial dilutions of virus for 1 hour and then overlaid with an agar nutrient mixture. Plates were

held at 37°C for 10 days before they were stained with 5mg/ml MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide) solution and incubated overnight. Plagques were counted

and titers were calculated in pfu/ml.

Evaluation of transgene fitness by introgression into a GDLS

Introgression mating and transgene frequency
A subset of the eye marker positive mosquitoes from both Carb109 lines (G5) were

reciprocally backcrossed (BC1) with a GDLS (Valdez et al., 2010) followed by 4 reciprocal
backcrosses (BC2-BC5) to the GDLS. The GDLS was created by mixing equal numbers of
larvae from 10 separately-maintained Ae. aegypti populations recently colonized from Chiapas,
Mexico (de Valdez et al., 2011). An equal number of larvae from each of the 10 strains were
placed into 1 liter of tap water, maintained as described above and mated to one another to create
the GDLS. The virgin individuals from the transgenic strains and the GDLS were reciprocally
mated and then blood fed. The subsequent offspring were screened for EGFP and virgin EGFP
positive individuals were then reciprocally crossed to virgin GDLS individuals. This was
repeated for a total of 5 backcrosses (GDLS.BC5). At each cross, the percentage of transgenic
mosquitoes was calculated from ~150 3" instar larvae screened with an EGFP-specific filter on a
fluorescence microscope (Olympus SZ12, Melville, NY). Larvae lacking the EGFP eye marker
were culled.

Five generations of backcrossing should generate mosquitoes in which 31 of every 32
alleles (97%) unlinked to the transgene are expected to have originated from the GDLS strain.
Proportions of EGFP-expressing larvae in GDLS.BC1 through BC5 were analyzed by estimating

the 95% highest density interval (HDI) with WinBUGS (Lunn et al., 2000) and the Credible
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Intervals for Proportions script (McCarthy, 2007). An additional backcross (BC6) was generated
for some analyses described in the results section.

Evaluation of transgene frequencies in HTL/BC1 and HTL/BC5 populations with
no selection

Two lines named HTL1 and HTL2 were selected for transgene frequency studies,
because they appeared to be the most fit and had consistent DENV2 refractory phenotype. Sixty
lines were created with 4 different experimental conditions. The first group of 15 lines was a
HTL1/GDLS.BC1 heterozygote and GDLS mating resulted in an initial HTL1 allele frequency
of 0.25. The offspring were allowed to randomly mate through five generations (F1-F5) with no
selection. The EGFP positive frequency was expected to be 0.4375, based on Hardy-Weinberg
expectations (0.25% transgene homozygotes + 2*0.25*(1-0.25) transgene heterozygotes). The
second set of 15 lines was generated by intercrossing HTL1/GDLS.BC1 heterozygotes so that
the initial frequency of the HTL1 allele was 0.5. The expected frequency of EGFP-expressing
larvae in F1-F5 was 0.75 (0.52 transgene homozygotes +2*0.5*(1-0.5) transgene heterozygotes).

The third and fourth sets of 15 lines were the same as for the first and second sets except
that HTL2/GDLS.BC1 were used. These 60 lines were maintained without selection of EGFP-
expressing larvae for five generations and the frequency of EGFP larvae was estimated in ~150
larvae from each of the 15 lines in each generation. This same process was repeated for the BC5
offspring. The relative fitness loads of the transgene in homozygotes, heterozygotes and fitness
of wild-type homozygotes were estimated by identifying the fitness coefficients in Fisher’s
Selection Model (Fisher, 1950) using the observed proportion of larvae expressing EGFP

(PEGFPt) in each of the six generations. Fisher’s model is:
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Pir+1= P(Pewasa+ (1 —pi)waa)
l‘_‘_ = F, \

(P2was+2p(1=p)waa+(1=pi)*Waa)

where: pt = transgene frequency in generation t, waa = fitness of transgene homozygotes,
Waa = fitness of transgene heterozygotes and waa = fitness of wild-type homozygotes.

A FORTRAN program was written that generated a three-dimensional matrix containing all
combinations of Waa, Waa and Wa, each incremented by 0.01 from 0.0-1.0. The matrix
therefore contained 100 x 100 x100 = 10° combinations. Fisher’s model was run for five
generations starting with a po (starting allele frequency) of either 0.5 or 0.25 for each
combination. pswere transformed into proportion predicted EGFP expressing larvae in

each generation t (DEGFPy) by:
PEGFP,=p,+2p/(1—p,)

All six values of pEGFP;were compared with observed proportions oEGFPt for t =0....5

generations as:

diff =y 3_o|0EGFP,— pEGFP,|

The FORTRAN program identified the smallest diff and reported the associated waa, Waa and
Waa Values. Statistical comparisons among groups, generations and backcrosses were based on
calculating Bayesian 95% highest density intervals (95% HDI) using WinBUGS (Lunn et al.,
2000) and the estimation of mean and variance script (McCarthy, 2007). Proportions with non-
overlapping 95% HDI were considered statistically different.

Relative fitness of HTL1/GDLS.BC5 and HTL2/GDLS.BC5 mosquitoes

Three crosses between HTL1/GDLS.BC5 heterozygotes (200 individuals/cross; F1, F2,

F3) and three crosses between HTL2/GDLS.BC5 heterozygotes (200 individuals/cross; M.1,
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M.2, M.3) were performed in six separate 1ft> cages. One-week-old females received non-
infectious bloodmeals. All larvae from each cross were screened for EGFP expression and all
wild-type larvae were culled. EGFP-expressing F1 larvae were reared to adults. Following
random mating, females received blood meals and their F2 progeny were again screened for
EGFP expression and wild-type larvae were culled. This procedure was followed for three more
generations (F3-F5) to increase the frequency of the HTL1 or HTL2 transgene in the population
while minimizing inbreeding. Results were again compared to values expected under Fisher’s
Model. Only waa and waa Were estimated because Waa = 0 since all wild-type larvae were
discarded during the selection process. Frequencies of EGFP expressing larvae were recorded for
five generations for each of the six lines. Mean observed-to-expected proportions were compared
by estimating the 95% HDI with WinBUGS and the estimating proportions script.

Family-based selection to generate homozygous line from HTL/GDLS.BC5
At the end of five generations of selection and assuming Waa=Waa = 1, Fisher’s model

simplifies to:
ps1=1/(2—p;)

and predicts that 98.22% of larvae were expected to express EGFP, and the transgene frequency
was expected to be 0.83. Another 25 generations of selection would be required before nearly all
larvae (99.9%) could be expected to express EGFP. Therefore, a family based selection scheme
was used to generate HTL homozygous (HZ) families from the six lines (HTL1/GDLS.BC5 F.1,
F.2, F.3and HTL2/GDLS.BC5 M.1, M.2, M.3), 30 families were established each consisting of
three F5 females placed in a cage with one male. Siblings from each of the thirty families were
screened for EGFP expression and families with all siblings expressing EGFP were reared to

adults and intercrossed. These offspring were reared to adults, intercrossed, bloodfed, eggs
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collected and hatched. These offspring were again screened for EGFP expression. Families, in
which all siblings expressed EGFP were combined and maintained as homozygous (HZ) lines for
further experiments. Ultimately this process yielded one or more HTL/GDLS.BC5.HZ lines
which can be tested for vector competence to DENV2-Jamaical409.

Results

Transgenic mosquito families and selection of resistant strains by DENV2 challenge

Seven pools of injected Ae. aegypti had EGFP positive individuals. After outcrossing to
a HWE line, 11 transgenic lines were generated and at generation 3 (G3), the Carb1M, CarblF,
Carb22M, Carb96M, Carb96F, Carb109M, Carb109F, Carb175M, Carb175F, Carb194M, and
Carb203F mosquito families were orally challenged with a 1.5 x 10°-1.6 x 107 pfu/mL of
DENV2-Jamaical409 infected blood meal to determine their susceptibility to this virus by
plaque assay (Fig. 2.1A and B). The Carb109M and Carb109F lines and the Carb175F lines were
initially highly resistant to DENV2 infection (Carb175F, p<0.004; Carb109M and Carb109F,
p<0.0001). DENV?2 prevalence in lines Carb194M and Carb203F was also significantly lower
than prevalence in HWE and Carb52 controls (Carb194M, p<0.01; Carb203F, p<0.02), but these
lines were lost in subsequent generations (Fig. 2.1A). The Carb109F, Carb109M and Carb175F
lines were then retained and tested for susceptibility to DENV2 infection in generation 5 (G5)
(Fig. 2.1A), but by this generation only the Carb109 lines retained a high resistance to infection
(Fig. 2.1B). Therefore, the Carb175F line was omitted from the introgression studies and the
Carb109F and Carb109M were maintained as separate lines throughout this study and were
selected as HTL1 and HTL2 lines for the introgression studies.

Resistance to DENV3, CHIKV

Anti-viral resistance in the 3 initial high refractory strains remained specific to the target

dengue serotype, DENV2. Neither the Carb109F, Carb109M nor the Carb175F line was
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resistant to an alternate dengue serotype, DENV3 6889, nor were they resistant to the alphavirus,
QR-MX/97 CHIKYV (Fig. 2.2A and 2.2B). At 7 dpi, HWE mosquitoes had mean DENV3
6889/QR-MX/97 titers of 1300 pfu/mosquito and Carb109M had mean virus titers of 750
pfu/mosquito (Fig. 2.2A). At 7 dpi, DENV3 prevalence was similar between HWE, Carb109M,
Carb175F, and the Carb52 control. However, at 14 days dpi, DENV3 prevalence was
significantly higher for HWE (80%) than for Carb109M or Carb175F (55%) (Fisher’s exact test,
p =0.0307). Infecting the same mosquito lines with CHIKV 37997 showed no statistical
differences in prevalence (90-100%). There is a >60 % sequence identity in the 568 nt target
region between the genome of DENV3 6889/QR-MX/97 and that of DENV2-Jamaical409, so
the reduction in 14 dpi DENV3 titers may be due to the high sequence identity.

Molecular analysis of transgene integration and expression

At G3, genome walking determined that the Carb109M line had two integration sites,
while the Carb175F line had only one integration site (Fig. 2.3A and 2.3B). The transgene
integration patterns of Carb109M and Carb109F were identical by Southern blot analysis and
maintained the same pattern after introgression of the transgene into the GDLS genetic
background (Fig. 2.3B). One integration site of the Carb109M line was identified by genome
walking to be in the 3 UTR of AAEL010318 (VectorBase supercontig 1.470; contig 18391, nt
position 98,722-98,869 on chromosome 3) (Fig. 2.3C). The second integration site is in a
repetitive (>50 copies) sequence motif and included a 920 bp portion of the pMos1 plasmid
backbone extending from the left arm of the TE (data not shown). The physical integration
pattern of the second integration event extending from the right arm of the TE was not
determinable by genome walking. Genome walking was not performed on the Carb109F line.

Northern blot analysis detected Mnp+/i/Mnp- RNA in Carb109 G3 females 20 hours post

blood meal, but not in non-blood fed Carb109 mosquitoes, or Carb109 mosquitoes 48 hours post
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blood meal (Fig. 2.4A). The Carb109 line had higher expression of the Mnp+/i/Mnp- RNA than
the Carb175 line (Fig. 2.4B), which lost the refractory phenotype by G5.

Resistance to DENV2 after introgression into GDLS

The DENV?2 refractory phenotype was maintained after introgression of the Carb109
transgene into a diverse genetic background. The GDL is highly susceptible to DENV2-
Jamaical409 at 7 and 14 dpi (Fig. 2.5). Following five consecutive backcrosses to GDLS,
Carb109F/GDLS.BC5 and Carb109M/GDLS.BC5 mosquitoes remained highly refractory to
DENV?2 infection at both time points, similar to line Carb109M, although Carb109F/GDLS.BC5
tended to be more susceptible to the virus at 14 dpi than Carb109M/GDLS.BCS5 (Fig. 2.5).
However, there was no significant difference between the DENV?2 titers of
Carb109F/GDLS/BC5 and Carb109M/GDLS.BC5 mosquitoes. HWE, GDLS and BC5 Neg
(negative for the EGFP marker) mosquitoes showed a significantly higher prevalence of DENV2
(59.6-67.5%) than Carb109M, Carb109F, Carb109M/GDLS.BC5, and Carb109F/GDLS.BC5
mosquitoes (1.8—7.4%) at 7 and 14 dpi (Fig. 2.5). Both Carb109M/GDLS.BC5 and
Carb109F/GDLS.BC5 mosquitoes also retained expression of the transgene 20 hours post
infection after 6 backcrosses to the GDLS (Fig. 2.4C).

In the end two homozygous lines derived from the Carb109F/GDLS.BC5 and one
homozygous line derived from the Carb109F/GDLS.BCS5 line were refractory to challenge with
5.2x10° pfu/ml of DENV?2 (data not shown). The HWE positive control strain had a 48.0%
infection rate at 7dpi (n=25) and 53.8% infection rate at 12dpi (n=39), while at 7 dpi the BC6
strains the Carb109M had a 0.0% infection rate (n=25) and the Carb109F line had an 8.0%

infection rate (n=25). At BC6 both lines had a 0.0% infection at 12 dpi in (n=27-29).
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Fitness of the Carb109F and Carb109M transgenes during selection

At each back cross, the proportion of EGFP positive larvae was recorded and compared
to 0.5, the number of expected EGFP positive individuals (Fig. 2.6). Selection was applied to
each of three lines of Carb109F/GDLS.BC5 and Carb109M/GDLS.BC5 heterozygotes. In each
generation wild-type larvae were culled and mosquitoes were allowed to inter-mate. This was
repeated over four consecutive generations (Fig. 2.7). Observed values were compared with
values predicted from the simplified Fisher’s model, pt+1 = 1/(2 — pt). The Carb77 line had
reduced EGFP expression during the F>-F4 larval stage. This was evaluated from the 100 EGFP
larvae in each generation that seemed to fall into two phenotypic classes. All EGFP larvae had
fluorescent green anal papillae, but some also had GFP fluorescent slits behind the eyes. When
these samples were grouped by phenotype and then were genotyped by melting curve PCR
(mcPCR) all 12 larvae with GFP only in the anal papillae were Carb77 / + heterozygotes while
10 of the 12 with EGFP behind the eyes were Carb77 homozygotes. Thus it could be that the
EGFP phenotype was differentially expressed in the multitude of different genetic backgrounds
in the GDLS. However, this phenomenon was not seen in the Carb109 lines.

Replicate F.2 reached Fisher model predictions for generation 2 but then remained lower
than predictions from generations 3 through 5. Replicate F.3 reached model predictions for
generation 4 but was lower than predicted in generation 5. The 95% HDI surrounding
proportions of EGFP-expressing larvae in generation 5 for all three F replicates did not cover the
expected 0.9822 allele frequency. Replicate M. 1 started below the expected 0.75 value but
exceeded predictions in generation 2 and overlapped predictions in generations 3-5 (Fig. 2.8).
Replicate M.2 fell below predictions for generation 2 and 3 but reached predictions in
generations 4 and 5. Only replicate M.3 tracked model predictions in all generations. The 95%

HDI surrounding proportions of EGFP expressing larvae in generation 5 for all three M
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replicates contained the expected 0.9822 allele frequency. Among the three F replicated lines the
fitness coefficients of transgene homozygotes (Waa) ranged from 0.32-0.51, a dramatic
improvement over the BC5 values of Waa = 0.01 (Table 2). Fitness of transgene heterozygotes
(Waa =0.68-1.00) on the other hand overlapped the BC5 values (WAa = 0.95). Among the three
M replicates the fitness coefficients of transgene homozygotes (Waa) ranged from 0.72-0.77, far
exceeding the BC5 values of Waa = 0.01 (Table 2). However, the fitness of M replicate
transgene heterozygotes (Waa =0.75-0.86) was lower than the BC5 values (Waa= 0.94-1.00).
Family-based selection was conducted in 30 families in each of replicates M.1-M.3 and F.1-F.3.
However, we breed only one homozygous family (Carb109M/GDLS.BC5.HZ) from Replicate
M.3.

The proportion of EGFP larvae did not significantly vary from the expected frequency of
0.50 during backcross introgression into the GDLS (Fig. 2.6A and 2B). The 95% HDI for the
proportion of larvae expressing EGFP overlapped among all of the five backcross generations of
both Carb109F/GDLS and Carb109M/GDLS. The frequency of EGFP larvae in populations that
were selected for the EGFP marker at each generation deviated significantly from Fisher’s
selection model for the Carb77 line (Fig. 2.7A) but were as expected for the Carb109M line, and
were as expected in the Carb109F by G5 (Fig. 2.7B). At intercrosses F2 to F4 the Carb109F line
had lower frequencies of the EGFP marker than expected by Fisher’s selection model (y2>14.24,
df=1, p<0.001) by %2 test and the same was seen for the Carb77 line (y2>*, df=1, p<0.001).

Transgene fitness without selection

The frequencies of EGFP-expressing larvae were compared among
Carb109F/GDLS.BC1, Carb109M/GDLS.BC1, Carb109F/GDLS.BC5and
Carb109M/GDLS.BCS at starting frequencies of 0.25 and 0.5. Frequencies were measured over

five generations without selection for EGFP (Fig. 2.8A, 2.8B). In all BC1 lines, the proportion of
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larvae expressing EGFP declined rapidly and reached zero by the fifth generation. This occurred
whether po was 0.5 (Fig. 2.8A) or 0.25 (Fig. 2.8B). Estimated fitness coefficients among these
four BC1 variants (Carb109F/GDLS.BC1, po=0.25, Carb109M/GDLS.BC1, po=0.25,
Carb109F/GDLS.BC1, p0=0.5, Carb109M/GDLS.BC1, po=0.5) were WA =0.01 in all four
experiments while Waa varied from 0.11-0.21 and Waa varied between 0.94-1.00, respectively.

These results suggest that either the transgene has a dominant fitness load or that one or
more deleterious alleles were linked to the transgene insertion site. In contrast, the proportions of
EGFP expressing larvae in Carb109M/GDLS.BC5 and Carb109F/ GDLS.BC5 when initiated at
po=0.5 were 0.4881 and 0.4782 in F5. However, the 95% HDI surrounding these frequencies did
not contain the predicted 0.75 allele frequency. Again the predicted fitness coefficient for
transgene homozygotes was Waa =0.01 in all four experiments while Waa varied from 0.94—
1.00, which actually exceeded Waa (0.65-0.93) in the four BC5 experiments. The proportions of
EGFP expressing larvae in Carb109F/GDLS.BC5 and Carb109M/GDLS.BC5 initiated at
po=0.25 (Fig. 2.8B) were 0.4538 and 0.2365 in F5. However, only the 95% HDI surrounding
frequencies in Carb109F/GDLS.BC5 (BC5F in Fig. 2.8) contained the predicted 0.4375
frequency. The fact that the predicted fitness coefficient for transgene homozygotes was very
low (Waa=0.01), whereas fitness coefficients for transgene heterozygotes (Wa.=0.94-0.95) and
those for wildtypes (Wa.=0.81-0.93) were significantly higher supports the interpretation that the
wild-type allele had a dominant positive effect on fitness. Thus, five generations of backcrossing
did not change the fitness of transgene but greatly improved the fitness of transgene
heterozygotes.

Discussion

Previous attempts to evaluate the fitness of antiviral effector RNA transgenic Ae. aegypti

engineered for resistance to dengue virus type 2 in a GDLS backbone (Franz et al., 2006) was
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unsuccessful due to loss of transgene function (Franz et al., 2009). In this study we developed
and characterized new transgenic Ae. aegypti lines using similar methods to the previous studies.
We then identified additional lines highly refractory to DENV2 and used them for introgression
studies. Carb175 showed initial resistance to DENV2, but quickly lost this resistance (Fig.
2.1A). This was faster than the loss of the Carb77 DENV2 refractory phenotype, but currently,
the homozygous Carb109 line created from this study has retained its refractory phenotype
through 33+ generations. Additionally, the Carb109 transgenes were stable after 5 to 6
backcrosses into a genetically diverse population.

The prolonged success of the Carb109 line can be attributed to multiple differences in the
strain, despite their derivation from the same construct. The Carb109 line had an additional
integration site as compared to the Carb77 line (Franz et al., 2006) and the Carb175 line from
this study. Inatransgenic A. stephensi study, two copies of a transgene had a lower fitness cost
in comparison to a one copy (Li et al., 2008). Also, the location of the integration likely varied
between strains leading to positional effects. Positional effects could be a possible explanation
for the higher expression of the transgene in the Carb109 line compared to the Carb175 line (Fig.
2.4B). Even within the Carb109 line, the Carb109M line was slightly more refractory than the
Carb109F line, even though they resulted from the same transformation event (Fig. 2.5A and
2.5B).

The original line, Carb77, had lower than expected EGFP frequencies (Fig. 2.7A). In this
study, the Carb109 strains, especially the Carb109M line, maintained expected EGFP
frequencies in selection studies. The fitness differences between strains with the same construct,
but different integration sites suggest fitness effects associated with the location of the

integration opposed to transgene or reporter expression. This phenomenon was also seen in other
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studies where the integration site was suggested as the cause of differences in the fitness in lines
with the same construct (Li et al., 2008). In this study there were also differences in the fitness
of mosquitoes with the same construct and the same integration site. The Carb109F had lower
EGFP frequencies than the Carb109M line (Fig. 2.7B). Differences in the fitness of transgenic
lines from the same construct have also been found in other studies sometimes resulting in a
higher fitness than seen in the parent strain (Amenya et al., 2010).

Introgression of the transgene into a GDLS strain improved the fitness of the transgene.
Most notably, the fitness of the transgene heterozygotes increased from Waa =0.11-0.21 after
one backcross to Waa = 0.94-1.00 after five generations of backcrossing. However, the fitness
was not improved in transgene homozygotes (Waa = 0.01-0.01) after five generations of
backcrossing. The four generations of selection also improved transgene homozygous fitness
from Waa = 0.01 to 0.32-0.51 in the female strain and from Waa = 0.01 to 0.72-0.77 in the male
strains. These results suggest that a deleterious recessive allele is linked with the transgene, but
has become unlinked with recombination. Additionally, the resulting single homozygous line,
despite initiating the family based homozygous selection with 180 families, also indicates that
there is a deleterious recessive allele linked with the transgene. This study emphasizes the
importance of creating multiple transgenic lines and introgression of these lines into a genetic
background to maintain genetic diversity and improve strain fitness. This strategy should
improve the outcomes of “reduce and replace” genetic vector control strategies (Okamoto et al.,
2013; Robert et al., 2013). Moreover, genetic drive systems for population replacement
strategies still need further improvement, thus improving strain fitness through backcrossing to

genetically diverse strains can reduce the rate of transgene elimination in the field, thereby
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reducing the number of individuals needed for release and reducing the need for strong genetic

drive systems.
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Figure 2.1: Titer and infection rate of the early EGFP expressing Carb lines A) G3 B) G5 infected with DENV2 Jamaica 1409.
A) depicts 1 replicate of individual whole mosquito titers in plaque forming units (pfu) per mosquito of multiple lines at 12 days post
infection (dpi). The groups are the Higgs white eye (HWE), parent strain of the Carb lines, the Carb52 line, the Carblmale line and
female lines, the Carb22 male line, the Carb 96 female, the Carb109 male and female lines, the Carb175 female line, the Carb194
male line, the Carb203 female line. B) depicts 1 replicate of individual whole mosquito titers in plaque forming units (pfu) per
mosquito infected with 1.6 X 107 pfu/ml DENV2 Jamaica 1409 at 7, 10 and 14 dpi. The groups are the HWE line, the Carb52 line, the
Carb109 female and male lines, and the Carb175 male line. The numbers following the strain name indicate whether the line is male,
M, or female, F, derived. The horizontal lines indicate the mean titer of each group and the bars indicate standard error. Above the
graph, the number of individuals titrated in each group, n, is indicated. Below the graph shows the percentage of mosquitoes infected
in each group.
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Figure 2.2: Titers and infection rate of Carb lines (G3) infected with A) DENV3 Mex BC177 and B) CHIKV 37997. Both
graphs depict individual whole mosquito titers in plaque forming units (pfu) per mosquito infected with either A) 2.3x108 pfu/ml of
DENV3 Mex BC177 or B) 8.1x107 pfu/ml of CHIKV 37997. Mosquitoes were titrated in graph A 7dpi and in graph B 5dpi and
12dpi. The groups shown above are HWE line, Higgs white eye, parent strain of the Carb lines, the Carb175 female line, the Carb109
male, the Carb52 line. The numbers following the strain name indicate whether the line is male, M, or female, F, derived. The
horizontal lines indicate the mean titer of each group and the bars indicate standard error. Below the graph shows the days post
infection (dpi). n= 35-40 for all groups.
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Figure 2.3: Transgene integration characterization of Carb109 mosquitoes. (A). Southern
blot analysis to detect transgene integration sites among pMos-Carb/Mnp/i/Mnp/svA
transformed Ae. aegypti. Total DNA was extracted from five G4 females per sample and digested
with Kpnl or Pstl. Blots were hybridized overnight at 48°C with random-primed *?P-dCTP-
labeled DNA probes corresponding to the left arm of the mariner Mos1 TE or the prM encoding
region of the IR effector. (B). Southern blot analysis to detect transgene integration sites among
Carb109 lines in Gg mosquitoes and Carb109 x GDLS backcrosses. Total mosquito DNA was
extracted from three females and digested with Pstl. Blots were hybridized overnight at 48°C
with a random-primed 32P-dCTP-labeled DNA probe corresponding to the left arm of the
mariner Mos1 TE. Lane 1: HWE; lane2: Carb109F G9 line; lane 3: Carb109M G9; lane 4:
GDLS BC6 X Carb109F line; lane 5: GDLS BC6 X Carb109M line. (C). Physical mapping of a
transgene integration site in Carb109 mosquitoes. In bold: mariner Mos1 TE target sequence
motif; in bold and underlined: duplication of the TE target sequence as a consequence of mariner
Mos1 integration. (D) PCR assay and gel electrophoresis to confirm integration site of the TE in
Carb109 mosquitoes. M=size marker; lanel: Carb109, amplicon of mariner Mos1 left arm and
flanking sequence of supercontig 1.470 (primers maLeft FWD/10318 REV); lane2: Carb109,
amplicon of mariner Mos1 right arm and flanking sequence of supercontig 1.470 (primers 10318
FWD/maRight REV); lane3: HWE, amplicon of the same region of supercontig 1.470 (primers
10318 FWD/10318 REV).
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Figure 2.4: Characterization of transgene expression. (A to C) detection of transcripts
derived from the DENV?2 targeting IR effector among midguts of bloodfed Carb109 females. (A)
Northern blot to detect the DENV2 prM derived IR RNA in midguts of bloodfed Carb109
females from the male and female derived lines, respectively (arrow). HWE and Carb52
mosquitoes were used as controls. (B) The same effector RNA was only weakly detectable in
midguts of bloodfed Carb175 females of male and female derived lines, respectively (arrow).
Blots were overexposed for 72 h using Carb109 RNA as control. (C) Detection of IR effector
RNA at 20 h post-bloodmeal in midguts of Carb109 females that had been backcrossed for six
generations with the GDLS strain. The ethidium-bromide stained gel is shown as loading control.
Total RNA was extracted from pools of 20 midguts. Blots were hybridized with a 32P-dCTP
labeled random primed DNA probe corresponding to the prM encoding cDNA of DENV2.
Hybridization temperatures ranged between 45 and 48°C.
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Figure 2.5: Titer by plague titration of whole mosquitoes 7 (A) and 14 (B) days post infection (dpi) with DENV2 Jamaica 14009.
The graph depicts 3 replicates of individual titers in plaque forming units (pfu) per mosquito of the HWE line, Higgs white eye, parent
strain of the Carb109 line, the GDLS line, genetically diverse lab strain, the CarbFe line, Carb109 female line, the CarbMa line, the
Carb109 male line, the MaBC5- line, the introgressed Carb109 male line negative for the eye marker at the 5th BC, the FeBC5- line,
the introgessed Carb109 female line negative for the eye marker at the 5th BC, the MaBC5+, the introgressed Carb109 male line
positive for the eye marker at the 5th BC, and the FeBC5+, the introgressed Carb109 female line positive for the eye marker at the 5th
BC. The numbers following the strain name indicate the number of dpi the samples were collected, 7 or 14 days. The horizontal lines
indicate the mean titer of each group. Groups found to differ significantly by titer (H=520, df=14, p <0.001) by a Kruskall-Wallis and
a Dunn's multiple comparison post hoc test (p <0.001) are designated with a different letter (A or B) above each group. A Pearson’s
chi-squared test was also performed between the groups designated by the Dunn’s test which showed that the proportion of zeros
between the groups A and B were statistically significant (y2= 306.8, df=1, p<0.0001). The number above the graph depicts the
number of individuals titrated in each strain, N, and the number below the graph indicates the percentage infected.
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Figure 2.6: Transgene stability in the Carb77 (A) and Carb109 (B) lines after 5 backcrosses to the GDLS. The graphs show the
frequency of EFGP positive larvae after 5 backcrosses to a GDLS with selection over 5 generations. (A) Shows the proportion of
EGFP larvae in the Carb77 backcrosses. (B) Shows the proportion of EGFP larvae in the Carb109 backcrosses. * indicates
significantly different from the expected 0.50 frequency (Fisher’s exact test, p < 0.001).
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Figure 2.8: Transgenic allele frequencies among Carb109/GDLS backcrossed mosquitoes over five generations (F1-F5) in
absence of selection for the transgenic phenotype. Initial frequencies (p0) of the Carb109 transgene were either (A) 0.5 (transgenic
heterozygote x transgenic heterozygote) for Carb109F/GDLS.BC1, Carb109M/GDLS.BC1, Carb109F/GDLS.BC5, and
Carb109M/GDLS.BC5 or (B) 0.25 (transgenic heterozygote x GDLS) for Carb109F/GDLS.BC1, Carb109M/GDLS.BC1,
Carb109F/GDLS.BC5, and Carb109M/GDLS.BCS5. Fifteen lines were established for each of the eight experiments. Proportions of
EGFP-expressing offspring were estimated by examining 150 larvae from each of the 15 lines over five successive generations (F1-
F5) of inter-breeding without selection for the transgenic phenotype. Bars around mean proportions represent the 95% Highest Density
Intervals (95% HDI). Proportions showing non-overlapping 95% HDI are significantly different.
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CHAPTER HlI: LIFE HISTORY CHARACTERISTICS OF A TRANSGENIC AEDES
AEGYPTISTRAIN REFRACTORY TO DENGUE VIRUS 2 INFECTION AFTER

INTROGRESSION INTO A GENETICALLY DIVERSE LAB STRAIN

Introduction

Dengue viruses (DENV) are estimated to infect almost 400 million people annually
making dengue the most important human arboviral disease (Bhatt et al., 2013). Difficulty in
development of a dengue vaccine and the absence of a nonhuman reservoir host in the urban
dengue cycle makes vector control the most effective current strategy to reduce DENV
transmission. Historically, vector control for the main DENV vector, Aedes aegypti, has
involved environmental modification, such as removal of containers used as oviposition sites,
biological control through introduction of a predatory species, or insecticides to reduce the vector
population size, but these strategies are plagued by ethical issues and have transient
effectiveness. Most control programs now implement an integrated approach to vector control
and genetic vector control has become an option in an integrated vector control program. The
first field releases of genetically modified Ae. aegypti used irradiated, sterilized males, but these
were unsuccessful due to fitness reduction associated with the methods of sterilization, lack
planning, (Curtis et al., 1976; McDonald et al., 1977; Petersen et al., 1977) or were proof of
concept experiments (Rai et al., 1973). Recent genetic population reduction strategies using
lethal dominant technology have been more successful (Harris et al., 2012), but this strategy
would be most successful in concert with other vector control methods (Curtis and Graves, 1988;
Whitten and Foster, 1975).

Another genetic control strategy to complement vector suppression strategies involves

replacement of a vector population with a population that is engineered to be refractory to a
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pathogen (Curtis and Graves, 1988). A previously developed a RNA interference based
transgenic Ae. aegypti resistant to DENV2, but after G13 the resistance phenotype was lost and
there were reductions in the laboratory population fitness of the transgenics (Franz et al., 2009,
2014; A. Franz et al., 2006). Some of the fitness associated with backcrossing this strain into a
GDLS were described in Chapter 2 and in previous studies (Franz et al., 2014). In these studies,
introgression of the transgene into a GDLS background led to improvement of the fitness of
transgene heterozygotes. This chapter further evaluated the fitness costs associated with using
an RNAI based transgenic Ae. aegypti engineered with resistance to DENV2 infection as a
method for DENV control. This study focuses on the creation of the transgenic A. aegpyti
strains refractory to DENV2 and the fitness of these new transgenic strains. Transgenic strains
that maintained stability and function over time, as assessed in Chapter 2, were used in fitness
experiments to determine the mosquito fitness after introgression of the transgenes into a
genetically diverse lab population (GDLS). Additionally, in this chapter I further characterized
the fitness of the homozygous transgenic lines, which were found to gain little benefit from
introgression as described in Chapter 2. These experiments support the possibility of a
population replacement strategy as part of DENV control program and demonstrate the
importance of outcrossing transgenic lines to improve fitness.

Materials and Methods

Transgene Design

Plasmid DNA construction and germ-line transformation were described previously (A.
Franz et al., 2006). In brief, 1505 Ae. aegypti Higgs white eye (HWE), a Rexville D strain
variant, preblastoderm embryos were microinjected with a mariner Mosl nonautonomous Class

Il transposable element (TE) helper plasmid and a pMos-Carb/Mnp+/i/Mnp-/svA donor plasmid.
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Mosquito colony maintenance

All stages of mosquitoes were maintained at 28 °C + 2 °C, 80% + 5% relative humidity
and 14:10 hour light dark photoperiod. Unless otherwise stated, larvae were reared at a density
of ~100 mosquitoes per L and were fed ~0.35g of 50:50 flake fish food (Tetramin, Melle,
Germany) and rodent diet (Harlan Labs) every other day until pupation after which they were
placed into 2.5L cartons. After emergence adults were provided sugar and water and were given
a citrated sheep blood meal (Colorado Serum Co., Boulder, CO) 5 to 8 days later.

Immunofluorescence assay (IFA)

Indirect IFAs were conducted as described earlier (Kuberski, 1979) using the 3H5
DENV?2 E specific antibody on midguts stored in a 4% paraformaldehyde PBS solution, or head
squashes fixed on a glass slide with 100% acetone. The IFAs were conducted to characterize the
midgut infection phenotype of each strain.

Vector competence of BC5 and phenotypic recovery by transient silencing of Dcr2

Total RNA was extracted from adult HWE strain Ae. aegypti with the RNeasy kit
(Qiagen, Valencia, CA) and cDNA was generated by RT-PCR using the Superscript 111 RT kit
(Invitrogen, Carlsbad, CA) with oligo (dT) primers. Then PCR amplification and gel
purification were performed on a ~500bp region of the RNA binding domain of Dcr2 (Sanchez-
Vargas et al., 2009) and on a ~500bp region of the Bgal gene of an Escherichia coli cDNA clone
(Keene et al., 2004) both with incorporated 5’ T7 promoter sequences. The products were then
in vitro transcribed, purified, and the quality and quantity of the dSRNA was checked (Keene et
al., 2004). Approximately 200, four to six day old females that were positive for the EGFP eye
marker by fluorescence microscopy of both the original (G7) and backcrossed (5" BC) carb109
lines were intrathoracically injected with Dcr2 dsRNA, or subjected to one of the 3 controls;
Bgal dsSRNA injection, PBS injection, or no injection. The dsRNA was diluted to 6ug/ul in
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phosphate buffer solution (PBS) resulting in 892 ng dsSRNA per injection using the Nanoject Il
injection system (Drummond Scientific, Broomall, PA). Reduction in Dcr2 mRNA was
calculated from 5 Carb109M and 5 Carb109F non-injected and Dcr2 injected females by gPCR
using the Quanifast SYBR green kit (Qiagen, Valencia, CA), using the primers described in
previous studies (Khoo et al., 2010).

Approximately 36 hours post-injection the mosquitoes were given an infectious blood
meal containing 8.6 X 10° pfu/ml DENV2. As described in previous studies, high passage
DENV2 Jamaica 1409 at an MOI of 0.01 was used to infect C6/36 cells in L-15 media
supplemented with 3% heat inactivated fetal bovine serum, 1% streptomycin and 1% L-
glutamine for 12 days at 28° C (Bosio et al., 1998). The medium was replaced 5 to 6 days after
infection. Non-injected HWE mosquitoes were also included as a positive control. Mosquitoes
were collected 14 days post infection (dpi) and virus titers were assessed by plaque assay.

Evaluation of transgene fitness by introgression into a GDLS

Introgression mating
At G5 a subset of the eye marker positive mosquitoes from both Carb109 lines (G5) were

reciprocally intercrossed (BC1) with the genetically diverse lab strain (GDLS) followed by 4
reciprocal backcrosses (BC2-BC5) to the GDLS. Fitness traits were calculated separately for
each reciprocal cross of each BC unless specified, but for creation of the next generation the
reciprocal BCs were combined at each generation.

Fitness of backcrossed Carb109 lines
Adult fecundity at first oviposition, hatch rate, egg viability, ratio of transgenic offspring,

sex ratio, transgenic sex ratio, adult survival, larval development, larval survival and larval
energy reserves were the fitness traits examined in this study. To determine fecundity, hatch rate
and egg viability, 40 to 80 blood fed females from each cross were caged individually in 1.25L

cardboard cartons (Huhtamaki, Fulton, NY) with organdy lids. At BC1 and BC4, forty
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individually caged blood fed GDLS females were also used as a control. These two GDLS
controls were combined and used as a control for all BCs.

Each cage was provided with a sugar source and an oviposition site. After 4 days post
blood meal the egg liner was removed and the eggs were counted to determine the fecundity of
each female at first oviposition. Then the eggs were dried for at least 4 days then hatched in
~1L of water. Egg liners were left in the pans for approximately 12 hours. The number of larvae
during the first hatch was recorded and the larvae were raised to adults. To determine the
viability of the unhatched eggs, the egg liners were removed from the water, dried for another 2
days and then hatched a second time under the same conditions. After 48 hours all larvae present
were counted. Any remaining unhatched eggs were counted and examined for viability using the
Trpis method (Trpis, 1970). Transgene fitness was evaluated by determining offspring sex ratio
and the transgenic sex ratio. For each strain, approximately 60 larvae were randomly selected at
each backcross and all of the resulting pupae were sexed and separated by EGFP marker
expression. The percent transgenic larvae was determined by the presence of the EFGP eye
marker under a fluorescence microscopy. The differences between GDLS and the Carb109M
and Carb109F hatch rates were calculated by Kruskall-Wallis analysis on the ranked data
followed by a Dunn’s test (SigmaPlot, Systat Software, San Jose, CA). Fecundity differences
between groups were evaluated by a 2-way ANOVA with strain and backcross as main effects
(SigmaPlot, Systat Software, San Jose, CA).

To compare adult survival rates, the reciprocal crosses of both Carb109 BC lines were
screened for the EGFP eye marker, and then combined to make two lines, one Carb109M and
one Carb109F. The GDLS line was used as a control. At BC1-4, each line was separated into

two groups of 8 cages containing either 20 blood fed or 20 non-fed 4 day old females. All
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females were also provided sugar ad libitum. The insectary conditions, blood feeding protocol
and general mosquito maintenance were as described in the colony maintenance section.
However, the blood fed group was fed on day 4 and day 11 post emergence and an oviposition
site was not provided to prevent oviposition associated mortality. Every day mosquito survival
was recorded until all mosquitoes had died or until the mosquitoes were 31 days post emergence.
For each strain and each backcross, adult survival curves were created and compared by a log
rank test (SigmaPlot, Systat Software, San Jose, CA).

To compare larval development rates and estimate larval energy reserves the reciprocal
crosses of both Carb109 BC lines were screened for the EGFP eye marker, and then combined to
make two lines, one Carb109M line and one Carb109F line. Larval development was compared
between 8 pans for each Carb109 BC and the GDLS at two pan densities 200 larvae/L (high) and
50 larvae/L (low). On days 5 through 7 post hatch the survival and developmental stage of each
individual was calculated by head capsule width (Lardeux and Tetuanui, 1995). On days 6 and 7
post hatch, the number of emerged mosquitoes were counted, and the percentage of emerged
mosquitoes was probit transformed and analyzed in a general linear model (GLM) with strain,
backcross, and density level as main factors (SigmaPlot, Systat Software, San Jose, CA). During
the first two days of pupation, each individual was removed and discarded, but for BCs 1, 3 and
5 on the third day 100 females were randomly selected from each group and split into 5 cages of
20 individuals. These females were starved and provided with only water to estimate the energy
reserves acquired during the larval stage. Each day the number of dead females were counted
and their survival curves were compared by a Log Rank test.

Creation of homozygous Carb109/GDLS lines

At intercross 2, 30 lines from each cross were created by intercrossing 3 EGFP positive

females with 1 EGFP positive male. The offspring from each cross were screened and those
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groups with 100% EGFP expression were retained and put into EGFP positive groups of 5
females and 1 male. The offspring from this cross were screened for the EGFP eye marker, all
lines with 100% positive offspring were retained. This process was repeated twice to verify
homozygosity and to obtain large enough numbers for colonization. To further confirm
homozygosity, both lines were backcrossed to the HWE line and the offspring were screened for
EGFP expression.

Fitness and vector competence of the homozygous, GDLS introgressed Carb109
lines

The number of eggs per female, hatch rate and sex ratio were calculated as described
above from 30 individual females from each homozygous strain. The GDLS and 20 individuals
from the early generation Carb109M line were used as a control. DENV2 Jamaica 1409 oral
infections were conducted by the methods described previously on the three homozygous
Carb1009 strains to determine their DENV2 vector competence.

Results
Characterization of Carb109M midgut DENV2 infection by IFA

The proportion of DENV?2 infected midguts was reduced in the Carb109M line as
compared to the HWE line (Fig. 3.1) 4 days post infection (dpi). Additionally, the intensity of
infection was also lower 4 dpi in the Carb109M line versus the HWE line, by indication of larger
infection foci in the HWE line (Fig. 3.1). By 10dpi 74.3% of the Carb109M line had no DENV2
infection in the midgut (Fig. 3.1, D-B). In the remaining 25.7% Carb109M individuals with a
midgut infection at 10 dpi, none had an infection disseminated to the head, while 94.0% of
individuals in the HWE line with a midgut infection at 10 dpi had a disseminated infection.

Most of the infected midguts at 10 dpi had a limited infection in the anterior midgut with just a

few small foci of infection (Fig. 3.1, D-C). Only 5.7% of Carb109M midguts had an infection in
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the posterior midgut. Furthermore, they had much smaller infection foci as compared to the
HWE positive mosquitoes (Fig. 3.1, D-A and D-D) and had no disseminated infection.

Partial susceptible phenotype recovery from dsRNA Dcr2 knock down

Carb109M and Carb109F G9 mosquitoes showed a recovery of their DENV2 susceptible
phenotype after injection with dsSRNA to Dcr2. The Carb109M strain had a 33.33%
disseminated infection rate (n=24) and the Carb109F had a 37.50% disseminated infection rate
(n=24) 12 dpi after injection with dSRNA to Dcr2 as compared to the non-injected, PBS injected
and Pgal injected control groups (n=15), which all had a 0.00% disseminated infection rate. The
positive control, HWE strain (n=15), showed a 66.67% dissemination rate. The average dsSRNA
knock down of Dcr2 was 37.0 fold in the Carb109F and 28.4 fold in Carb109M 36 hours post
injection by gPCR (data not shown).

Fitness of the GDLS introgressed Carb109 lines

Sex ratios of Carb109M, Carb109F introgressed and GDLS lines
The overall sex ratio for each line was slightly skewed towards males, however, it was

not a large deviation from a 1:1 ratio (Fig. 3.2). Once the mosquitoes were separated by their
EGFP expression the differences in sex ratio were skewed more towards males in the first two
backcrosses (Fig. 3.2). Mosquitoes skewed towards males are fairly common in the wild and in
colony, and this ratio, while skewed is within the range of other studies (Hapairai et al., 2014;
Hickey and Craig, 1966; Owusu-Daaku et al., 1997; Vinogradova, 2011). This sex ratio could be
skewed for a variety reasons including linkage of the transgene to the sex loci or sex linked
meiotic drive (Hickey and Craig, 1966; Owusu-Daaku et al., 1997). However, there was no
significant difference in Carb109 sex ratios compared to the GDLS in all mosquitoes (p>0.05) or

for transgenic mosquitoes only (p>0.05).
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Hatch rate
Figure 3 shows that there is initially a lower hatch rate in the Carb109 lines compared to

the GDLS line, but by BC3 there is no difference in hatch rate in any of the groups. Comparison
of the hatch rate after the first hatch (Fig. 3.3A), and the total hatch rate (Fig. 3.3B), shows that
there was no difference in hatch overall between the GDLS and Carb109 lines indicating a
delayed hatch in the Carb109 lines before BC3. Egg viability was not statistically different from
GDLS (H=0.76, df=8, p>0.05) at any time point for any line.

Fecundity
The fecundity at first oviposition was also lower for the first two backcrosses, but was

recovered by BC3 (Fig. 3.4). There were also significant differences between strains, but these
differences were attributed to the differences in the earlier backcrosses as there were no
significant differences after applying a Tukey post hoc test to the strain main effects (Fig. 3.4).

High and low density larval development and energy reserves
Larval development time was longer for the Carb109 lines raised at high densities, but

not for those at low densities (Table 3.1). At the lowest larval density, the mean percentage of
larvae that emerged at day 7 did differ from the GDLS at backcross 5, but this is due to the high
emergence rates in the Carb109 lines (Table 3.1). Therefore, the Carb109 lines did not develop
significantly slower than the GDLS at any backcross in the low density pans. There is a
significant difference between Carb109M and the GDLS larvae at high densities (Table 3.1).

To assess the energy reserves acquired by the larvae, Carb109F and Carb109M adult
females raised in the high and low density larval conditions were given no food resources, only
water, after emergence. Carb109M and Carb109F larvae raised at high densities had
significantly lower survival as adults compared to the GDLS at BC1 and BC3, but the mean time
to death did not vary by even 1 day at any backcross (Fig. 3.5). Females raised at a low density

had no significant differences in adult survival between any group in any backcross (Fig. 3.6).
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Adult survival with sugar only and sugar and blood resources
Survival of adult females fed only sugar was lower in the Carb109M line through BC4

and through BC3 in the Carb109F line compared to the GDLS line (Fig. 3.7), but there was no
difference in survival during any cross for mosquitoes fed sugar and provided with weekly blood
meals (Fig. 3.8). Differences in mean time to death was never greater than 4 days between any
group in the sugar only or weekly blood feeding groups, even when significantly different (Figs.
3.7 and 3.8).

Fitness of homozygous strains

The mean number of eggs per female was significantly lower in all of the Carb109
homozygous strains compared to the GDLS and the early intercross Carb109M homozygous
strain (Figs. 3.9A, 3.9D). The large difference in the number of eggs laid per female resulted
from a large number of females in the Carb109M homozygous groups not laying any eggs. After
the 20% to 30% of females that did not lay any eggs were omitted, the mean number of eggs laid
was still significantly different from the GDLS (H=73.49, df=4, p<0.001, Dunn’s multiple
comparison p<0.05), but not from the early intercross Carb109M homozygous strain. The hatch
rate was also significantly lower in the Carb109 homozygous strains compared to the GDLS and
the early intercross Carb109M homozygous strain (Figs. 3.9B, 3.9D). There was no significant
difference between the sex ratios of the GDLS, the early intercross Carb109M, or the Carb109
homozygous strains (Fig. 3.9C, 3.9D).

Discussion

The Carb77 line from Franz et al., (2006) demonstrated fitness deficits compared to non-
transgenic strains, which has been commonly found in many recent studies that examine the
fitness of transgenic mosquitoes (Catteruccia et al., 2003; N Irvin et al., 2004; Junitsu Ito et al.,

2002; Koenraadt et al., 2010; Marrelli et al., 2006; Massonnet-Bruneel et al., 2013; L. a Moreira
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etal., 2002; L. Moreira et al., 2002; Moreira et al., 2004). Recent studies that showed no fitness
reduction associated with transgenic mosquitoes, only compared the transgenic fitness to a
highly laboratory adapted parent strain (Amenya et al., 2010; Massonnet-Bruneel et al., 2013;
McArthur et al., 2014). The focus of these studies was centered on the transgene itself with
negative effects associated with the transgene insertion site, the transgene product (Marrelli et
al., 2006); inbreeding effects also play a large role in the fitness reduction (Koenraadt et al.,
2010). These inbreeding effects are associated with the highly interbred parent strain and the
inbreeding associated with the creation of a homozygous strain. In this study, the parent strain
was the HWE line, which has been colonized for 20+ years, and maintains a recessive white eye
phenotype utilized for ease of screening for the EGFP marker. Backcrossing the Carb109 lines
to a GDLS increased the mean number of eggs laid, reduced hatch delay, increased the survival
of sugar fed females, and increased the competitiveness of the Carb109 line in small GDLS
laboratory populations. A similar backcrossing strategy was used previously before a small
cage release study of RIDL transgenic mosquitoes, and these also remained competitive in a
GDLS population (Valdez et al., 2010). Rapid creation of a homozygous strain requires
inbreeding. Previous studies have shown that there is a large inbreeding depression associated
with homozygosity (Catteruccia et al., 2003; Nic Irvin et al., 2004; Junitsu Ito et al., 2002; L.
Moreira et al., 2002). This inbreeding depression is caused by allele similarity between closely
related individuals resulting in an increase in deleterious recessive alleles. The early intercross
of the Carb109M also showed a reduced fitness compared to the GDLS, but this was not
significant. These results suggest that in this case, inbreeding may have a large influence on the
fitness reduction in this line. Additionally, since the transgene is located in the 3° UTR of a

coding region there may be no large fitness detriment when heterozygous, because expression of
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the non-transgenic allele may be sufficient for a normal phenotype. In contrast, once the
mosquito is homozygous it has fitness deficits. However, previous work on this line indicated
that the transgene is likely linked to a recessive mutation and thus in the homozygous strain the
recessive allele becomes fixed (Franz et al., 2014).

Additionally, not all fitness parameters were improved with backcrossing to the GDLS,
mainly larval survival when raised at a high density. Aedes aegypti is highly influenced by
density dependent in the larval stage. High density larval conditions have been shown to
adversely affect RIDL transgenic Ae. aegypti (Bargielowski et al., 2011). High food
competition, similar to high density conditions, increased mortality in transgenic A. aegpyti
compared to wild and inbred larvae in other studies (Koenraadt et al., 2010). Similar results
were also seen in this study; the high density lines had reduced fitness compared to those raised
in low density conditions. The increased high density mortality of the Carb109 strain may
potentially detrimental in the field as conditions are more often sub-optimal. This study did not
examine larval competition between the GDLS and Carb109 lines, but another study examined
larval competition between transgenic and wild type lines suggested that there also may be
further mortality associated with larval competition (Koenraadt et al., 2010). But, in general,
introgression of the Carb109 transgene into a GDLS genetic background improved the overall
fitness of the mosquito.

In this study, introgression of a transgene into a population of interest has been shown to
increase the fitness of a transgenic mosquito. Applications of this strategy in a field release
program may increase the probability for programmatic success. Yet, while we used the GDLS
to attempt to simulate a wild population, this strain is still laboratory adapted, and this may pose

an obstacle for utilization in the field. Additionally, previous backcrossing experiments with the
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Carb77 strain did not result in the same success, and thus this strategy may only be effective on a
line to line basis. These experiments were only conducted with a GDLS created from one region
in Mexico. The wide range of genetic variability in A. aegpyti would likely require introgression
into genetic backgrounds specific to that region, which is time consuming and possibly not
practical on a large scale. With these considerations, this study still demonstrates the utility of
introgression of a transgene into the population of interest prior to evaluating the fitness potential

of a transgenic mosquito.
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Figure 3.1: Detection of DENV2 by IFA in the HWE and Carb109M lines 4 and 10 dpi with DENV2 Jamaica 1409. (B-D) shows
the midgut infection of the Carb109M male line 10dpi. Below each picture shows the percentage of midguts (n=34) with (B) no
infection, (C) infection of the anterior midgut, (D) foci of midgut infection. At 4 dpi the Carb109M had either small foci of infection
(F) or no infection (G) with the percentage in each group shown below (n=34). The positive controls HWE 10dpi (A) and HWE 4dpi
(E) with the percentage positive shown below.
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Figure 3.2: Sex ratio and and transgenic sex ratio over the 5 backcrosses to the GDLS. (A) shows the mean sex ratio EFGP
positive mosquitoes over 5 BCs. The Carb109M lines (gray circles) and the Carb109% lines (black triangles) is the observed EGFP
frequency the first replicate (filled shapes) or the second replicate (open shapes). The sex ratio is calculated as the number of
males/number of females. Therefore, sex ratio >1 is skewed towards males. n= approx. 30 to 60 offspring from 60-80 individual
females. The GDLS control (black square) is represented by the dotted black line. The bars indicate standard error.
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Figure 3.3: Hatch rate of eggs over 5 backcrosses to the GDLS. (A) shows the mean hatch
rate EFGP positive mosquitoes over 5 BCs for the first hatch only. (B) shows the mean hatch rate
EFGP positive mosquitoes over 5 BCs for the combination of the first and second hatch . The
Carb109M lines (gray circles) and the Carb109% lines (black triangles) are the observed EGFP
frequency in the first replicate (filled shapes) or the second replicate (open shapes). The GDLS
control (black square) is represented by the dotted black line. The bars indicate standard error.
(C) shows the results of the Kruskall-Wallis analysis of the ranked percentage hatched eggs. The
H statistic was derived for all group comparisons, and the difference of ranks and g statistic were
calculated through a post hoc Dunn’s test. * indicates significant differences (p< 0.05) between
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Figure 3.4: Fecundity of the Carb109 lines during 5 backcrosses to the GDLS. (A) each data point is the mean number of eggs
laid per female from n=60-80 individual females. Females that did not lay eggs were omitted from the calculations. The gray lines

with circles indicate replicates of the crosses of the Carb109 male line. The solid black lines with triangles indicate replicated of the

crosses of the Carb109 female line. The GDLS control (dashed line with black squares) is represented by the dotted black line. The
bars depict standard error. (B) the upper table shows the statistical results of a 2-way ANOVA with strain and back cross as main

effects. Analysis was conducted on ranked data meet to the assumptions of the model. The lower table shows the p-value table from

a Tukey post hoc test to identify the differences in the main effect of back cross. Abbreviations are as follows, BC- backcross, DF-
degrees of freedom, SS- sum of squares, MS- mean sum of squares, F- F statistic, p- p-value.
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Table 3.1: Statistical results from larval development experiments. A) Mean percentage of larvae that emerged at day 7 post hatch.
SE indicates standard error of the 8 replicates. B) The results of a 3-way ANOVA with strain, back cross and larval density as the 3
main effects. The data was probit transformed to meet the normality and equal variances assumptions of the model. Significant main
effects and interactions were then compared by a Tukey test. The p-values for the significant interactions in the low density (lower
left) and the high density groups (lower right) are shown. Abbreviations are as follows, BC- backcross, DF- degrees of freedom, SS-
sum of squares, MS- mean sum of squares, F- F statistic, p- p-value.

A B
Mean percentage Source of Variation DF SS MS F P
Strain BC | Density | emergedatday7 | SE Strain 2 1.73 0.86 28.27| <0.001]
Carb109M 1 |low 38.26 2.41 BC 2 3.12 1.56f  51.01 <0.001
Carb109M 3 |Low 43.88) 2.56 [Density 1 3539 3539 1157.35 <0.001
Carb109M 5 Low 57.41 3.81 IStrain x BC 4 0.43 0.11 3.52 0.009
Carb109F 1 Low 29,23 1.87 iStrain x Density 2 0.33 0.16 5.36 0.006
Carb109F 3 Low 27.55 2.00 BC x Density 2 0.73 0.37| 11.93] <0.001
Carb109F S |low 51.38 2.85 Strain x BC x Density 4 0.34 0.09 279 0.029
GDLS 1 |low 33.75 2.74 Residual 126,  3.85 0.03|
GDLS 3 Jlow 25.99 1.99 [Total 143 45.92 0.32|
GDLS 5 |Low 39.68 1.92 T TowDensity Smple M Efiec High Density Simpie Msl
" w Dens Imple Viain Ig nsi Imple Viain
gar:iggm ; :'g: igﬁ? igg |Backcross | Factor |Carb109M |Carb109F Effects
wll '8 . : BC3 Carb109M - <0.001 Factor _|Carb109M _|Carb109F
Carb109M 5 High 13.01 1.34 Carb109F | <0.001 - Carb109M . 0.006
Carb109F 1 [High 6.08 0.53 GDLS <0.001 0.85 Carb109F 0.006 -
Carb109F 3 |High 9.0 097 BeS e T e 005 | 0g5
Carb109F 5  |High 12.62) 0.87 GoLs ©0.001 | 0002
GDLS 1 [High 7.35 0.82
GDLS 3 |High 10.00 0.68 Backcross | Factor BC1 BC3
GDLS 5  [High 11.17 0.91 Carb109M__ BC1 : 021
BC3 0.21 -
BCS <0.001 | <0.001
Carb109F BC1 - 0.82
BC3 0.82 -
BC5 <0.001 <0.001
GDLS BC1 g 0.03
BC3 0.03 .
BCS 0.15 <0.001
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Figure 3.5: Survival of Carb109 adults raised at high larval densities. This figures shows the survival curves and mean survival of
adult female Carb109F (dark gray), Carb109M (black) and GDLS raised as larvae at a density of 200 larvae/1L. Females were given
no sugar or blood as adults. The top survival curves are for A) backcross (BC) 1, B) BC3 and C) BC5. The lower table depicts the
mean survival time (days) and 95% confidence intervals. These values were calculated using Kaplan-Meier survival curves. **
indicates significant differences between the experimental group and the GDLS control with a p< 0.001 and an * indicates significant
differences with p< 0.05 as determined by a Log Rank test and Holm-Sidak multiple comparison test.
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Figure 3.6: Survival of Carb109 adults raised at low larval densities. This figures shows the survival curves and mean survival of
adult female Carb109F (dark gray), Carb109M (black) and GDLS raised as larvae at a density of 50 larvae/1L. Females were given
no sugar or blood as adults. The top survival curves are for A) backcross (BC) 1, B) BC3 and C) BC5. The lower table depicts the
mean survival time (days) and 95% confidence intervals. These values were calculated using Kaplan-Meier survival curves. There
were no significant differences between any survival curve by a Log Rank test (p> 0.05).
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Figure 3.7: Survival of sugar fed adult female Carb109F and the Carb109M. The figures
show survival curves for sugar fed adult females. The graphs depictsurvivalat A) BC1,B) BC2,
C) BC3 and D) BC4. The mean survival time (days) and 95% confidence intervals were
calculated using Kaplan-Meier survival curves. The significant differences between curves were
calculated by a Log Rank test. Curves statistically different were evaluated by a Holm-Sidak

multiple comparison test. Significantly different groups from the GDLS are indicated by * (p<
0.05) and ** (p< 0.001).
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Figure 3.8: Survival of blood fed adult female Carb109F and the Carb109M. The figures
show survival curves for blood fed adult females. The graphs depict survival at A) BC1, B)
BC2, C) BC3 and D) BC4. The mean survival time (days) and 95% confidence intervals were
calculated using Kaplan-Meier survival curves. The significant differences between curves were
calculated by a Log Rank test. Curves statistically different were evaluated by a Holm-Sidak

multiple comparison test. Significantly different groups from the GDLS are indicated by * (p<
0.05) and ** (p< 0.001).
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Figure 3.9: Fitness of the Carb109 homozygous introgressed lines compared to GDLS and early introgression lines.These
graphs show (A) the mean number of eggs laid per female, (B) proportion of eggs hatched at first hatch, (C) the sex ratio. D) is

statistics table for the Kruskall-Wallis and Dunn’s post hoc tests. The Carb109 BC1 is an early backcross cross of the male
homozygous line, and the Carb109M/GDLS Line 7 and Carb109F Lines 9 and 10 are homozygous lines. Bars indicate SE. * indicates

groups significantly different by a Kruskall-Wallis test and a Dunn’s post hoc test.
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CHAPTER IV: EXPRESSION OF ANTI-VIRAL GENES IN AEDES AEGYPTI
ARTIFICIALLY SELECTED FOR DENGUE VIRUS SEROTYPE 2 MIDGUT ESCAPE

BARRIERS OR HIGH DISSEMINATION RATES

Introduction

Understanding the mosquito’s anti-viral response to arboviral infection is key to
developing refractory mosquitoes for genetic control programs. The mosquito anti-viral
response involves the small RNA pathways, SiRNA, miRNA, piRNA and innate immune
signaling cascades. The siRNA pathway identifies dSRNA viral intermediates, and prevents viral
replication and dissemination by binding and cutting viral genomes and transcripts. In mosquito
disease vectors there have been many studies that indicate a role of these pathway in the anti-
arboviral response (Blair and Olson, 2014; Brackney et al., 2010; Keene et al., 2004; Khoo et al.,
2013a; Sanchez-Vargas et al., 2009; Scott et al., 2010). While the siRNA pathway appears to be
the predominant small RNA pathway in anti-arboviral immunity, another small RNA pathway,
the microRNA (miRNA) has also been implicated in the regulation of ONNV in A. gambiae
(Keene et al., 2004). However, more research is needed to understand how these pathways
regulate arboviral infection. Additionally, there are multiple potential anti-viral pathways that
regulate the permissiveness for arboviral infection of mosquitoes. The apoptosis gene IAP2 is
necessary for signaling in the IMD and JNK pathways of D. melanogaster (Gesellchen et al.,
2005) and the apoptosis pathway has recently been demonstrated to prevent SINV infection and
dissemination in Ae. aegypti (Wang et al., 2012). In this study, two Ae. aegypti strains,
artificially selected for low and high permissiveness for DENV2 were used to assess differences
in gene expression of SiIRNA pathway genes, Ago2, Dcr2, R2D2, the miRNA pathway gene,

R3D1, and the apoptosis pathway gene, IAP2,
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This chapter explores the involvement of anti-viral gene expression in the dissemination
of viral infection. The main barriers to arborviral infection are midgut infection barriers (MIB),
midgut escape barriers (MEB) or salivary gland infection barriers (SIB). While all of these
barriers have been demonstrated in nature, the most common DENYV infection barrier is the
MEB. Therefore, the expression of anti-viral genes in the midgut may determine whether an
arbovirus can be replicated and disseminated in a vector.  To study the role of these pathways in
arboviral dissemination in the midgut, two Ae. aegypti strains were selected, D2S3 and D2MEB,
which have a similar genetic background, but have been selected to have high or low viral
dissemination rates. The D2S3 strain was selected for a high ( >80%) DENV2 dissemination
rate and the D2MEB strains was selected for a low (<30%) DENV2 dissemination rate, but high
(>80%) midgut infection rate (Bennett et al., 2005). Therefore, the D2S3 is considered to have
low MIB and MEB, while the D2MEB strain has a high MEB. These strains were examined for
differences in the expression of small RNA pathway genes and apoptosis genes in DENV2
infected mosquitoes. Since, the D2MEB Ae. aegypti strain has a MEB, and the D2S3 Ae. aegypti
does not, differences in gene expression in the midgut between these two strains may suggest a
role of the gene in viral midgut escape.

Additionally, small RNA pathway genes also have other functions that may influence
their expression. The siRNA pathway also has a role in immunity to insect viruses .
Additionally, the small RNA pathways have been shown to be involved with development and
biochemical processing in other insects. Multiple studies have demonstrated that SiIRNAs are not
only derived from exogenous RNA sources for anti-viral immunity, but endo-siRNAs are also
involved in the silencing of genomic transposable elements (Lee et al., 2006) and influence tissue

development (Ghildiyal et al., 2008) and embryogenesis (Lucchetta et al., 2009). These studies

84



demonstrate that the same components required for arboviral immunity are also used for these
other functions. Therefore, | hypothesize that the small RNA pathway genes naturally fluctuate
in expression over the mosquito lifetime and diurnally.

Materials and Methods

Mosquito colony maintenance

All stages of mosquitoes were maintained at 28 °C + 2 °C, 80% + 5% relative humidity
and 14:10 hour light dark photoperiod. Larvae were raised at a density of ~100 mosquitoes per L
and were fed ~0.35g of 50:50 flake fish food (Tetramin, Melle, Germany) and rodent diet
(Harlan Labs) every other day until pupation, after which they were placed into 2.5L cartons.
Post emergence adults were provided 10% (w/v) sugar water.

Vector competence and phenotypic recovery by silencing of Dcr2 and Ago2

To evaluate the role of Dcr2 and Ago2 in the susceptibility to DENV2 infection of
D2MEB and D2S3, D2S3 and D2MEB females were injected with dsSRNA to Dcr2 or Ago2,
created as described in Chapter 2 of this dissertation, approximately 28 to 36 hours prior to an
infectious blood meal. For the infectious blood meal, high passage DENV2 Jamaica 1409 at an
MOI of 0.01 was used to infect C6/36 cells in L-15 medium supplemented with 3% heat
inactivated fetal bovine serum, 1% streptomycin and 1% L-glutamine for 12 days at 28° C. The
medium was replaced 5 to 6 days after infection. The infectious blood meal was prepared for
oral blood feed as previously described (Bosio et al., 1998). An infectious blood meal containing
1.1 x107 pfu/ml DENV2, as determined by plaque assay, was administered in an artificial
feeding system, when the female mosquitoes were 4-6 days post emergence. At 12 days post
infection females were collected and evaluated for head infection/dissemination rates by indirect
IFA as described in previous studies (Kuberski, 1979). This experiment was conducted twice

which resulted in a total sample size of between 30 and 48 individuals per group. DENV?2
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antigen was detected using the 3H5 DENV2 E protein-specific antibody on individual heads
fixed to glass slides with 100% acetone (Kuberski, 1979).

Total RNA extracted from adult female D2S3 and D2MEB strain Ae. aegypti with the
RNeasy kit (Qiagen, Valencia, CA). cDNA was created from the mRNA using the Superscript
Il RT kit (Invitrogen, Carlsbad, CA) using oligo(dT) primers. A ~500bp region of the RNA
binding domain of Dcr2 (Sanchez-Vargas et al., 2009), a ~500bp region of the PIWI domain in
Ago2 (Sanchez-Vargas et al., 2009) and a ~500bp region of the Bgal gene of an Escherichia coli
cDNA clone (Keene et al., 2004) were transcribed produce the dsSRNA. The primers used in
amplification had a 5’ T7 sequence, which were then used in vitro transcribe the dSRNA. The
products were purified, and the quality and quantity of the dSRNA was evaluated as previously
described (Keene et al., 2004). The dsRNA was diluted to 6ug/ul in phosphate buffer saline
(PBS) resulting in 892 ng dsRNA per injection using the Nanoject Il injection system
(Drummond Scientific, Broomall, PA). Reduction in Dcr2 and Ago2 mRNA expression was
determined by Qrt-PCR using the Quanifast SYBR green kit (Qiagen, Valencia, CA), with the
primers described in previous studies (Khoo et al., 2010). Ago2 and Dcr2 expression were
compared to all controls using a y test.

DENYV infection associated expression studies

Female D2S3 and D2MEB Ae. aegypti were given either an infectious or non-infectious
blood meal at day 5 post emergence. The non-infectious blood meal was prepared with the same
medium as the infectious except the cells were not infected. A sample of the blood meal was
taken and frozen at -80°C for later quantification by plaque assay. At 2 hours on days 2, 5, 7, and
10 post infection, between 13:30 and 15:00 hours, 20 D2MEB and 20 D2S3 females were
dissected to separate the midgut and carcass. The samples were stored at -80°C in Trizol for

RNA extraction.
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Lifetime expression studies

Additional D2S3 and D2MEB females from the same cohort were collected as 4™ instar
and pupae and on days 1, 3, 5, 7, 10, 12, 15 post emergence between 13:30 and 15:00. At each
time point, 20 D2MEB and 20 D2S3 females were dissected to separate the midgut and carcass.
The 4™ instar larvae and pupae were not dissected and were evaluated as whole samples. On day
5 female mosquitoes were collected and a portion of the mosquitoes were given a blood meal
with no virus. Thus, for days 5, 7, 10, 12, and 15 two groups of samples were taken at each time
point, 1) blood fed on day 5 and 2) never blood fed. The sample taken on day 5 was collected 2
to 3 hours after the blood meal. All samples were stored at -80°C in Trizol for RNA extraction.

Diurnal expression studies

Subsets of the females fed a non-infectious blood meal in the previous studies were set
aside to examine the variation in gene expression over the day. On day 2 post blood meal, 20
D2S3 and 20 D2MEB females were collected at 4 hour intervals from 8 am to 8 pm. The midgut
and carcass were dissected from each other and stored at -80°C in Trizol for RNA extraction.

RNA extraction and preparation

RNA was extracted from the samples by the Trizol method (Invitrogen, Carlsbad, CA,
USA) per the manufacturer’s protocol and was DNase | digested (Fermentas, Pittsburgh, PA,
USA) per the manufacturer’s protocol. RNA quality and quantity were calculated by NanoDrop
2000 (ThermoScientific, Pittsburgh, PA, USA) and the samples were diluted into multiple
aliquots at a concentration of 0.25 ng per pl for use in qPCR analysis. Based on the quantity and
quality of the RNA extracted and the sample size limitations of the gRT-PCR plate only 12-14

individuals of the 20 collected for each sampling point were analyzed for each time point.
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Quantitative RT-PCR (qRT-PCR) analysis

For each sample, Ct values were determined from a standard curve developed from
serially diluted standards. Standards were created from total RNA extracted from ~20 HWE
strain Ae. aegypti mosquitoes using an RNeasy Kit (Qiagen, Valencia, CA). Then cDNA was
synthesized using the Superscript 111 RT kit (Invitrogen, Carlsbad, CA) using oligo(dT) primers.
PCR amplification was performed using a iQ™ SYBR® Green Supermix (BIORAD, USA) kit
per the manufacturer’s instructions using the primers in Table 1A. The reaction products were
separated on a 1.0% agarose gel and the QIAQuick gel extraction kit was used to isolate
fragments of the appropriate size. Clones were constructed using the TOPO TA cloning kit
(Invitrogen, Carlsbad, CA, USA) per the manufacturer’s instructions and the T7 MAXI script
invitro transcription kit (Ambion) was used to transcribe RNA. Each sample was DNAse
treated and purified using the MEGAclear kit (Ambion). RNA was quantified on the NanoDrop
system and 10-fold serial dilutions were aliquoted into single use tubes prior to storage at -80°C.

A 0.25 ng aliquot of each sample was run on the iQ5 Real-Time PCR Detection System
(BioRad, Hercules, CA, USA) in duplicate using the Quantifast gPCR kit (Qiagen, Valencia,
CA, USA) per the manufacturer’s protocol using the primers and corresponding annealing
temperatures in Table 1B. The RT reaction was conducted for 10 min at 50°C followed by a
PCR reaction (5min at 95°C and 35 cycles of 10 s at 95°C and 30 s at annealing temperatures in
table 1B). The Dcr2 primers used were described elsewhere (C. Khoo et al., 2010). Primers
were designed in Primer3 (Untergasser et al., 2012), optimized and melting curves were
performed to eliminate primer dimers and non-target amplification. All runs were within the 90-
105% efficiency range and the data was normalized to rsp7 as described previously (Boisson et
al., 2006). The standard deviation between technical replicates was typically <0.250 indicating

that the analysis can detect >2 fold differences 95% of the time.
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MRNA copy numbers of each target were analyzed to evaluate the hypotheses that target
gene expression a) is higher in infected versus non-infected individuals, b) is higher in the
midgut than the carcass in infected versus non-infected individuals, c) is higher in the D2MEB
infected versus D2S3 infected individuals, d) varied over the lifetime and e) varied diurnally.

For each gene, the number of transcripts were compared at each time point in analysis of
variance (ANOVA) to determine whether the source of variation in the number of transcripts per
gene was associated with the main effects of strain (D2MEB versus D2S3), tissue (midgut versus
carcass) and when applicable infection status (infected versus non-infected), time of day the
collection occurred (8am, 12pm, etc.) or blood feeding status (yes versus no). The 4" instar
larva and pupae transcript data were analyzed by strain and time by ANOVA, since whole
carcasses were analyzed. When necessary, the data were log or square root transformed to
comply with the normality and equal variances assumptions of ANOVA. Interactions between
factors were examined in a single, double and triple interaction model to include all possible
interactions and Tukey multiple comparison tests were used to compare all significant
associations.

Results

Ago2 gene expression during DENV infection

Ago2 gene expression was not altered by viral infection, but appeared to be induced in
mosquito midguts within 5 days of blood feeding, and generally expressed at a higher level in the
D2MEB mosquito. At 2 hours post blood meal, and 2 days post blood meal there were
significantly more Ago2 transcripts in the midgut of mosquitoes in both the D2S3 and the
D2MEB strains (Table 4.2). The D2MEB strain had significantly higher overall Ago2
expression than the D2S3 strain. In fact, the effect size (r) is largest for the strain main effect at

2 days post blood meal, which indicates a large difference in Ago2 expression between strains
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(Table 4.2). However, mosquitoes that had an infectious blood meal did not have more Ago2
transcripts at any time point demonstrating that the differences in expression between strains was
not associated with viral infection (Table 4.2). None of the two way or three way interactions
were significant between the independent variables: tissue, strain, infection status (Table 4.2).

At 5 days post blood meal, the midguts of both strains had significantly higher numbers of Ago2
transcripts, but no other comparisons or interaction was significant at this time point (Table 4.2).
On day 7 post infection, none of the comparisons or interactions were significant.

From these results it appeared that the Ago2 transcript increases after blood feeding in
both the D2S3 and D2MERB strain, but this increase was slightly higher in the D2MEB strain
(Fig. 4.3). By day 5, however, the strain differences were no longer significant, so the lower
number of Ago2 transcripts in the D2S3 strain only occurred during the first two days following
a blood meal. Even though there was a highly significant difference between strains and tissues
at the early time points, these differences were small, <2 fold (Table 4.3), so the biological
significance is questionable. Based on the standard deviation of the technical replicates, the
assay had a 95% chance to detect >2 fold difference in transcript levels (Quellhorst et al., 2014).

Ago2 expression over the mosquito life span

The expression of Ago2 varies over the lifetime of the mosquito in the absence of viral
infection and blood feeding (Fig. 4.4). These differences varied depending on strain and tissue
over time. For the early life stages, 4" instar larvae and pupae, there were no significant
differences in the number of Ago2 transcripts between life stage or mosquito strain. (data not
shown F(0.76,2), p>0.05). But on days 3 and 5 post emergence, there were significantly more
Ago?2 transcripts in the D2MEB strain than the D2S3 (Table 4.4). There were no significant
differences between strains on days 1, 7, 12 and 15 post emergence (p> 0.5). Interestingly, the

main effects interaction of tissue and strain on day 5 demonstrated that there was a larger number
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of transcripts in the midgut of the D2MEB strain (Table 4.4). The fold differences of Ago2 gene
expression in the midgut versus the carcass were high at many time points, especially in D2MEB
mosquitoes (Table 4.5). This difference was not associated with blood feeding, or viral
infection. Additionally, on day 10 post emergence the midguts of both groups of mosquitoes had
significantly more Ago2 transcripts than the carcass (Table 4.6). These results indicate that there
is a natural variation in Ago2 expression between strains that changes over the lifetime of the
mosquito.

On day 5 the mosquitoes were either offered a blood meal or were not fed. On day 1 post
blood meal, there were significantly more Ago2 transcripts in D2MEB mosquitoes than the D2S3
mosquito (Table 4.7). These differences had disappeared by day 2 post blood meal, when there
were no longer significant differences in the number of Ago2 transcripts between any
independent variable. However, on day 10 post emergence both strains had significantly more
Ago2 transcripts in their midgut versus their carcasses. Again by day 12 and 15 post emergence,
these differences were gone. It should be noted, however, that while these differences are
statistically significant, the fold change in expression is small for each interaction.

Ago 2 diurnal expression

Ago 2 expression varied diurnally within and between mosquito strains, and this
difference was influenced by infection status (Fig. 4.5). There was a significant difference in the
main effects of strain, and infection status for Ago2 (Table 4.8) and there was almost a
significant difference in the main effect of time (p=0.056). The D2MEB strain had significantly
higher numbers of transcripts than the D2S3 strain (g= 4.350, p=0.002). The two earliest time
points, 8:00 and 12:00, had a higher number of transcripts than the later time points, 16:00 and
20:00 (Table 4.8). Additionally, in this analysis infection status was found to be significantly

different, although this difference was less than 2 fold. No other interactions were significant.
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Dcr2 expression during DENV infection

Factors influencing the expression of Dcr2 were complicated, with many significant main
effects influencing gene expression. However, while the main effect of infection status was not
significant or very high for Ago2, there were significant differences in the midgut expression of
Dcr2 between infected and non-infected mosquitoes. At 2 hours and 2 days post blood meal,
there were significant main effects of tissue, strain, infection status and the interaction of
infection status and tissue and infection status and strain in Dcr2 gene expression (Table 4.9).
At 2 hours post blood meal, there was also a significant 3-way interaction between main effects.
A subsequent Tukey test suggests that the reason for this significant 3-way interaction was that
the midgut of an infected D2MEB mosquito had significantly more transcripts. This was a
greater than 2-fold difference, which is likely biologically significant (Table 4.3). Additionally,
at 2 hours strain was the main effect with the highest effect size (r=0.86), which indicates that at
this earlier time point, there is a large difference in expression between the two strains. Tukey
post-hoc tests to evaluated the main effect interaction of tissue and strain at 2 hours (r=0.65)
indicated that the non-infected D2MEB strain also had more transcripts in its midgut compared
to the carcass, which indicates that the increase in Dcr2 was blood meal associated (Table 4.9).
In fact, both strains had higher expression levels in their midgut than their carcasses at all time
points (Table 4.8). The number of transcripts, however, was significantly different and about 3
fold higher in the midgut of a D2MEB individual receiving an infectious blood meal compared
to the midgut of the D2MEB strain that received a non-infectious blood meal (Tables 4.3 and
4.7). There were also significantly more Dcr2 transcripts in the carcass of D2MEB at two hours
when compared to the carcass of D2S3 in both groups given either an infectious or non-
infectious blood meal (Fig. 4.3). These results suggest that the D2MEB strain has a greater

increase in Dcr2 expression in response to blood feeding, and infection than the D2S3 strain.
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On day 2 post blood meal, the 3-way interaction between main effects was no longer
significant, but the significant 2 way interactions (infection status X tissue and infection status x
strain) were significant (Table 4.9). The main effects of tissue, strain and the interaction of
tissue and strain were still significant at this time point. The significant two- way interaction
was attributed to significantly more Dcr2 transcripts in the D2MEB strain that received an
infectious blood meal than the D2MEB strain given the uninfected blood meal, but this
difference was not seen in the D2S3 strain (Table 4.9). The D2MEB mosquitoes given a
DENV?2 infected blood meal had a higher number of transcripts than D2S3 mosquitoes given a
DENV?2 infected blood meal, but there was no difference between the strains if they were given a
non-infected blood meal. Both strains had a higher number of Dcr2 transcripts in their midguts
versus their carcasses (Table 4.9). Therefore, it appears that only the D2MEB has an increased
number of Dcr2 transcripts when given an infectious blood meal.

On days 5 and 7 post blood meal, the main effect of infection status no longer
significantly affected the number of Dcr2 transcripts, but tissue and strain and their interaction
had a significant effect (Table 4.9). Both strains had more Dcr2 transcripts in their midgut
compared to their carcass, and there were more transcripts in the D2MEB strain overall than the
D2S3 strain. There were also more Dcr2 transcripts in the midgut of the D2MEB strain than the
D2S3 strain. However, on day 7 post blood meal, the difference in the number of Dcr2
transcripts in mosquitoes given an infectious blood meal and infection status and strain only just
barely missed the significance cut off (Table 4.9). This difference appears to be due to the
increased number of Dcr2 transcripts in the D2MEB strain.

Dcr2 expression over the mosquito life span

Similar to Ago2 expression, Dcr2 expression varies over the life time of the D2MEB and

D2S3 strains in the absence of blood feeding or arboviral infection (Fig. 4.4). On day 1 post
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emergence, the main effect of tissue, and the two-way interaction of tissue and strain were
significantly different (Table 4.10). On day 3 post emergence, all main effects, two-way
interactions and the three way interactions were significant. On day 5, tissue, stain and the tissue
and strain interaction were significant main effects (Table 4.10).

On day 5 the mosquitoes were either blood fed or not. On day 7, there were significantly
more Dcr2 transcripts in the midguts of D2MEB mosquitoes, however, this difference was also
seen in the D2S3 mosquitoes. The number of transcripts was not influenced by blood feeding
status. Within blood fed D2MEB there were more Dcr2 transcripts in the midgut versus the
carcass of the mosquito. There were no significant differences in any effect between the number
of Dcr2 transcripts in 4™ instars and pupae.

Dcr2 diurnal expression

Dcr2 expression varied diurnally within and between mosquito strains, and this
difference was influenced by infection status (Fig.4.5). There is a significant difference in the
main effects of strain and time for Dcr2 (Table 4.8). The D2MEB strain had significantly higher
numbers of transcripts than the D2S3 strain. The 12:00 and 16:00 had a higher number of
transcripts than the other time points (Table 4.8). No other interactions were significant.

IAP2 expression during DENV infection

In the D2S3 and D2MERB strains there was no difference in IAP2 expression between
individuals receiving an infectious versus non-infectious blood meal. There were no significant
associations at any time point between the independent variables and the number of IAP2

transcripts (Table 4.2).
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R2D2 expression during DENV infection

There was no difference in R2D2 expression between infected and non-infected
mosquitoes of either strain. There were no significant associations at any time point between the
independent variables and the number of R2D2 transcripts (Table 4.2).

R3D1 expression during DENV infection

On day 1 post blood meal, strain significantly affected the number of R3D1 transcripts
(Table 4.2). A Tukey test demonstrated that these differences are attributed to a higher number
of transcripts in the D2MEB strain versus the D2S3 strain. All other associations between
transcript number and the independent variable were not significant at any other time point.

Discussion

The Ago2 and Dcr2 dsRNA knock down experiments in the D2MEB strain resulted in a
partial recovery of the susceptible phenotype as demonstrated by the increase in disseminated
DENYV infections. These results indicate that the sSiIRNA pathway has a role in DENV midgut
escape in Ae. aegypti.

In previous studies, DENV infection reduced the expression of many innate immunity
genes (Bonizzoni et al., 2012b), but other studies show this to be strain specific, with some
strains exhibiting increased expression after blood feeding (Bonizzoni et al., 2012a). In this
study, DENV2 infection did not significantly change the expression of any gene except for Dcr2,
which was higher at the two earliest time points, but only in the D2MEB strain. However, this
study also demonstrated that at early time points D2MEB mosquitoes have higher Dcr2 gene
expression after blood feeding regardless of infection status, which is similar to other studies
(Bonizzoni et al., 2012a).

While infection status was not significantly associated with Ago2 expression, the D2MEB

strain had a higher Ago2 expression level than D2S3 and both strains had higher Ago2 expression
95



in the midgut compared to the carcass. The increase in the midgut expression of Ago2 was
highest in the D2MEB (~5 fold) at day 3 post blood meal, but remained at least ~2 fold higher in
the midgut after day 1. The higher expression levels in the midgut may indicate that the
differences between the midgut and carcass may be blood meal induced rather than virus
induced. The earliest time points post blood meal (2 hours and 2 days) also had the highest
number of Ago2 transcripts in both strains, regardless of infection status, which gives further
evidence that Ago2 expression may increase from blood feeding. Other studies conducted on 3
different laboratory strains of Ae. aegypti also showed an increase in Ago2 expression after blood
feeding (Bonizzoni et al., 2012a), so the increase in Ago2 expression in response to blood
feeding may be common between strains.

R2D2, R3D1 and IAP2 expression did not significantly differ in this study by infection
status, blood feeding, tissue or strain. Other studies have shown that R2D2 expression changed
in some Ae. aegypti strains in response to blood feeding, while other strains did not change
(Bonizzoni et al., 2012a). In this same study, R3D1 gene expression increased in all blood fed
strains, but our study 50% of the time points showed a decrease in R3D1 expression in response
to infection. These results are similar to other studies which showed a decrease in expression of
some innate immune gene in response to DENV infection (Bonizzoni et al., 2012b).

The diurnal and lifetime studies also demonstrated diurnal and age-related variation in
gene expression. This variation is not surprising since these genes are not just modulating
arbovirus infections, but they defend against other pathogens and regulate mosquito physiology.
Additionally, with the minimal changes in gene expression (<2 fold) typically seen in many
expression studies, the collection time and mosquito age could entirely mask significant

differences. Many studies use 3-5 day old mosquitoes, but in this study Ago2 and Dcr2
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expression were shown to vary between strains and tissues over the lifetime of the mosquito.
Typically, the differences in expression between time points were not large. However, in this
study the differences between the variation of Dcr2 expression in 5 and 7 day old mosquitoes
was large enough to likely impede analysis of differences associated with strain and tissue. More
notably, during diurnal studies of Ago2 expression, which shown not to be significantly affected
by infection, infection status was a significant main effect.  Therefore, if another collection time
had been chosen for the large infection study, then infection may have significantly influenced
Ago2 expression. In this study, the choice of collection time likely did not alter the overall
conclusions, since the differences in gene expression between the groups were often small and
thus their biological significance would still be questionable. The differences in diurnal and
lifetime Ago2 and Dcr2 expression in this study may be more pronounced than others, since
many gene expression studies pool mosquitoes and this study was conducted with individuals.
Another study conducted by Ptitsyn et al., (2011) demonstrated that Dcr2 expression levels in
field collected Ae. aegypti significantly changed over 72-104 hours post emergence, while the
Ago2 expression levels changed over time, but these changes were not significant (Fig. 4.5).

This study does demonstrate the importance of collection protocols and study design in gene

expression studies.
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Strain and injection statistic | value | statistic | value
D2S3 Pgal 57.96 | <0.001 42.65 | <0.001
D2S3 not injected 34.76 | <0.001 24.02 | <0.001
D2S3 PBS 34.04 | <0.001 23.46 | <0.001
D2MEB Bgal 4.96 0.03 13.00 | <0.001
D2MEB not injected 3.14 0.08 9.54 | <0.001
D2MEB PBS 4.00 0.05 11.30 | <0.001

Figure 4.1: siRNA gene knockdown of Dcr2 and Ago2. D2MEB females were injected with
dsRNA against the Ago2 and the Dcr2 transcript. The D2S3 mosquito was used as a positive
control. PBgal and PBS injections were controls for the dsSRNA and carriers. The non-injected
control was used to control for a potential immune response to the injection. Disseminated
infections were determined by head squash IFA. The experiment was replicated twice. y?
statistics were done to assess the differences in the number of disseminated infections per group.
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Figure 4.2: Sampling design for infection and lifetime studies. The figure shows the sampling and blood feeding regime for the
infectionand life spanstudies.
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Table 4.1A: cDNA cloning primers

Annealing Product
Gene Forward primer (5°-3”) Reverse primer (5’-37) temp. size (bp)
Ago2 | GAACTGTGCAGTATTCCGCC GGACACCCTGCTTTAGGGAC 55°C 430
Dcr2 | TGACCCCAGCAAATACGGTC TGACCCCAGCAAATACGGTC 55°C 526
IAP2 GAACTGAAGCGCGAAGAACA | ATTCGCGAGTCCAACGAACT 55°C 317
R2D2 | GGACCGACATCGGTTCTTCG TTACACCGATGGCGTAAGGG 55°C 424
R3D1 | ACCAGCGTTTTAAATGCATACG | GCTGAAAACCTAGACAAAACTGT | 52°C 573
Table 4.1B: qPCR primers for genes of interest
Annealing Product
Gene | Forward primer (5’-3°) Reverse primer (5’-3”) temp. size (bp)
Ago?2 TAGGAAGTCGGCCACCGATA | TTTCCGACGCTCACTCCAAA | 54°C 114
Dcr2 | CTCACTGCAGTTAAGGGCCA | ACCGTTGCTAGAGGTGGTTG | 54°C 134
IAP2 AGGTCAAATGTGCCTGGTGT | TTCCGATGGTGGGATCCAGA | 54°C 150
R2D2 | ATTGCTCTGGACGAAACGCT CCAGATCGCTGTTGTCTCGT | 55°C 100
R3D1 | ACCCGAAGTTGAACGGAACCT | TAATTGCCAAAACGGAGGGC | 54°C 113
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Table 4.2: ANOVA table of Ago2 expression between infected and non-infected D2S3 and
D2MEB mosquitoes. Abbreviations are as follows, BC- backcross, DF- degrees of freedom,
SS- sum of squares, MS- mean sum of squares, F- F statistic, p- p-value, r- effect size.

Source of Variation Time df SS MS F p r
Tissue 2 hours 1| 0559 | 0.559 16.73 <0.001 0.40
Strain 2 hours 1] 0.203 | 0.203 6.07 0.016 0.25
Infection 2 hours 1| 0.005 0.005 0.15 0.697 0.04
Tissue x Strain 2 hours 1| 0.059| 0.059 1.77 0.187 0.14
Tissue x Infection 2 hours 1| 0.002 0.002 0.07 0.79 0.03
Strain x Infection 2 hours 1| 0.003| 0.003 0.08 0.773 0.03
Tissue x Strain x Infection 2 hours 1| 0.002 0.002 0.06 0.814 0.03
Residual 2hours | 88| 2939 | 0.033
Total 2 hours 95| 3.771 0.040
Tissue Day 2 1] 0.267 | 0.267 8.77 0.004 0.30
Strain Day 2 1] 0511 | 0511 | 16.81 <0.001 0.40
Infection Day 2 1] 0.098 | 0.098 3.23 0.076 0.19
Tissue x Strain Day 2 1| 0.099| 0.099 3.25 0.075 0.19
Tissue x Infection Day 2 1| 0.009 0.009 0.30 0.584 0.06
Strain X Infection Day 2 1| 0.006 0.006 0.21 0.651 0.05
Tissue x Strain x Infection Day 2 1| 0.001 0.001 0.04 0.844 0.02
Residual Day 2 88 | 2.676 | 0.030
Total Day 2 95| 3.668 | 0.039
Tissue Day 5 1] 0.000 0.00 | 0.0141 0.906 0.01
Strain Day 5 1] 0.209 0.21| 6.327 0.014 0.26
Infection Day 5 1] 0.039 0.04 | 1.182 0.28 0.12
Tissue x Strain Day 5 1| 0.099 0.10 | 3.016 0.086 0.18
Tissue x Infection Day 5 1| 0.008 0.01| 0.233 0.63 0.05
Strain x Infection Day 5 1| 0.003 0.00 | 0.0986 0.754 0.03
Tissue x Strain x Infection Day 5 1| 0.001 0.00 | 0.0396 0.843 0.02
Residual Day 5 88 | 2.900 0.03
Total Day 5 95 | 3.260 0.03
Tissue Day 7 1| 0.002 0.00 | 0.0544 0.816 0.02
Strain Day 7 1] 0.011 0.01| 0.336 0.563 0.06
Infection Day 7 1| 0.018 0.02 | 0.583 0.447 0.08
Tissue x Strain Day 7 1| 0.018 0.02 0.58 0.448 0.08
Tissue x Infection Day 7 1| 0.004 0.00 | 0.127 0.723 0.04
Strain x Infection Day 7 1| 0.001 0.00 0.03 0.863 0.02
Tissue x Strain x Infection Day 7 1| 0.006 0.01| 0.19 0.659 0.05
Residual Day 7 88 | 2.753 0.03
Total Day 7 95| 2.812 0.03
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Figure 4.3: Ratio of transcripts in blood fed or unfed D2MEB versus D2S3 mosquitoes. The ratio of D2MEB:D2S3 carcass
expression of Ago2 (A) and Dcr2 (B) in blood fed (black line, black circle) versus unfed (dotted line, open circle) are shown at the top.

The ratio of D2MEB:D2S3 midgut expression of Ago2 (C) and Dcr2 (D) in blood fed (black line, black circle) versus unfed (dotted
line, open circle) are shown at the top.  The x-axis is the time (days) post blood meal (pbm). The zero time point is 2 hours pbm.
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Figure 4.4: Ratio of transcripts in the carcass and midgut over the mosquito lifetime of D2MEB versus D2S3 mosquitoes. The
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open circle) are shown. The x-axis is the life stage (4" instar larvae or pupae) or the day post emergence.
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Table 4.3: Ratio of expression of potential immunity genes in DENV infected versus non-infected between D2MEB and D2S3
Ae. aegypti strains. Abbreviations are as follows, BC- backcross, DF- degrees of freedom, SS- sum of squares, MS- mean sum of
squares, F- F statistic, p- p-value, r- effect size.

Day Genes
Post
Mosquito Blood
Strain | Tissue Meal Ago2 Dcr2 IAP2 R2D2 R3D1

D2MEB | Carcass 1 1.05 1.24 1.03 1.05 1.04
D2MEB | Carcass 2 1.06 1.56 1.12 1.05 0.97
D2MEB | Carcass 5 0.93 1.25 0.93 0.96 0.96
D2MEB | Carcass 7 1.01 151 1.26 0.96 1.01
D2S3 Carcass 1 1.03 0.96 0.94 1.14 0.96
D2S3 Carcass 2 1.03 0.96 0.85 1.08 0.99
D2S3 Carcass 5 1.01 1.10 1.10 0.97 1.08
D2S3 Carcass 7 0.91 1.01 1.06 0.92 1.06
D2MEB | Midgut 1 0.95 2.49 1.04 1.19 1.03
D2MEB | Midgut 2 1.16 2.95 1.22 0.96 1.01
D2MEB | Midgut 5 1.07 1.12 1.03 1.01 0.96
D2MEB | Midgut 7 0.98 1.46 1.07 1.09 1.09
D2S3 Midgut 1 1.00 1.02 0.95 1.12 0.97
D2S3 Midgut 2 1.05 1.01 0.93 1.09 0.99
D2S3 Midgut 5 1.02 0.97 1.13 1.00 0.92
D2S3 Midgut 7 1.03 1.09 1.19 1.10 1.05
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Table 4.4: ANOVA table of Ago2 expression over the lifetime of D2S3 and D2MEB
mosquitoes. Abbreviations are as follows, BC- backcross, DF- degrees of freedom, SS- sum of
squares, MS- mean sum of squares, F- F statistic, p- p-value, r- effect size.

Source of
Variation Time df SS MS F p r
Tissue Day 1 1 0.002 0.002 0.04 0.85 0.03
Strain Day 1 1 0.000 0.000 0.00 0.97 0.01
Tissue x Strain Day 1 1 0.020 0.020 0.36 0.55 0.09
Residual Day 1 44 2.375 0.054
Total Day 1 47 2.396 0.051
Tissue Day 3 1 0.009 0.009 0.20 0.66 0.07
Strain Day 3 1 0.568 0.568 11.76 0.00 0.46
Tissue x Strain Day 3 1 0.048 0.048 0.98 0.33 0.15
Residual Day 3 44 2.126 0.048
Total Day 3 47 2.750 0.059
Tissue Day 5 1 0.102 0.102 1.38 0.25 0.17
Strain Day 5 1 0.537 0.537 7.29 0.01 0.38
Tissue x Strain Day 5 1 0.666 0.666 9.04 0.00 0.41
Residual Day 5 44 3.241 0.074
Total Day 5 47 4.546 0.097
Tissue Day 7 1 0.030 0.030 0.31 0.58 0.08
Strain Day 7 1 0.266 0.266 2.78 0.10 0.24
Tissue x Strain Day 7 1 0.124 0.124 1.29 0.26 0.17
Residual Day 7 44 4.216 0.096
Total Day 7 47 4.636 0.099
Tissue Day 10 1 0.366 0.366 4.47 0.04 0.30
Strain Day 10 1 0.040 0.040 0.49 0.49 0.10
Tissue x Strain Day 10 1 0.021 0.021 0.25 0.62 0.08
Residual Day 10 44 3.608 0.082
Total Day 10 47 4.035 0.086
Tissue Day 12 1 0.033 0.033 0.29 0.60 0.08
Strain Day 12 1 0.008 0.008 0.07 0.79 0.04
Tissue x Strain Day 12 1 0.004 0.004 0.03 0.86 0.03
Residual Day 12 44 5.023 0.114
Total Day 12 47 5.067 0.108
Tissue Day 15 1 0.079 0.079 0.45 0.51 0.10
Strain Day 15 1 0.109 0.109 0.62 0.43 0.12
Tissue x Strain Day 15 1 0.010 0.010 0.06 0.81 0.04
Residual Day 15 44 7.666 0.174
Total Day 15 47 7.863 0.167
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Table 4.5: Ratio of siRNA gene expression in midguts versus carcasses in D2MEB and

D2S3 Ae. aegypti strains.

Day Post Emergence
Day Day Day
Strain Gene |Dayl |Day3 |Day5 | Day?7 |10 12 15
D2MEB | Ago2 0.95 482 | 223| 351 1.90 3.57 2.82
D2S3 Ago?2 0.71 122 1.27| 0.82 0.48 1.72 1.30
D2MEB | Dcr2 4.82 124 | 175| 142 1.04 1.10 0.90
D2S3 Dcr2 0.71 037 0.81| 0.58 1.00 0.62 1.40
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Table 4.6: ANOVA table of Ago2 expression in non-infectious blood fed and blood fed
D2S3and D2MEB mosquitoes. Abbreviationsare as follows, BC- backcross, DF- degrees of
freedom, SS-sum of squares, MS- mean sum of squares, F- F statistic, p- p-value, r- effectsize.

Day Post
Source of Variation Blood Meal DF SS MS F p r

Tissue Day 1 1 1098.92 | 1098.92 | 2.76 0.10 0.17
Strain Day 1 1 3655.643 | 3655.643 | 9.17 0.00 0.31
Blood fed Day 1 1 223.811 | 223.811 | 0.56 0.46 0.08
Tissue x Strain Day 1 1 1093.981 | 1093.981 | 2.74 0.10 0.17
Tissue x Blood fed Day 1 1 58.213 58.213 | 0.15 0.70 0.04
Strain x Blood fed Day 1 1 9.373 9.373 | 0.02 0.88 0.02
Tissue x Strain x Blood fed Day 1 1 46.434 46.434 | 0.12 0.73 0.04
Residual Day 1 88 | 35098.15 | 398.843

Total Day 1 95 | 4128452 | 434574

Tissue Day 2 1 579.595 | 579.595 | 1.62 0.21 0.13
Strain Day 2 1 800.384 | 800.384 | 2.23 0.14 0.16
Blood fed Day 2 1 408.362 | 408.362 | 1.14 0.29 0.11
Tissue x Strain Day 2 1 419.467 | 419.467 | 1.17 0.28 0.11
Tissue x Blood fed Day 2 1 973.535 | 973535 | 271 0.10 0.17
Strain x Blood fed Day 2 1 110.308 | 110.308 | 0.31 0.58 0.06
Tissue x Strain x Blood fed Day 2 1 3.248 3.248 | 0.01 0.92 0.01
Residual Day 2 88 | 31575.54 | 358.813

Total Day 2 95 | 34870.44 | 367.057

Tissue Day 5 1 17.608 17.608 | 0.04 0.84 0.02
Strain Day 5 1 112.247 | 112.247 | 0.28 0.60 0.06
Blood fed Day 5 1 4.808 4808 | 0.01 0.91 0.01
Tissue x Strain Day 5 1 152.76 152,76 | 0.38 0.54 0.07
Tissue x Blood fed Day 5 1 9.047 9.047 | 0.02 0.88 0.02
Strain x Blood fed Day 5 1 33.662 33.662 | 0.08 0.77 0.03
Tissue x Strain x Blood fed Day 5 1 31.552 31.552 | 0.08 0.78 0.03
Residual Day5 88 | 35658.47 405.21

Total Day 5 95| 36020.16 379.16

Tissue Day 10 1 727.063 | 727.063 | 1.74 0.19 0.14
Strain Day 10 1 136.546 | 136.546 | 0.33 0.57 0.06
Blood fed Day 10 1 2.313 2313 | 0.01 0.94 0.01
Tissue x Strain Day 10 1 14.101 14,101 | 0.03 0.86 0.02
Tissue x Blood fed Day 10 1 142,622 | 142.622 | 0.34 0.56 0.06
Strain x Blood fed Day 10 1 365.431 | 365.431 | 0.87 0.35 0.10
Tissue x Strain x Blood fed Day 10 1 75.163 75.163 | 0.18 0.67 0.05
Residual Day 10 88 | 36844.81 | 418.691

Total Day 10 95| 38308.05| 403.243
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Table 4.7: Ratio of siRNA gene expression in blood fed versus non-blood fed D2MEB and
D2S3 Ae. aegypti strains

Days post blood meal

Strain | Gene |2hours |Day3 |Day5 |Day7
D2MEB | Ago2 1.04 0.83 0.95 0.89
D2S3 Ago?2 1.19 0.74 0.97 1.20
D2MEB | Dcr2 0.91 2.71 1.35 1.16
D2S3 Dcr2 1.46 1.13 1.08 1.56
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Figure 4.5: Diurnal changes in gene expression level of Ago2 and Dcr2 in D2MEB and D2S3 mosquitoes. The ratio of the
number of Ago2 (A) and Dcr2 (B) transcripts in infected versus uninfected D2MEB (black line, black triangle) and D2S3 (dotted line,
open triangle) are shown in the top figures. The ratio of the number of Ago2 (C) and Dcr2 (D) transcripts in D2MEB versus D2S3 in
uninfected (black line, black circle) and infected (dotted line, open circle) are shown in the bottom figures. The time points are 8-
8:00, 12- 12:00, 16- 16:00 and 20- 20:00 on day 8 post emergence. E) shows the variation in Dcr2 (dashed line, black circle) and Ago2
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Table 4.8: ANOVA table of the diurnal siRNA gene expression in non-infectious blood fed
Abbreviations are as follows, BC-
backcross, DF-degrees of freedom, SS- sum of squares, MS- mean sum of squares, F- F statistic,
p- p-value, r- effectsize.

and infectious blood fed D2S3 and D2MEB mosquitoes.

Gene Source of Variation df SS MS F p r

Ago2 | Strain 1 0.19 0.19| 3.14| 0.078 0.13
Infection 1 0.42 0.42| 6.94| 0.009 0.19
Time 3 0.46 0.16 | 256 | 0.056 0.12
Strain x Infection 1 0.17 0.17| 2.82| 0.095 0.12
Strain X Time 3 0.04 0.01( 0.20| 0.898 0.03
Infection X Time 3 0.29 0.10| 158 0.197 0.09
Strain x Infection x
Time 3 0.14 0.05( 0.78| 0.508 0.06
Residual 184 11.12 0.06
Total 199 12.84 0.06

Dcr2 16221.0 <0.00
Strain 1| 16221.05 5| 35.30 1 0.40
Infection 1 643.25 643.25| 1.40| 0.238 0.09
Time 3 6416.53 | 2138.84 | 4.65| 0.004 0.16
Strain x Infection 1 620.59 620.59 | 1.35| 0.247 0.09
Strain X Time 3 2862.34 954.11| 2.08 | 0.105 0.11
Infection X Time 3 394.67 13156 | 0.29| 0.835 0.04
Strain x Infection x
Time 3 85.88 28.63 | 0.06| 0.980 0.02
Residual 184 | 84562.70 459.58

111632.6

Total 199 9 560.97

110




Table 4.9: ANOVA table of Dcr2 expression in infected and non-infected D2S3 and
D2MEB mosquitoes. Abbreviations are as follows, BC- backcross, DF- degrees of freedom, SS-
sum of squares, MS- mean sum of squares, F- F statistic, p- p-value, r- effect size.

Source of Variation Time df SS MS F p r
Tissue 2 hours 1 3.754 3.754 95.41 <0.001 0.72
Strain 2 hours 1 9.508 9.508 241.65 <0.001 0.86
Infection 2 hours 1 0.428 0.428 10.87 0.001 0.33
Tissue X Strain 2 hours 1 2.526 2.526 64.20 <0.001 0.65
Tissue x Infection 2 hours 1 0.177 0.177 4.50 0.037 0.22
Strain x Infection 2 hours 1 0.432 0.432 10.97 0.001 0.33
Tissue x Strain x Infection 2 hours 1 0.184 0.184 4.67 0.033 0.22
Residual 2 hours 88 3.463 0.039
Total 2 hours 95| 20.471 0.215
Tissue Day 2 1 1.919 1.919 36.72 <0.001 0.54
Strain Day 2 1 0.618 0.618 11.83 <0.001 0.34
Infection Day 2 1 0.932 0.932 17.83 <0.001 0.41
Tissue X Strain Day 2 1 0.369 0.369 7.06 0.009 0.27
Tissue x Infection Day 2 1 0.135 0.135 2.59 0.111 0.17
Strain x Infection Day 2 1 0.592 0.592 11.34 0.001 0.34
Tissue x Strain x Infection Day 2 1 0.071 0.071 1.37 0.246 0.12
Residual Day 2 88 4.598 0.052
Total Day 2 95 9.235 0.097
Tissue Day 5 1 1.253 1.253 29.29 <0.001 0.50
Strain Day 5 1 0.742 0.742 17.35 <0.001 0.41
Infection Day 5 1 0.077 0.077 1.81 0.182 0.14
Tissue X Strain Day 5 1 1.699 1.699 39.71 <0.001 0.56
Tissue x Infection Day 5 1 0.023 0.023 0.55 0.462 0.08
Strain x Infection Day 5 1 0.002 0.002 0.04 0.852 0.02
Tissue x Strain x Infection Day 5 1 0.005 0.005 0.12 0.726 0.04
Residual Day 5 88 3.766 0.043
Total Day 5 95 7.568 0.080
Tissue Day 7 1 1.232 1.232 34.13 | <0.001 0.53
Strain Day 7 1 0.959 0.959 26.56 | <0.001 0.48
Infection Day 7 1 0.141 0.141 3.91 0.051 0.21
Tissue x Strain Day 7 1 0.976 0.976 27.04 | <0.001 0.48
Tissue x Infection Day 7 1 0.001 0.001 0.02 0.884 0.02
Strain x Infection Day 7 1 0.141 0.141 3.89 0.052 0.21
Tissue x Strain x Infection Day 7 1 0.002 0.002 0.04 0.838 0.02
Residual Day 7 88 3.177 0.036
Total Day 7 95 6.629 0.070
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Table 10: ANOVA table of Dcr2 expression over the lifetime of D2S3 and D2MEB
mosquitoes. Abbreviations are as follows, BC- backcross, DF- degrees of freedom, SS- sum of
squares, MS- mean sum of squares, F- F statistic, p- p-value, r- effect size.

Source of Variation | Time df SS MS F p r
Tissue Day 1 1 1.246 1246 | 17.824|<0.001 | 0.54
Strain Day 1 1 2.179 2.179 | 31.157 | <0.001 | 0.64
Tissue x Strain Day 1 1 0.89 0.89 | 12.734 | <0.001 | 0.47
Residual Day 1 44 3.077 0.0699

Total Day 1 47 7.392 0.157

Tissue Day 3 1 0.102 0.102 1.378 0.25| 0.17
Strain Day 3 1 0.537 0.537 7.293 0.01| 0.38
Tissue x Strain Day 3 1 0.666 0.666 9.044 0.00 | 0.41
Residual Day 3 44 3.241 0.0737

Total Day 3 47 4.546 0.0967

Tissue Day 5 1 1.15 1.15| 24.851 | <0.001 | 0.60
Strain Day 5 1 2.944 2.944 | 63.593 | <0.001 | 0.77
Tissue X Strain Day 5 1 0.673 0.673 | 14.548 | <0.001| 0.50
Residual Day 5 44 2.037 0.0463

Total Day 5 47 6.805 0.145

Tissue Day 7 1 0.183 0.183 1.303 0.26 | 0.17
Strain Day 7 1 0.198 0.198 1.413 0.24| 0.18
Tissue x Strain Day 7 1 0.593 0.593 4.219 0.05| 0.30
Residual Day 7 44 6.181 0.14

Total Day 7 47 7.156 0.152

Tissue Day 10 1 0.0495 0.0495 0.384 0.54 | 0.09
Strain Day 10 1 0.0662 0.0662 0.514 0.48 | 0.11
Tissue x Strain Day 10 1 0.0214 0.0214 0.166 0.69 | 0.06
Residual Day 10 44 5.671 0.129

Total Day 10 47 5.808 0.124

Tissue Day 12 1 0.37 0.37 2.845 0.10 | 0.25
Strain Day 12 1| 0.00559 | 0.00559 0.043 0.84 | 0.03
Tissue x Strain Day 12 1 0.659 0.659 5.073 0.03 | 0.32
Residual Day 12 44 5.72 0.13

Total Day 12 47 6.754 0.144

Tissue Day 15 1| 0.000403 | 0.000403 | 0.00266 0.96 | 0.01
Strain Day 15 1 0.41 0.41 2.708 0.11| 0.24
Tissue X Strain Day 15 1 0.17 0.17 1.124 0.30 | 0.16
Residual Day 15 44 6.662 0.151

Total Day 15 47 7.243 0.154
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CHAPTER V: GENETIC VARIATION AND DENGUE SUSCEPTIBILITY ASSOCIATED
WITH FOUR DCR2 SINGLE NUCLEOTIDE POLYMORPHISMS IN NATURAL AEDES

AEGYPTIPOPULATIONSFROMSENEGAL

Introduction

As outlined in Chapter 1, the siRNA pathway has an influence on anti-viral immunity and
arboviral infection in mosquitoes. In Chapters 2 and 3, the siRNA pathway was utilized to
create genetically modified Ae. aegypti refractory to DENV2. Chapter 4 demonstrates that the
siRNA pathway influences midgut infection barriers in artificially selected Ae. aegypti.
Therefore, in this chapter the natural variation in Senegalese populations of Ae. aegypti are
evaluated for genetic variability based on their susceptibility to DENV2.  Bernhardt et al.
(2012) determined that there were multiple highly variable loci in many of the Aedes aegypti
RNAI genes. Therefore, twelve sites from a wide geographic range in Senegal, Africa were
evaluated for their DENV susceptibility phenotype. These collection sites were chosen from
previous work that demonstrated large differences in the susceptibility of Ae. aegypti to DENV
infection at these locations (Sylla et al., 2009). The four single nucleotide polymorphisms (SNPs)
were selected because they were described by Bernhardt et al., (2012) as being alternatively
fixed in mosquitoes from northwest and southeastern Senegal. In general populations from the
southeast are refractory to DENV-2 infection while populations from the northwest are
susceptible to DENV-2 infection (Table 5.1). Therefore, in populations with a higher prevalence
of northwest alleles should have lower MIB and MEB and greater SUSC. Alternatively,
populations in which alleles from the southeast are more prevalent should have greater MIB and

MEB and lower SUSC.
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The chosen loci in the Dcr2 gene were nonsynonymous single nucleotide polymorphisms
(SNPs). The first SNP, 2336, is located in a domain of unknown function/non-functional
domain 133 base pairs (bp) upstream of the Dcr2 Piwi/Argonaute/Zwille (PAZ) domain (Fig.
5.1A). The PAZ domain is highly conserved and is the primary binding site for the sSiRNA and
miRNA 3’ overhang (Hammond, 2005; Yan et al., 2003). The second SNP, 2521, is located
52bp into the PAZ domain (Fig. 5.1A). The variability at both of these sites results in a change
in the amino acid side chain charge. The other two SNPs, 4474 and 4540 are located within the
Dcr2 RiboC domain (Fig. 5.1B). This domain is an RNAse 11l domain, which functions as RNA
binding and cleavage site (Tahbaz et al., 2004) and is also involved in Ago binding (Sasaki and
Shimizu, 2007).

Materials and methods

Sample collection and colony establishment

Aedes aegypti samples were taken from 12 locations in Senegal, Africa (Fig. 5.2).
Mosquitoes were collected as larvae from water storage containers and tree holes from urban and
rural areas. The individuals were raised to adult hood, blood fed, and the eggs were shipped to
the Arthropod-borne and Infectious Disease Lab (Fort Collins, CO, USA) to establish colonies.
A separate colony was created from each of the 12 sampling locations.

Egg papers were hatched in sterile water containing brewer’s yeast and were maintained
at 28°C and 80.0% humidity. Larvae were raised as described in previous chapters and were
blood fed on human volunteers approximately twice a week. All experiments were conducted on
Fs individuals since there were too few individuals to conduct the study in earlier generations.

Mosquito infection

Four to 6 days post-emergence Fs mosquitoes were given a blood meal consisting of 1:1

defibrinated cow blood and DENV?2 infected cell culture medium. The blood meal was made by
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infecting C6/36 cells with high passage DENV2 Jamaica 1409 virus at an MOI of 0.01. The
C6/36 cells maintained in L-15 medium supplemented with 3% heat inactivated fetal bovine
serum, 1% streptomycin and 1% L-glutamine. The cells were held at 28 °C for 12 days and the
medium was replaced 5 to 6 days post infection. The infectious blood meal was prepared and
administered to mosquitoes from each location as described by Bosio et al. (1998) and Sanchez-
Vargas et al. (2009). At 14 days post infection, individuals were collected and dissected to
obtain a thorax for single nucleotide polymorphism (SNP) analysis. The head and abdomen
were retained for immunofluorescent assays (IFAs). Heads were fixed on a glass slide with
100.0% acetone and the midgut was dissected from each abdomen and stored in a 4.0%
paraformaldehyde PBS solution.

IFAS

Indirect IFAs were conducted as described in previous studies (Kuberski, 1979) using the
3H5 DENV?2 E protein specific antibody. All midguts were examined for presence of DENV2
antigen by fluorescence microscopy. Individuals with positive midguts were then examined for
the presence of antigen in the head by fluorescence microscopy. Individuals with no detectable
antigen in the midgut were labeled as having a midgut infection barrier (MIB). Individuals with
detectable antigen in their midgut, but not in their head were labeled as having a midgut escape
barrier (MEB). Individuals with detectable antigen in their midgut and head were labeled as
being susceptible (SUSC) to infection.

DNA extraction

The thorax of each individual was homogenized in 30ul of Pat Roman’s buffer (0.1M
NaCl, 0.2M sucrose, 0.1M tris buffer, 0.05 M EDTA and 0.5% SDS) (Black and DuTeau, 1997).
The samples were then incubated for 30 minutes at 65°C before adding 7 pl of 8M potassium

acetate. The samples were then chilled on ice for 35 min. and then microcentrifuged at
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maximum speed for 15 minutes. The supernatant was removed and transferred to a new tube
with 100 ul of ~100.0% ethanol. Contents of the tube were then mixed and left at room
temperature for 5 minutes. The tube was centrifuged again at maximum speed for 15 minutes.
The ethanol was removed and the pellet resuspended in 75% ethanol and centrifuged at
maximum speed for 5 minutes. The previous step was repeated once more with 100% ethanol
before vacuum drying in a centrifuge for approximately 20 minutes. The sample was then
resuspended in 50 pl TE buffer, aliquoted and stored at -80°C.

Multiple displacement amplification

The amount of recoverable DNA in each thorax was small, so multiple displacement
amplification (MDA) was conducted using the GE Healthcare Templiphi Kit (Pittsburgh, PA,
USA). The amplification was conducted by adding 1pl DNA to 5ul sample buffer. This
reaction was kept on ice and 5ul of reaction buffer and 0.2 pul ®29 DNA enzyme were added to
the tube. The reaction was incubated at 30°C in a heated lid thermal cycler for 18 hours. Then
the samples were incubated at 65°C for 10 minutes and then held at 4°C. Then each sample was
diluted into 80ul sterile water and aliquoted into 4 tubes. A few samples from each group of
MDASs were run on a 0.8% agarose gel to confirm and visualized to confirm amplification. All
samples were stored at -20°C.

Melting curve PCR

Samples were analyzed using an allele specific SYBR green melting curve PCR reaction
(IQ™ SYBR® Green Supermix (BIORAD, USA)) using the manufacturer’s protocol. The
primers used in the assay are listed in Table 5.2. The annealing temperature for all reactions was
57 °C. The primers were designed for 4 SNPs, located at variable sites in the Dcr2 gene.
Primer’s were diluted to 500 pmol/pl. For each loci, forward primers were designed for each

allele, and one reverse primer was designed for both alleles. One forward primer at each loci
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was given a long G-C extension to allow for defined differences in melting temperatures (Table
5.1). The genotype at each loci was determined by examining the melting curve profiles of each
sample.

Data analysis

The melting curve data were sorted into groups based on their viral dissemination.
Mosquitoes with an IFA positive head were classified as dengue susceptible (SUSC).
Mosquitoes with an IFA negative and an IFA positive midgut were classified as having a midgut
escape barrier (MEB) and individuals that had an IFA negative midgut and an IFA negative head
were classified as having a midgut infection barrier (MIB). The sorted melting curve data were
converted to allele frequency tables using the CONVERT program (Purdue University, v.1.31).
ARLEQUIN (Berne University, ver. 3.5.1.2) was also used to conduct analysis of molecular
variance (AMOVA) for differences in pairwise loci within the SUSC, MEB, MIB groups.
Linkage disequilibrium (LD) analysis was performed in ARELQUIN (Berne University, ver.
3.5.1.2) for all pairwise loci comparisons by location within the SUSC, MEB and MIB groups.
Genotype-phenotype associations were compared by a y? test. Location clustering of genotypes
was conducted by correspondence analysis (CA) using PAST software (Oyvind Hammer, v.3.1)
(Hammer et al., 2001).
Results

Location genotype clustering and genotype by phenotype associations

At locus 2336, the GG genotype was predominant at most geographic locations except
for the central, inland locations Sokone and Fatick which had more of the CC and CG genotypes,
respectively (Fig. 5.3). | hypothesized that at locus 2336, there would be a greater abundance of
DENV MIB and MEB individuals associated with the CC genotype followed by the GC
genotype and the GG phenotype would be the most susceptible, but there were no significant
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genotype by phenotype associations (Table 5.3). At locus 2521, there was more genotype
diversity, but there was a less clear geographic clustering (Fig. 5.3). More urban locations, such
as Ouakam, Thies and Bambey had an abundance of AA genotype, but the AC and CC
genotypes were in abundance throughout the geographic sampling range. For this locus, we
hypothesized that the refractory individuals would have a higher abundance of the AA genotype
followed by the AC and the CC phenotype would be the most SUSC. However, there was no
significant genotype by phenotype association to support this hypothesis (Table 5.4). At locus
4474, we hypothesized that there would be more MIB and MEB individuals that were the GG
genotype followed by the GT. The TT genotype was supposed to have the most SUSC
individuals, but the genotype by phenotype associations were not significant (Table 5.5). There
were more GT genotypes seen in the central and southern locations of Sokone, Fatick, Sedhiou
and Gossas. The only central locations that were not predominately the GT genotype were Joal,
which is on the coast and Bignona, which is the southern-most collection site. At locus 4540,
only Ouakam, the most urban and western most collection location, was predominately the AA
genotype (Fig. 5.3). Pire and Gossas, the furthest north and furthest north-east sites were
predominantly AC and the rest of the locations were predominantly CC. | hypothesized that the
CC genotypes followed by the AC genotype would have the most MEB individuals, while the
AA would be associated with SUSC, but no significant associations were found (Table 5.6).
Discussion

There was no association with genotype and phenotype between any of the 4 SNPs in
Dcr2 and DENV?2 susceptibility. However, there is a great deal of genetic diversity at these
SNP loci among collection sites. The genotype-phenotype associations were not significant for
any of the loci, which may be due to the selection of DENV2 Jamaica 1409 over regionally

circulating DENV strains (Dickson et al., 2014). Locus 4540, however, had the most significant
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associations between genotypes and the MIB and SUSC phenotypes at multiple locations.  This
locus is in the RiboC domain of the Dcr2 gene, which is a RNAse 111 domain (Tahbaz et al.,
2004). The RiboC domain is highly conserved in vertebrates, but often is more variable in non-
vertebrates (Sasaki and Shimizu, 2007) and locus 4540 was also the most variable locus in this
study. Therefore, this study demonstrated variability by collection location in the Dcr2 gene of
Ae. aegypti in Senegal, but this variability was not associated with DENV2 Jamaica 1409

susceptibility.
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Table 5.1: Locus descriptions from previous studies. Locus descriptions from the Bernhardt et
al., (2012) study. Abbreviations: SNP- single nucleotide polymorphism; Gly- glycine; Arg-
arginine; Asn- asparagine; His- histidine; Tyr- tyrosine; Asp- aspartic acid;

Amino
Locus | SNP Acid Genotype distribution
2236 | GGN Gly greater prevalence in northwest Senegal
CGN Arg greater prevalence in southeast Senegal
2521 | CAR Asn greater prevalence in northwest Senegal
AAR His greater prevalence in southeast Senegal
4474 | TAY Tyr greater prevalence in northwest Senegal
GAY |Asp greater prevalence in southeast Senegal
4550 | AAY Asn greater prevalence in northwest Senegal
CAY His greater prevalence in southeast Senegal
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Figure 5.3: Correspondence analysis of geographic genotype clustering. The 4 loci were analyzed for geographic clustering by
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Table 5.2: Primers used for melting curve PCR. Primers are named by gene, locus (2236, 2521, 4474, 4540), primer direction (F-
forward, r-reverse) and allele number (1 or 2).

Name

Sequence

Dicer2 2336F1

GCGGGCAGGGCGGCGGGGGCGGGGCCTTGGGACTAATCAACGTACACAGAG

Dicer2 2336F2

GCGGGCTTGGGACTAATCAACGTACACAAAA

Dicer2 2336r

AGAGCAAGTTCTATTTCGGA

Dicer2 2521F1

GCGCGGCGGGCAGGGCGGCGGGGGCGGGGCCAAAAATTCTACTCACCTAGACTCGA

Dicer2 2521F2

GCGGGCAAAAATTCTACTCACCTAGACTTGG

Dicer2 2521r

GAAGGTGGTTCGCTCAAA

Dicer2 4474F1

GCGGGCAGGGCGGCGGGGGCGGGGCCCTTGTTCGCCATGGTCTCCACTAGT

Dicer2 4474F2

GCGGGCCTTGTTCGCCATGGTCTCCACTGGG

Dicer2 4474r

GTGTCGGTGAAAGATGCC

Dicer2 4540F1

GCGGGCAGGGCGGCGGGGGCGGGGCCAAGTTTGTGTTGGTCCAAGAACCAC

Dicer2 4540F2

GCGGGCAAGTTTGTGTTGGTCCAAGAACTAA

Dicer2 4540r

CGGCCATCTTCCGGTCTG
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Table 3: Genotype-phenotype associations at locus 2336. The genotype-phenotype
associations were compared for the DENV susceptibility phenotypes at each of the 12 collection
sites. p-values highlighted in gray are significantly different by y? test. n- sample size; ? stat- the
chi-squared statistic; df- degrees of freedom; p-value- calculated probability

Location | Locus | Phenotype n | y2stat | df | p-value
MIB 64 094 2 0.63

Bambey MEB 36 0.61 2 0.74
SUSC 64 168| 2 0.43

MIB 79 156 | 2 0.46

Bignona MEB 51 1.06 2 0.59
SUSC 79 1.32 2 0.52

MIB 74 348 2 0.18

Fatick MEB 45 099| 2 0.61
SUSC 74 4.11 2 0.13

MIB 86 0.46 1 0.50

Gossas MEB 60 0.13 1 0.71
SUSC 86 035 2 0.84

MIB 89 0.82 2 0.66

Joal MEB 57 000 2 1.00
SUSC 89 0.45 1 0.50

Mont MIB 37 204 2 0.36
Rolland MEB 23 538 2 0.07
2336 SUSC 37 734 2 0.03

MIB 132 1.65 1 0.20

Ngoye MEB 80 1.36 2 0.51
SUSC 131 0.05 1 0.82

MIB 45 298| 2 0.23

Pire MEB 26 286 2 0.24
SUSC 45 2.42 2 0.30

MIB 57 0.13 1 0.72

Ouakum MEB 43 0.10 1 0.76
SUSC 57 0.19 1 0.66

MIB 63 043 2 0.80

Sedhiou MEB 45 223 2 0.33
SUSC 63 049 | 2 0.78

MIB 45 384 | 2 0.15

Sokone MEB 16 2.93 2 0.23
SUSC 45 350 2 0.17

MIB 107 164 2 0.44

Theis MEB 62 1.02 2 0.60
SUSC 107 1.47 2 0.48
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Table 4. Genotype-phenotype associations at locus 2521. The genotype-phenotype
associations were compared for the DENV susceptibility phenotypes at each of the 12 collection
sites. p-values highlighted in gray are significantly different by 2 test. n- sample size; 2 stat- the
chi-squared statistic; df- degrees of freedom; p-value- calculated probability

Location X2
Locus | Phenotype | n stat | df | p-value
MIB 68 528 | 2 0.07
Bambey MEB 51 145| 2 0.48
SUSC 67 203 | 2 0.36
MIB 79 177 2 0.41
Bignona MEB 51 145| 2 0.48
SUSC 79 025| 2 0.88
MIB 79 1.02| 2 0.60
Fatick MEB 46 331 2 0.19
SUSC 79 252 | 2 0.28
MIB 84 003]| 1 0.87
Gossas MEB 58 000 1 0.95
SUSC 84 000] 1 0.95
MIB 88 237 2 0.31
Joal MEB 56 093] 2 0.63
SUSC 88 045] 1 0.50
Mont MIB 38 019| 2 0.91
Rolland MEB 23 359 | 2 0.17
9591 SUSC 38 344 | 2 0.18
MIB 132 | 1156 | 2 0.00
Ngoye MEB 79 1.09| 2 0.58
SUSC 132 498 | 2 0.08
MIB 40 364 | 2 0.16
Pire MEB 22 545| 2 0.07
SUSC 40| 1037 | 2 0.01
MIB 57 822 | 2 0.02
Ouakum MEB 43 439 | 2 0.11
SUSC 57 482 | 2 0.09
MIB 64 361| 2 0.16
Sedhiou MEB 45 1.04| 2 0.59
SUSC 63 038 1 0.54
MIB 45 328 2 0.19
Sokone MEB 16 281 | 2 0.25
SUSC 45 160| 2 0.45
MIB 107 732 2 0.03
Theis MEB 62 1.07| 2 0.59
SUSC 107 259 | 2 0.27
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Table 5: Genotype-phenotype associations at locus 4474. The genotype-phenotype
associations were compared for the DENV susceptibility phenotypes at each of the 12 collection
sites. p-values highlighted in gray are significantly different by 2 test. n- sample size; 2 stat- the
chi-squared statistic; df- degrees of freedom; p-value- calculated probability

Location X2
Locus | Phenotype | n stat | df | p-value
MIB 69 091 2 0.63
Bambey MEB 41 227 | 2 0.32
SUSC 69 589 | 2 0.05
MIB 79 218 1 0.14
Bignona MEB 51 024 1 0.63
SUSC 79 134 1 0.25
MIB 80 071 2 0.70
Fatick MEB 47 474 | 2 0.09
SUSC 80 440 | 2 0.11
MIB 75 001] 1 0.92
Gossas MEB 53 242 1 0.12
SUSC 75 235] 1 0.13
MIB 87 123 | 2 0.54
Joal MEB 55 057 2 0.75
SUSC 87 012 2 0.94
Mont MIB 36 034] 1 0.56
Rolland MEB 21 018 ] 1 0.68
4474 SUSC 36 044 1 0.50
MIB 129 237 2 0.31
Ngoye MEB 77 6.33| 2 0.04
SUSC 129 204 | 2 0.36
MIB 44 429 | 2 0.12
Pire MEB 25 577 | 2 0.06
SUSC 44 | 1345| 2 0.00
MIB 55 192 | 2 0.38
Ouakum MEB 42 074 2 0.69
SUSC 55 1.92| 2 0.38
MIB 63 042 1 0.52
Sedhiou MEB 44 006 1 0.80
SUSC 63 038 1 0.54
MIB 45 470| 2 0.10
Sokone MEB 16 037] 1 0.54
SUSC 45 160| 2 0.45
MIB 107 449 | 2 0.11
Theis MEB 62 407 | 2 0.13
SUSC 107 255| 2 0.28
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Table 6: Genotype-phenotype associations at locus 4540. The genotype-phenotype
associations were compared for the DENV susceptibility phenotypes at each of the 12 collection
sites. p-values highlighted in gray are significantly different by y? test. n- sample size; ? stat- the
chi-squared statistic; df- degrees of freedom; p-value- calculated probability

Location Locus | Phenotype n | y2stat | df | p-value
MIB 69 2.85 2 0.24
Bambey MEB 41 1.86 2 0.40
SUSC 68 0.18 2 0.91
MIB 78 0.00 1 0.97
Bignona MEB 50 0.77 1 0.38
SUSC 78 0.58 1 0.45
MIB 78 0.57 1 0.45
Fatick MEB 46 1.63 1 0.20
SUSC 78 1.83 1 0.18
MIB 79 0.47 2 0.79
Gossas MEB 55 5.10 2 0.08
SUSC 79 6.29 2 0.04
MIB 87 0.60 2 0.74
Joal MEB 55 0.47 2 0.79
SUSC 87 1.30 2 0.52
Mont MIB 37 3.10 1 0.08

Rolland MEB 22

4540 SUSC 37 0.68 1 0.41
MIB 128 6.29 2 0.04
Ngoye MEB 76 0.46 1 0.50
SUSC 128 3.92 2 0.14
MIB 41 0.74 2 0.69
Pire MEB 24 1.63 2 0.44
SUSC 41 2.64 2 0.27
MIB 57 0.33 1 0.56
Ouakum MEB 43 1.57 1 0.21
SUSC 57 0.85 1 0.36
MIB 63 6.03 2 0.05
Sedhiou MEB 44 1.97 1 0.16
SUSC 63 0.98 2 0.61
MIB 44 2.76 1 0.10
Sokone MEB 16 4.75 1 0.03
SUSC 44 7.80 1 0.01
MIB 0 6.42 2 0.04
Theis MEB 0 0.02 2 0.99
SUSC 0 15.73 2 0.00
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CHAPTER VI: SUMMARY AND CONCLUSIONS

In Chapter 2, a transgenic mosquito engineered to utilize the RNAI pathway to prevent
DENV?2 infection, Carb109 was backcrossed to a GDLS. Backcrossing to a GDLS improved the
fitness of the transgenic mosquito making it more feasible for use in genetic vector control
programs.  These results improved upon a previous transgenic strain that was engineered with
the same construct, Carb77. The original Carb77 strain lost its DENV refractory phenotype and
as this chapter showed had low fitness over time. Creating a new line, Carb109, and
backcrossing it to the GDLS improved the transgene stability and fitness of the new line
compared to its predecessor.

Chapter 3 focused on the fitness of transgenic vectors. Backcrossing the Carb109
transgenic lines to a GDLS improved many life history traits that would improve the ability of
the transgenic line to be driven into natural populations. Hatch rate, fecundity, larval energy
reserves and adult survival on a sugar diet were all improved by backcrossing the Carb109 to a
GDLS. Once the lines were made homozygous on the other hand, their fecundity and hatch rates
decreased significantly, even significantly below the rates seen in the early backcrosses.
Therefore, the homozygote, regardless of introgression into the GDLS, had too high of a genetic
load or reduced fitness to be maintained for many generations. The integration site of the
transgene along with positional effects likely contributed to the loss of most of the homozygous
lines in subsequent generations.

In Chapter 4, gene expression of multiple potential anti-viral immunity genes was
examined in two Ae. aegypti strains artificially selected for a high MEB, D2MEB, and high
susceptibility, D2S3. This work showed that Ago2 and Dcr2 expression is higher in the D2MEB

strain versus the D2S3 strain and higher expression of both of these genes in the midgut versus
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the carcass. Only Dcr2 had higher expression levels in infected versus non-infected, but this
difference was only in the D2MEB strain, which implicates a role of Dcr2 and possibly the
siRNA pathway in the MEB characteristic of this strain. These studies provided further evidence
of the role of siRNA pathway genes in the midgut escape in these strains. Additionally, the
expression of these genes varied naturally over the course of a day and over the lifetime of the
mosquito. Thus, this chapter also showed the importance of keeping consistent collection times
when conducting gene expression studies.

Chapter 5 evaluated 4 non-synonymous substitutions in the Dcr2 gene for association
with susceptibility to DENV2 Jamaica 1409 infection. These experiments showed that there was
high diversity at these site; however, there was not an association between DENV susceptibility
and Dcr2 genotype at these loci.

These studies further evaluated the role of the sSiRNA pathway in mosquito anti-viral
immunity. In the first two chapters, the SIRNA pathway was utilized to create mosquito
refractory to DENV2 infection. Ultimately, these studies showed that the Carb109 strain is not
suitable for field release due to its low homozygote fitness, but these studies showed that
outbreeding transgenic strains to a genetically diverse mosquito population can better prepare the
mosquito for successful field release. Additionally, these studies showed that the transgene did
not cause fitness deficits in the Carb109 mosquito, but the inbred parent strain caused the lower
fitness of this strain. This study also suggests the need for improved transgenic technologies to
allow simplify transformation and screening genetically diverse parent strains trains, instead of
highly inbred strains with reduced fitness and increased genetic loads. Therefore, in the future,

novel transgenic lines can be created and improved using the knowledge gained from this work.
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The fourth chapter gave further evidence of the role of the sSiRNA pathway in regulating
viral infection in the mosquito midgut. There are many other studies that have shown differences
in immune gene expression in response to mosquito infection, but this study was the first to
compare immune gene expression in mosquito strains with strong differences in their MEB
phenotypes. Additionally, this is the first study characterize in-depth the natural expression of
Ago2 and Dcr2 over time. The natural variation of Dcr2 and Ago2 seen in this study may be
indicative of the role of these genes in the regulation of other processes in the mosquitoes. Thus,
this work is a first step in identifying the other roles of these genes in the mosquito.

The fifth chapter aimed to find an association between the siRNA pathway and DENV
susceptibility in wild populations. The Dcr2 gene is highly variable at the 4 loci evaluated in this
study and the loci evaluated in other studies. There are likely other factors driving the diversity
in this gene, but conducting a similar study with a locally derived, low passage virus would
likely have a better chance of success. Therefore, even though the results of these studies were
not significant further evaluation of these sites with different virus strains is needed to conclude
whether there is an association between the genotype at these loci and the DENV susceptibility

phenotype.
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