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ABSTRACT OF THE DISSERTATION

The piRNA Pathway in the Mosquito Aedes aegypti
by

Sally Waithera Ireri

Doctor of Philosophy, Graduate Program in Cell, Molecular and Developmental Biology
University of California, Riverside, December 2023
Dr. Peter W Atkinson, Chairperson

The development of efficient techniques to interrupt the transmission of human
pathogenic arboviruses such as Dengue, Zika and West Nile virus is of vital importance as
current mosquito control strategies are not sufficient. Insect protection from viruses is
typically carried out by the siRNA pathway which involves the degradation of foreign
genetic material during an active infection.

Recently, another class of small RNAs that form the piRNA pathway have been
implicated in antiviral activity in Aedes aegypti. However, Ae. aegypti was discovered to
express piIRNAs somatically with recent confirmation of the antiviral activity of piRNAs
in the ovaries lending credence to this theory. Not much is known about how the associated
effectors of this pathway, known as the PIWI class of proteins, participate in this antiviral
activity as most studies to date have been done in cell culture. To this end, I used CRISPR-
Cas9 to knockout Ago3, Piwi4, Piwi5, Piwi6, and Piwi2 and characterized the resulting
phenotypes. Knockout of each piwi gene led to a general reduction in viability and fertility

of the GO mosquitoes compared to the controls.
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Immunoblotting for each tested Piwi protein in the larval midgut, compared to adult
testes and blood-fed ovaries, revealed that Ago3 is not expressed in the larval stage or the
testes, indicating the absence of the ping-pong amplification pathway in these tissues. This
suggests that the piwi genes have developed functional specialization though further work
in vivo is necessary to tease apart the potential functions.

The prevalence of endogenous viral elements (EVEs) from which piRNAs arise, in
the Ae. aegypti genome, prompted the attempt to generate transgenic mosquitoes primed
with immunity to an arbovirus of medical importance. This was done by locating and
targeting unique loci in a highly repetitive piRNA cluster that is highly expressed in the
midgut, to knock in a segment of the Sindbis virus, and test for SINV-piRNA expression.
Establishment of the transgenic line using CRISPaint proved to be challenging, though
successful integration was observed. Further investigation of this pathway could result in

valuable information on new targets for genetic control of this vector species.
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CHAPTER ONE

INTRODUCTION & BACKGROUND

PART I: The Mosquito Aedes aegypti

The mosquito Aedes aegypti and the diseases transmitted.

The mosquito Aedes aegypti, also known as the yellow fever mosquito, is an insect in the
order Diptera and belongs to the family Culicidae. Culicidae mosquitoes are further divided

into Anopheline and Culicine sub-families, and Aedes aegypti belongs to the latter.

The Ae. aegypti mosquito is thought to have originated in sub-Saharan Africa where it still
exists in its “sylvan” form referred to as Ae. acgypti formosus (Aaf) (Derryberry and
Gartrell 1952, Tabachnick 1991, Crawford, Alves et al. 2017). This mosquito lives in
forested areas and is primarily zoophilic (Lounibos 1981). In the Sahel region of Western
Africa, the climate changed at the end of the Africa Humid Period resulting in a somewhat
abrupt drying of the Sahara (Shanahan, McKay et al. 2015). The domesticated form of this
mosquito, which is anthropophilic (Crawford, Alves et al. 2017) and has adapted to breed in
containers in urban environments arose during this period, around 5000 years ago (Rose,
Badolo et al. 2023). This domesticated mosquito is formally referred to as Adedes aegypti
aegypti (Aaa) (Tabachnick 1991), but unless otherwise stated, de. aegypti will refer to the

domesticated form Aaa. The domesticated Ae. aegypti was likely exported to the Americas



along with enslaved people aboard the slave ships plying the Atlantic Ocean between the
West African coast and the Caribbean (Tabachnick 1991, Rose, Badolo et al. 2023). From
there the yellow fever mosquito likely spread West across the Pacific Ocean and into Asia

and Australia (Powell and Tabachnick 2013).

The mosquito feeds during the day, prefers to feed on humans and traditionally rests and
feeds indoors, all of which increases the probability of interactions with people. However,
recent reports have shown that Ae. aegypti is adapting to feed both indoors and outdoors,
increasing the pool of potential hosts for blood-feeding and therefore having implications

for the transmission of mosquito-borne diseases. (Ngugi, Mutuku et al. 2017).

The life cycle of Ae. aegypti is as follows (Fig.1.1): gravid females lay eggs singly in water
holding containers in urban and peri-urban areas (Ngugi, Mutuku et al. 2017, Ouédraogo,
Toé et al. 2022). The eggs laid can undergo desiccation if allowed to develop for a couple of
hours in a moist environment before drying out. Water and a reduction of oxygen caused by
the presence of microbial activity, and hence vegetation, in the water serve as a hatching

signal (Christophers 1960).

The egg cap breaks open letting the L1 larvae wriggle free of the rest of the egg casing. The
larvae mature and begin feeding, passing through four larval stages with feeding highest in
L3 and L4 larvae where they will grow rapidly. The larvae molt and shed their exoskeleton as

they progress through each larval developmental stage (Christophers 1960).



Male mosquitoes eclose from the pupal casing before the females, and within 48 hours of
eclosing, the males and females are ready to mate. Female Ae. aegypti mosquitoes are mostly
monandrous, i.e., the female will be inseminated once then become refractory to further
insemination, however studies have shown that a small proportion of already mated females
may mate again. (Gwadz, Craig et al. 1971, Degner and Harrington 2016). Mating has been
found to occur close to the host (W. K Hartberg 1971) or in large swarms that typically occur
at dawn and dusk and comprise of thousands of males to which females are attracted for

mating (Hartberg 1971, Cabrera and Jaffe 2007, Fawaz, Allan et al. 2014).

Mature adult females can take several blood meals from different hosts during one
gonadotrophic cycle (Scott, Clark et al. 1993). After a blood meal the females rest while egg
development occurs. One female can typically around 200 eggs in up to five gonadotrophic

cycles throughout her lifetime (Christophers 1960).

Ae. aegypti is an efficient vector of arthropod-borne viruses (arboviruses) such as Dengue
virus, yellow fever virus (YFV), Chikungunya virus (CHIKV), Zika virus (ZIKV) and West

Nile virus (WNV).

The extreme weather events associated with climate change have been shown to affect local
mosquito population abundance and by extension the incidence of vector borne diseases in

the local population (Nosrat, Altamirano et al. 2021), a problem that will be compounded



by the predicted increase in the range of Ae. aegypti due to climbing temperatures and shorter

winters (Messina, Brady et al. 2019, Ryan, Carlson et al. 2019).

Ae. aegypti have spread throughout the state of California, after first being detected in three
central California counties in 2013, and initial eradication efforts were unsuccessful as the
mosquitoes were detected in six more counties the following year (Metzger, Hardstone
Yoshimizu et al. 2017). Genotyping and microsatellite analysis of the invasive mosquitoes
indicated two likely introductions of Ae. aegypti into California, likely occurring before the
mosquitoes were detected by state vector control officials (Pless, Gloria-Soria et al. 2017, Lee,

Schmidt et al. 2019)

Current vector control strategies

One of the oldest forms of vector control is environmental management to remove potential
habitats for mosquito breeding with reports from Ancient Greece of the correlation between
episodic fevers and swampy areas (Wilson, Courtenay et al. 2020). Other early interventions
which showed success in reducing the transmission of vector-borne diseases include
screening doors, windows, and chimneys to prevent entry of mosquitoes into the home

(Takken, Snellen et al. 1990, Ferroni, Jefferson et al. 2012).

Chemical insecticides have been in use for at least 100 years as a method of control for
agricultural and medically important pests. Resistance to insecticides among some insect

vectors soon became a problem after widespread coordinated use of insecticides in the earlier



half of the 20* century. Dichloro-diphenyl-trichloroethane (DDT), a popular insecticide,
was used to eliminate anopheline mosquitoes, and therefore malaria, in several regions
around the world such as the South-eastern US and Northern Egypt (Shousha 1948,
Derryberry and Gartrell 1952, Nijera, Gonzilez-Silva et al. 2011) before it was abandoned
due to the discovery that DDT and its metabolites are toxic and still persist in soil,
contamination challenge decades after this insecticide was abandoned (Sudharshan, Naidu
etal. 2012). By the 1960s scientists were aware of resistance to most major mosquito chemical
insecticides, especially pyrethrins and organophosphates, and that this resistance was
heritable therefore posing a significant risk to the efficacy of the insecticides (World Health
Organization 1964, Moyes, Vontas et al. 2017). As use of chemical insecticides spread
globally, reports of resistance to the four main classes of chemical insecticides, carbamates,
pyrethrins, organo-chlorine and organo-phosphate derived insecticides cropped up with
resistance to all four classes detected globally in nineteen out of 88 countries that reported to
the WHO over the period of ten years ending in 2020 (Elissa, Mouchet et al. 1993, Moyes,

Vontas et al. 2017, Jangir and Prasad 2022).

Chemical insecticides are applied in various ways, mainly via indoor residual spraying (IRS)
insecticide-treated bed-nets and treating aquatic habitats with larvicides. The most common
class of insecticide used worldwide for the control of arthropod-borne diseases is pyrethroids,

despite the widespread development of resistance to this class of chemicals (Moyes, Vontas



et al. 2017, van den Berg, da Silva Bezerra et al. 2021). Resistance to chemical insecticides is
on the rise in different regions globally (Gan, Leong et al. 2021, Ayettey, Ablorde et al. 2023,
Tungu, Kabula et al. 2023) pointing to the urgent need for new interventions in mosquito

control.

The Sterile insect technique (SIT) is a type of population suppression vector control which
has been successfully employed in the eradication of agricultural pests such as the screwworm
fly (Bushland and Hopkins 1951, Lindquist, Abusowa et al. 1992). Initially, sterility was
induced in male arthropods using chemicals (Breeland, Jeffery et al. 1974), though this
practice was eventually abandoned due to environmental safety concerns (Borkovec 1976).
X-rays replaced chemicals and were used to irradiate adult male mosquitoes rendering them
sterile, then releasing large amounts of the sterile males and allowing them to mate with

females in the wild causing a population crash (Knipling 1979).

Irradiation of the male spermatozoa generates chromosome breaks which are quiescent until
mitotic divisions begin in the developing embryo which frequently generate errors during
the repair process that result in dominant lethal mutations (Smith and von Borstel 1972).
These mutations typically have a deleterious effect on zygotic development but could also
produce a lethal phenotype in the later stages of juvenile development (Atwood, Von Borstel
etal. 1956, Robinson 2005). Variations of SIT in mosquitoes have been attempted in various

regions of the world and to varying degrees of success, but this technology never achieved



large-scale population reduction, and is greatly hampered by the need for continuous releases
of sterile males (Laven, Cousserans et al. 1972, Kittayapong, Ninphanomchai et al. 2019,

Kittayapong 2021).

Various variations of SIT have been proposed and tested, including a conditional version of
SIT named “Release of Insects carrying a Dominant Lethal gene (RIDL)” which has been
employed in the control of Ae aegypti. A strain of mosquitoes with a repressible gene that is
lethal in the pupal stage of the mosquito was created by pigeyBac-mediated transformation
and named OX513A. (Phuc, Andreasen et al. 2007, Harris, Nimmo et al. 2011). de. aegypti
mosquitoes carrying the lethal dominant gene have been released in the field at small scales
where they have shown efficient population suppression (Harris, McKemey et al. 2012,

Carvalho, McKemey et al. 2015).

One of the largest releases occurred in Jacobina, Brazil where a fluorescently tagged version
of the OX513A strain of mosquitoes was released over a period of 27 months (Evans,
Kotsakiozi et al. 2019). Extensive genotyping of both the OX513A and the local strains of
Ae. aegypti mosquitoes in Jacobina, allowed for genetic monitoring to take place, which
uncovered that extensive introgression of the OX513A genome had occurred with 10% - 60%
of mosquitoes sampled testing positive for the introduced strain (Evans, Kotsakiozi et al.
2019). Though no transgenes were found in the sampled mosquitoes, this degree of

introgression is cause for concern, as the hybridizing mosquitoes may result in an overall



population increase, souring the public’s view of genetically modified mosquitoes as a tool

of vector control (Servick 2019, Leftwich, Spurgin et al. 2021)

The development of CRISPR-Cas9 and site-specific gene editing ignited interest in homing
endonuclease gene drives, which is an attractive area of research, as it allows for super-
Mendelian inheritance, “driving” the desired gene into the population in a few
generations (Deredec, Burt et al. 2008, Hammond, Galizi et al. 2016, Li, Yang et al. 2021) .
While cage trials of gene drive systems have been attempted with both Ae. aegypti, An.
stephensi and Anopheles gambiae, (Gantz, Jasinskiene et al. 2015, Kyrou, Hammond et al.
2018, Li, Yang et al. 2020, Hammond, Pollegioni et al. 2021, Li, Yang et al. 2021), there has
only been one attempt so far in releasing CRISPR-Cas9 genetically modified sterile male
mosquitoes into the field, where An. gambiae mosquitoes were released in a village in

Burkina Faso (Yao, Millogo et al. 2022).

Population suppression using CRISPR-Cas9 paired with a homing gene drive has proven to
be difficult to implement as the site-specificity of CRISPR-Cas9 can be overcome by the
random development of mutations and selection for the resistant alleles at the target site

(Hammond, Kyrou et al. 2017, Unckless, Clark et al. 2017).

Alleles resistant to the gene drive can form initially either in the parental germline or in the
embryo due to maternally deposited Cas9, when the double-stranded break caused by Cas9

is repaired by non-homologous end joining (NHE]) or microhomology-mediated end joining



(MME]J) resulting in the formation of indels at the sgRNA target site (Champer, Reeves et
al. 2017, Li, Yang et al. 2020). Genetic factors that abolish recognition by the sgRNA, and
therefore cleavage by the nuclease, can result in resistant alleles which are strongly selected
for due to the fitness costs of the drive, including relatively rare events such as de novo
mutations, and common challenges such as genetic variation in the field populations

(Unckless, Clark et al. 2017, Price, Windbichler et al. 2020).

Research is ongoing to prevent the development of resistant alleles through methods such as
the careful choice of a highly conserved target site, which may indicate that any disruptions
to the homing gene drive target site would be lethal, a technique that has been implemented
successfully in small cage trials in An. Gambiae and D. suzukii (Kyrou, Hammond et al.
2018, Yadav, Butler et al. 2023). Further large indoor cage trials in An. Gambiae using the
same construct showed complete population suppression in approximately 9 months
without the development of resistance, a promising prospect for the control of malaria, the
deadliest mosquito-borne disease (Hammond, Pollegioni et al. 2021). Similarly conserved
targets in de. aegypti have been identified and are under investigation (Navarro-Pay4, Flis et
al. 2020) for inclusion in toxin-antidote types of gene drives under development (Kandul,

Liu et al. 2019, Kandul, Liu et al. 2021).

Wolbachia is a genus of matrilineally transmitted intracellular bacterial endosymbionts

found in the reproductive tissues of arthropods and have been implicated in a phenomenon



known as cytoplasmic incompatibility (CI) which arises when infected males are mated with
uninfected females, resulting in non-viable offspring (Rousset, Bouchon et al. 1997, Hedges,
Brownlie et al. 2008). Wolbachia is estimated to infect approximately half of all terrestrial
arthropods (Weinert, Araujo-Jnr et al. 2015), where it alters sex ratios in the host organism
in its favor, typically by CI, resulting in increased proportions of infected females in the
population (reviewed in(Werren, Baldo et al. 2008). Among mosquitoes, while Wolbachia is
naturally found in Culex pipiens worldwide (Yen and Barr 1973), most populations of Ae.
aegypti do not naturally carry these bacteria (Gloria-Soria, Chiodo et al. 2018, Balaji,
Jayachandran et al. 2019), while the Asian Tiger mosquito, Ae. albopictus, typically carries

two strains of Wolbachia (AlbA and AlbB) (Sinkins 1995).

The molecular basis for CI was relatively recently established in D. melanogaster, where two
genes from a bacteriophage known as WO that are expressed in the Wolbachia genome affect
the reproductive potential of the arthropod host in a complex tangle/an interesting three-
way interplay. These prophage WO-derived genes, cifA and ¢ifB have been shown to result
in CI when expressed in the germline of uninfected fly males that are mated with uninfected
females (LePage, Metcalf et al. 2017). The discovery of these genes, also known as cidA and
cidB allows for the development of more tailored approaches to manipulating reproductive
fitness in arboviral vectors which are currently being explored (Beckmann, Ronau et al. 2017,

Deehan, Lin et al. 2021).
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Expression of these genes in An. gambiae mosquitoes resulted in the CI phenotype where
cifd and cifB both induce CI with wild-type uninfected females though cifB alone is
sufficient to cause CI while c/f4 was sufficient to rescue the CI phenotype (Adams,
Abernathy et al. 2021). Investigations in Cx. pipiens Wolbachia genomes, shows that the cid A4
and cidB operon are present in varying copy numbers, acting in a toxin-antidote manner

(Bonneau, Atyame et al. 2018).

Wolbachia is being investigated as a potential population suppression tool with field trials
having been carried out in both Ae. aegypti and Ae. albopictus (O'Connor, Plichart et al.
2012, Zheng, Zhang et al. 2019, Crawford, Clarke et al. 2020). While the release of
Wolbachia-infected Ae. aegypt: males causes a significant decrease in mosquitoes in the
treated area, the population eventually rebounds mostly due to migration of new mosquitoes

into the area (Crawford, Clarke et al. 2020).

Infection and superinfection with various Wolbachia strains in laboratory settings has
shown a marked reduction in the transmission of arboviruses of medical importance such as
Dengue and Zika (Hoffmann, Montgomery et al. 2011, Ferguson, Kien et al. 2015, Ant,
Herd et al. 2018) making this an attractive tool currently under investigation to control the
spread of these arboviruses (Schmidt, Barton et al. 2017, Zheng, Zhang et al. 2019), though
much remains to be seen regarding the stability of different Wolbachia strains in one host

genome (Ant and Sinkins 2018).

11



The mechanism through which blocking of viral transmission by the mosquito occurs is
unknown, with some hypothesizing that Wolbachia may perturb lipid metabolism,
particularly cholesterol homeostasis, therefore preventing viral replication (Geoghegan,
Stainton et al. 2017). The first successful population replacement of Ae. aegypti with
Wolbachia-infected mosquitoes occurred in Cairns, Australia where releases beginning in
2011 have resulted in a corresponding significant reduction in Dengue virus transmission

over the 8-year period since the study began (Ryan, Turley et al. 2019).

PART II: SMALL RNA silencing pathways

There are three main small non-coding RNA pathways in insects. All three pathways rely on
the interaction between specific small RNAS and an Argonaute protein to effect silencing of

the target single-stranded RNA.

The micro-RNA pathway

The first microRNA (miRNA) was discovered in Caenorbabditis elegans as gene regulatory
RNAs important for development (Bartel 2004, Kim, Han et al. 2009). Transcription from
endogenous sources via RNA polymerase II results in primary micro-RNAs which are
processed by the Drosha protein in the nucleus and exported to the cytoplasm for further
processing by the Dicer-1 protein resulting in mature duplex miRNA. One strand of the

miRNA is loaded onto the Argonaute-1 (Ago-1) protein forming the micro-RNA-

12



interference silencing complex (mi-RISC) (reviewed in (Carthew and Sontheimer 2009) and

(Kim, Han et al. 2009).

The main function of miRNAs is gene expression regulation. This occurs by recognition and
binding to mRNA in the cytoplasm followed by cleavage of the target mRNA by Ago-1.
However, miRNAs have been implicated in the Ae aegypti response to viral infection as well
as the viral response to the mosquito immune system. (Hussain, Torres et al. 2012, Asgari

2014, Miesen, Ivens et al. 2016).

The small interfering RNA pathway

The siRNA pathway comprises of Dicer-2 and Argonaute-2 (Ago-2) as the catalytic proteins
in the RNA-interference silencing complex (RISC) (van Rij, Saleh et al. 2006). Recognition
and processing of viral RNA occurs in the cytoplasm where the pathway is activated by
double-stranded RNA (dsRNA), which is formed at some stage during infection — usually
the replication of the viral genome. Dicer-2 protein processes the viral RNA into siRNA
duplexes — 19 bp double stranded RNA with 2 nucleotide 3’ overhangs. The guide strand of
the siRNA duplex is bound by the Ago-2 protein while the complementary strand is digested
by an exoribonuclease. The methyltransferase, DmHenl is responsible for the 2-O-
methylation of the 3’ end of mature siRNAs. The mature siRNAs are bound to Ago-2 which
forms the siRNA RISC. This RNA-protein complex is responsible for the recognition and

cleavage of dsRNA in the cytoplasm. The guide strand base-pairs with the free dSsSRNA which

13



is cleaved between the 10* and 11* nucleotides by Ago-2 endo-nuclease activity. The double-
stranded RNA is further degraded by cytoplasmic nucleases. (Reviewed in (Blair and Olson

2015) & (Bonning and Saleh 2021)).

The piRNA pathway

The piRNA pathway comprises of a sub-family of Argonaute proteins known as the PTWI
group of proteins. The piRNA system in an organism usually comprises of at least one
Argonaute-3 (Ago3) homolog, one or more Piwi protein homologs and the associated small

RNAs known as piRNAs.

The piRNA pathway was first discovered an important factor for male sterility in D.
melanogaster(Aravin, Naumova et al. 2001). The piRNAs were first referred to as repeat-
associated silencing small RNAs (rasi-RNAs) and arose from the suppressor of the stellate
locus which was implicated in maintaining germline stability (Aravin, Naumova et al. 2001).
Further investigations revealed that rasi-RNAs are associated with the Piwi clade of
Argonaute proteins and are a distinct species of small RNAs, leading to the renaming to
piRNAs, i.e., Piwi-interacting RNAs (Aravin, Lagos-Quintana et al. 2003, Aravin, Gaidatzis

et al. 2006, Vagin, Sigova et al. 2006).

piRNAs are produced from distinct genomic loci known as piRNA clusters. Most of the
clusters are located in the repetitive regions of the genome containing large segments of

repetitive sequences and transposable element fragments while some piRNA clusters are

14



found in genic regions too, such as the untranslated regions of genes (Nishida, Saito et al.
2007, Robine, Lau et al. 2009, Saito, Inagaki et al. 2009). These small RNAs are 23-31
nucleotides in length and are 2’-O-methylated at the 3’ end, a characteristic feature of

piRNAs (Saito, Sakaguchi et al. 2007).

A seemingly conserved function of piRNAs is the protection of the germline from the
deleterious effects of mobile genetic elements such as transposons and viruses. This is
accomplished via regulation of expression at two levels, during transcription and post-

transcription, which will be discussed in greater detail later in this chapter.
Specialized functions of the piRNA pathway in vertebrates

Studies in mice have revealed that the most abundant piRNA species in the mammalian germ
cells are pachytene piRNAs, so named as they arise during the pachytene stage of meiosis
prophase I (Li, Roy et al. 2013). These piRNAs are involved in the maintenance of the male
germline, though the mechanism of action remains to be characterized (Wu, Fu et al. 2020)
Knockdown of Miwi, the homolog of D. melanogaster Piwi in mice, as well as loss of

pachytene piRNA loci leads to male sterility (Zheng and Wang 2012, Wu, Pang et al. 2020).

Loss of function of PIWI-clade proteins in human cell culture has been associated with
tumorigenesis. This points to a regulatory role for piRNAs in cancer development, which
can be exploited for use as biomarkers for cancer diagnosis (Cammarata, de Miguel-Perez et

al. 2022). In domestic chicken (Gallus gallus), infection with Avian leukosis virus (ALV) is
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countered by an antiviral piRNA response from a recently endogenized defective provirus
(Sun, Xie et al. 2017). This locus, which is highly expressed in the testes, was previously
identified as producing an antiviral factor, and further analysis revealed the antiviral factor
to be piRNAs. (Sun, Xie et al. 2017). Recently, the piRNA pathway was implicated in neural
crest development, the first finding of somatic mammalian Piwi and piRNAs (Galton, Fejes-

Toth et al. 2022).

Specialized functions of the piRNA pathway in invertebrates

piRNAs are widely expressed in arthropods and mollusks, with somatic expression of these
small RN As and a large variety of PIWI-clade proteins occurring in both phyla (Jehn, Gebert
etal. 2018, Lewis, Quarles et al. 2018). In addition to defending the genome from TEs, some
additional functions of the pathway have been identified. For example, in the silkworm
Bombyx mori, the piRNA pathway is involved in sex determination through the activity of
a feminizing piRNA (Kiuchi, Koga et al. 2014). In Ae. aegypts, additional functions of the
piRNAs and associated PIWI proteins have been identified include gene regulation
(Arensburger, Hice et al. 2011, Girardi, Miesen et al. 2017), maternal mRNA degradation
during embryonic development (Halbach, Miesen et al. 2020), and endogenous viral element
(EVE)-mediated immune memory to viruses infecting the ovaries (Suzuki, Baidaliuk et al.

2020).
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The piRNA pathway in Drosophila melanogaster

Research in Drosophila melanogaster has contributed greatly to our understanding of the
piRNA pathway. The PIWI protein sub-family members expressed in the fruit fly are
Aubergine (Aub), Piwi and Argonaunte-3 (Ago3) and their expression is limited mostly to the
germline oocytes while Piwi is also expressed in the surrounding follicular cells (Brennecke,
Aravin et al. 2007). In the germline cells, Aub and Ago3 proteins are found in the cytoplasm

while Piwi is a nuclear protein. (Brennecke, Aravin et al. 2007, Nishida, Saito et al. 2007).

piRNA biogenesis has been best described in D. melanogaster. In the ovarian germ cells,
piRNAs are mainly transcribed from dual-stranded piRNA clusters which are marked by
the deposition of silencing histone modifications by Piwi on the clusters (Klattenhoff, Xi et
al. 2009). Transcription from dual-stranded clusters occurs in both directions, starting from
internal sites defined by the Rhino protein, and produces both sense and anti-sense piRNAs.
RNA polymerase II is recruited to the locus by a complex formed by the Rhino, Deadlock
and Cutoff (RDC) proteins (Mohn, Sienski et al. 2014, Andersen, Tirian et al. 2017). The
primary transcripts vary in length and are further processed in the nucleus by the Cutoff
protein, which protects the 5’ end of the transcript, preventing splicing or poly-A
adenylation (Le Thomas, Stuwe et al. 2014). The primary piRNA transcripts are transported
to the cytoplasm where further processing occurs in peri-nuclear structures known as nuage

(Pane, Jiang et al. 2011, Zhang, Wang et al. 2012).
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The nuage is a dense ribonucleoprotein cytoplasmic peri-nuclear granule found in germline
cells which is a key organelle in the processing of RNA shuttled from the nucleus (Findlay
2003, Snee & Mcdonald 2004). In the nuage, the primary piRNAs which are mostly
antisense to the transposon targets, are loaded onto Aub, and the Aub-piRISC then cleaves
transposon mRNA (Malone, Brennecke et al. 2009). An RNA helicase protein, Vasa,
facilitates unloading of the cleavage products from Aub, and loads the 3’ fragment onto
Ago3 (Xiol, Spinelli et al. 2014). The 3’ end of the Ago3-bound secondary piRNA is
processed to form a mature piRNA which is then loaded into the Ago3-piRISC, which can
then cleave primary piRNAs for loading onto Aub (Hayashi, Schnabl et al. 2016). This
continues in a cycle that leads to the amplification of the piRNA pool in the cell, known as
the ping-pong amplification cycle.(Li et al 2009) The Ago3 and Aub associated piRNAs have
a characteristic 10A and 1U bias respectively, as well as significant overlap in the first 10
nucleotides of the piRNAs due to the ping-pong cycle (Brennecke, Aravin et al. 2007,
Gunawardane, Saito et al. 2007). In summary, Ago3 and Aub act post-transcriptionally to
silence transposon expression by cleaving transposon mRNA. In the cytoplasm, Piwi is
loaded with Ago3 cleavage products after processing by the Zucchini (Zuc) protein , an
endonuclease on the outer mitochondrial membrane, which determines the 3° and 5’

ends of the mature piRNAs in a process termed phased piRNA biogenesis (Wang, Han et al.

2015).
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In the follicular cells surrounding the ovarian germ cells, Piwi is the only PIWI-clade protein
expressed, therefore piRNAs are produced using the phased piRNA biogenesis pathway
(Mohn, Handler et al. 2015). piRNA clusters in these cells are mostly uni-stranded and have
promoters. Transcription therefore follows the canonical process involving RNA
polymerase IT and producing antisense piRNAs that are spliced, capped and poly-adenylated
(Gorijaux, Desset et al. 2014). The piRNA precursors are exported to the nucleus and
undergo further processing in the Yb body which comprises of the proteins Yb and Armitage
among others (Saito, Ishizu et al. 2010). WHAT DOES THE YB BODY DO? Armitage
translocates the piRNA transcripts to the mitochondria, where proteins located on the outer
mitochondria, Gasz and Daedalus unwind the piRNA from Armitage, allowing Zuc access
tothe 3’ and 5’ ends of the piRNAs resulting in the mature piRNA loaded onto Piwi

forming the Piwi-piRISC. (Wang, Han et al. 2015).

The Piwi-piRISC is translocated to the nucleus where it is recruited to actively expressed
transposons through recognition of primary transcripts as they are produced (Le Thomas,
Rogers et al. 2013). Piwi induces silencing of the target locus at the transcription level by
recruiting a histone H3K9 methyltransferase which deposits silencing modifications to the
chromatin in the target and surrounding regions (Le Thomas, Stuwe et al. 2014). The region
is further compacted into heterochromatin, preventing further expression from the locus

(Andersen, Tirian et al. 2017).
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PART III: The piRNA pathway in Aedes aegypti

The yellow fever mosquito expresses an expanded repertoire of PIWI-clade proteins
compared to D. melanogaster, with seven Piwi proteins and one Ago3 protein (Lewis,
Salmela et al. 2016). Additionally, while piRNA and PIWI expression is mostly limited to
the germline and supporting follicle cells in the fruit fly, piRNAs are expressed somatically
in Ae. aegypti with developmental stage-specific expression (Miesen, Joosten et al. 2016).
Piwi4-6 and Ago3 are expressed in somatic tissue and during larval and pupal development,
Piwi7 is restricted to the developing embryo, while Piwi2 and Piwi3 are expressed in gonadal

tissue of both male and female mosquitoes (Akbari, Antoshechkin et al. 2013).

Interestingly, the proportion of piRNAs mapping to transposable elements in Ae. aegypti is
much lower (19%) than it is in D. melanogaster (50%), though transposable elements
comprise approximately of the yellow fever mosquito genome compared to 3.5% in the fruit
fly (Arensburger, Hice et al. 2011). This sparked interest in identifying the additional targets
of genome-encoded piRNAs, with one such species being endogenous viral element (EVE)-
derived piRNAs (Suzuki, Frangeul et al. 2017, Whitfield, Dolan et al. 2017, Aguiar, de
Almeida et al. 2020). piRNA biogenesis in Ae. aegypti will be described in greater detail in

Chapter 3.

Investigations in cell culture identified piRNAs produced in response to viral infection

(vpiRNAs) (Miesen, Ivens et al. 2016, Varjak, Donald et al. 2017), which was confirmed in
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infected mosquitoes (Marconcini, Pischedda et al. 2021), while similar studies in D.
melanogaster did not indicate the presence of such vpiRNAs (Petit, Mongelli et al. 2016).
The antiviral nature of vpiRNAs was confirmed by using CRISPR-Cas9 to delete a Cell
Fusing Agent Virus (CFAV)-EVE (Suzuki, Baidaliuk et al. 2020). Infection with the cognate
virus resulted in significantly increased CFAV replication and a higher viral load in the

ovaries relative to  “wild type” mosquitoes. (Suzuki, Baidaliuk et al. 2020).
The piRNA pathway serves as an adaptive immune system in dedes aegypti.

Duplication of piw:i genes in some dipterans has been shown to lead to functional
specialization, strengthening the case that D. melanogaster may be somewhat unique in its
germline constrained piRNAs and distinct Piwi and Aub proteins (Lewis, Salmela et al.
2016, Lewis, Quarles et al. 2018). The production of antiviral piRNAs in de. aegypti during
active infection, the formation of viral DNA (vDNA) during viral infection, and the
production of piRNAs from endogenized viruses, together present a picture of a heritable
adaptive immune system in Ae. aegypti. The chance capture and endogenization of a viral
fragment into the mosquito genome by TE activity, forms a new EVE, which then begins
expressing piRNAs through a currently unknown mechanism (Goic, Stapleford et al. 2016,
Ophinni, Palatini et al. 2019).The EVE would experience positive selection in the mosquito
population, as it would confer heritable antiviral protection in addition to the siRNA

pathway during active infection with the cognate virus. This system would provide immune
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protection to the mosquito as it encounters a heavy viral challenge during two life stages: the
voracious feeding in the aquatic larval stage and blood-feeding in the adult female.
Altogether, this system prevents a novel opportunity for the control of arboviruses through

the manipulation of Ae. aegypti “immunity” to viruses of medical and agricultural concern.

The expansion of the piw: genes associated with the piRNA pathway in Ade. aegypti along
with the somatic expression of piRNAs in the mosquito raise questions as to what, if any,
the additional roles of these genes may be in the mosquito. Experiments done both in cell
culture as well as in the adult female mosquito pointed to the existence of vpiRNAs raised in
response to acute infection and transcribed from EVE-containing loci. These EVEs represent
a snapshot of the viruses encountered in Ae. aegypti evolutionary history in a particular
region and are therefore mostly composed of insect specific viruses (ISVs), perhaps

representing antiviral memory to locally circulating ISVs which are pathogenic to the insect.

The relatively recent confirmation of the antiviral nature of vpiRNAs in Ae. aegypti ovaries
has raised important questions about the potential immune functions of the pathway in the
yellow fever mosquito. Potential roles for the different Piwi proteins have been proposed
using experiments in cell culture, however, we do not have tissue-specific confirmation of

the presence of these proteins in the different developmental stages.

I aim to confirm the presence of each somatic Piwi protein (Piwi 4, Piwi5, Piwi6 and Ago3)

in larval tissues which serve as barriers to viral transmission, specifically the midgut. This will
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help to narrow down the proteins involved in RNA silencing in somatic tissues, which
should be the same proteins involved in the response to infection with a virus pathogenic to

mosquitoes.

My aim was to test this via the genetic transformation of Ade. aegypti with a segment of the
SINV virus that produces a significant vpiRNA response both in cell culture and in infected
mosquitoes. This will allow us to potentially elucidate the mechanism behind EVE-piRNA
cluster formation, and testing a line of mosquitoes confirmed to express the SINV-piRNAs
will allow for the confirmation of the antiviral nature of vpiRNAs in somatic tissues. I was
successful in my aim to insert a plasmid into a complex highly repetitive locus, confirmed by

ﬂuorescence and sequencing.

The ability to generate even partial immunity to a virus of medical importance via gene
editing would be a particularly promising tool to employ in the arsenal against mosquitoes
and mosquito-borne diseases, as transmission of viruses from vertebrate to vertebrate
depends on viral replication and accumulation in the salivary glands before the next

bloodmeal.
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Vector control method

Chemical

Pros

Relatively
cheap

Proposed

Cons modifications

Migration of wild-type
males; handling of toxic
chemicals

References

Gato et al 2014

Irradiation

Any females
accidentally
released are
sterile

Migration; differences
in radiosensitivity in
different insects
therefore the sterilizing
dose needs to be
optimized; irradiation
reduces fitness

LaChance & Graham
1984; Oliva et al 2012;
Gato et al 2021; Yamada
et al 2023;

SIT
Wolbachia for Migration does  Accidental release of Automation of  Crawford et al 2020;
population not overwhelm  females — establish a rearing & sex Zheng et al 2019;
suppression suppression new colony; large-scale  sorting; pupal Kittayapong et al 2019
rearing of infected irradiation; Ndo et al 2018
males is expensive temperature-
lethal female
strain
RIDL Late-acting Introgression of the Phuc et al 2007; Evans
lethality introduced genome et al 2019;
. Relatively Resistance develops Yang F et al 2020; Kasai
Chemical |
. L. cheap and easy rapidly Setal 2022
insecticides
to deploy
Super- Release of GMOs; Double-tap Reid W et al 2022;
) Mendelian development of gene drive; Bishop et al 2022; Lutrat
Gene drive . : . . .
inheritance resistance alleles; genetic sexing et al 2023
rates; migration strains
Larval stage control Cheap; Unreliable Pyke GH 2008
complements
Biological control p‘
chemical
insecticides

Table 1.1: A summary of the main vector control methods currently in use, their pros, and cons, as well as any
proposed modifications to the technology.
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Female mosquitoes lay
eggs in containers that
hold water.

Pupae live in water.
They develop into adult,
flying mosquitoes in

Eggs hatch within a few
days to months when

Larvae live in water. 2
covered with water.

They develop into pupae
in as few as 5 days.

Figure 1.1: The life cycle of the mosquito Aedes aegypti, adapted from (CDC 2022).
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CHAPTER TWO

Using CRISPR-Cas9 to investigate the function of the expanded PIWI repertoire in Aedes
aegypti.

INTRODUCTION

PIWI structure

Argonaute proteins can be divided into two main clades: AGO and PIWI-clade proteins,
with a third clade found only in nematodes known as WAGO (Worm-specific Argonautes).
These proteins are found in all eukaryotes, except Saccharomyces cerevisiae, as well as some
prokaryotes, and are important in the formation of RNA-induced silencing complexes
(RISCs), which are the main effectors of RNA-guided gene expression regulation
(Hammond, Bernstein et al. 2000, Drinnenberg, Weinberg et al. 2009). The RNA cleavage
function of Argonautes was first confirmed by mutational analysis of mammalian Ago2 (Liu,

Carmell et al. 2004).

AGO-clade proteins bind 20-22 nucleotide long small RN As, mostly siRNAs and miRNAs,
while PIWI-clade proteins bind slightly longer (23-30 nucleotide) piRNAs. (Meister 2013).
X-ray crystallography confirmed that the PIWI domain in Argonaute proteins adopts a
ribonuclease-H (RNase-H) fold, a characteristic tertiary protein structure which brings the

active site residues DEDX, (Aspartate-Glutamate-Aspartate-usually Histidine) together to
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cleave the target when present, catalyzed by a divalent metal ion. (Yang and Steitz 1995,
Chapados, Chai et al. 2001, Song, Smith et al. 2004, Rivas, Tolia et al. 2005, Nakanishi,

Weinberg et al. 2012).

The PAZ domain is named after three proteins that contain this domain, that is, Piwi,
Argonaute and Zwille/Pinhead proteins (Cerutti, Mian et al. 2000). It consists of two sub-
domains which form a fold similar to that found in single-stranded nucleic acid binding
proteins known as the oligonucleotide/oligosaccharide binding-fold (OB-fold) and is
involved in the binding of ssRNAs (Murzin 1993, Song, Liu et al. 2003). The main function
of the PAZ domain is recognizing the 3’ overhang terminal of ssRNAs generated by
processing by other RN Ase-H like proteins such as Dicer, allowing for selective binding that

precludes recognition of self RNA degradation products (Song, Liu et al. 2003).

The PIWI domain has been found to adopt an RNase-H-like fold that catalyzes the cleavage
of RNA using a nucleic acid template (Cerutti, Mian et al. 2000, Yuan, Pei et al. 2005). Like
other proteins with RNase-H type activity, cleavage leads to the production of a 3’-hydroxyl
and 5’-phosphate on the RNA product, with the catalytic motif positioned proximal to the
scissile phosphate on the target RNA between the tenth and eleventh nucleotides from the
5’ end of the “guide” strand. (Elbashir, Lendeckel et al. 2001, Liu, Carmell et al. 2004, Song,

Smith et al. 2004)
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The "middle” domain, also known as Mid domain, contains a highly conserved pocket-like
structure that is lined with mostly basic amino acid residues and is involved in anchoring the

5’-phosphate of the bound ssRNA molecule (Parker, Roe et al. 2005, Yuan, Pei et al. 2005).

Together, the N terminal, Mid and PIWI domains form a bowl-shaped structure with the
PIWI domain in the center, with the PAZ domain closing off the top of the structure like a
lid (Song, Smith et al. 2004). The bound RNA guide sits partially within the bowl, with the
3’ end bound to PAZ and the 5’ end nestled in the Mid domain where the RNA is then
anchored and the 3’ end is released allowing for base-pairing of the “guide” strand between
bases 2-5 on the target RNA, following which cleavage occurs (Ma, Yuan et al. 2005, Frank,
Sonenberg et al. 2010) via Mg*" catalyzed hydrolysis, generating the characteristic 3’-
hydroxyl and 5’-phosphate termini (Martinez and Tuschl 2004, Schwarz, Tomari et al.
2004). This hinge-like structure allows the protein to accept different-sized RNA molecules
as guide strands, allowing flexibility and participation in guide amplification (Wang, Juranek

et al. 2008).

Catalytically active Piwi proteins

Not all Piwi proteins are catalytically active, for example, Piwi in D. melanogaster was
initially thought to have slicer activity (Saito, Nishida et al. 2006) just as the Piwi protein in
Bombyx mori (Siwi) does (Matsumoto, Nishimasu et al. 2016), however more recent studies

of the purified protein showed that instead of the canonical DEDX motif, Piwi in D.
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melanogaster has a DVDK motif (Darricarrere, Liu et al. 2013, Yamaguchi, Oe et al. 2020).
This amino acid change has destroyed the slicer activity of the protein, potentially
specializing for its role of piRNA-guided co-transcriptional silencing, as a mutant DEDH

Piwi protein dissociates from its target in experimental settings (Yamaguchi, Oe et al. 2020).

Aub and Ago3, the remaining PIWI proteins in D. melanogaster have been shown to have
slicer activity iz vitro. (Gunawardane, Saito et al. 2007). While this has not been confirmed
using X-ray crystallography to determine if the protein structure matches a known cleavage-
competent structure, the endonuclease activity would make sense for the amplification of
the piRNA pool through the ping-pong amplification cycle. Both Ago3 and Aub were
shown to cleave the target RNA between nucleotides 10 and 11, generating Ago3 piRNAs
with an A10 signature and Aub piRNAs with a U1 signature and significant overlap in the
first 10 bases (Gunawardane, Saito et al. 2007). In humans, only Argonaute 2 (hAgo2) has
confirmed catalytic activity, while hAgo1, hAgo3 and hAgo4 do not (Meister, Landthaler et

al. 2004, Yuan, Pei et al. 2005).

Diversity of PIWI proteins in the animal kingdom

Argonaute proteins are found in almost all eukaryotes, and exhibit relatively high homology
across taxa, indicating that these proteins function in conserved pathways, possibly in the
last common ancestor of eukaryotes (reviewed in (Hutvagner and Simard 2008, Swarts,

Makarova et al. 2014). Prokaryotic Argonaute (pAgo) proteins are structurally similar to
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eukaryotic Argonaute proteins, though some are truncated, are found in various bacteria and
archaea species with the long pAgos and are involved in host defense against invading RNA

(reviewed in (Koopal, Mutte et al. 2023).

A survey of dipteran transcriptomic data shows that there are multiple duplications of Ago2
and Piwi/Aub proteins in various insect species, however, there is only one copy of Agol in
all Dipterans and Ago3 is only rarely duplicated (Lewis, Salmela et al. 2016). Additionally,
somatic expression of piRNAs and the associated Piwi proteins was determined not to be
novel, with the current theory being that somatic piRNAs were present in the last common
ancestor of all arthropods, with independent lineage-specific losses over time (Lewis, Quarles
et al. 2018). This evolutionary context shows that D. melanogaster is a good model for other
Drosophilidae, however, dipterans in the sub-group Nematocera show marked expansion of
Piwi/Aub homologous proteins (Lewis, Salmela et al. 2016) with the aphid (Acyrthosiphon
pisum) particularly remarkable in that it expresses two paralogs of Ago3 and eight of Piwi
with differential expression under different reproductive strategies in the aphid (Lu, Tanguy

etal. 2011, Lewis, Salmela et al. 2016).

Rapid gene turnover and protein level diversification in Ago2 and Piwi/Aub may point to
potential diversification in function in these different dipterans, a result seen in D.
melanogaster Ago2, where duplication resulted in functional and tissue specialization of the

pattern of expression of the newer Ago2 paralogs, with expression restricted to the testes
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(Lewis, Webster et al. 2016). This is intriguing given that the Piwi sub-family experienced an
expansion in ancestral Culicine mosquitoes but not in Anopheline mosquitoes, with six Piwi
proteins in C. pipiens and seven Piwi proteins annotated in the Ae. aegypti genome
(Campbell, Black et al. 2008). The spatial and temporal distribution of PIWI proteins in Ae.
aegypti development was established using next-generation RNA sequencing. (See Fig. 2.1)

(Akbari, Antoshechkin et al. 2013)

PIWI function

The main function of an Argonaute protein is the regulation of gene expression which occurs
at two levels based on the cellular location. In the cytoplasm these proteins function to silence
gene expression by degradation of the transcript or inhibition of translation apparatus
assembly, while in the nucleus, gene expression is moderated by the deposition of repressive
marks on histones or on the DNA itself in the form of DNA methylation. (Sienski, Donertas

etal. 2012, Le Thomas, Rogers et al. 2013, Le Thomas, Stuwe et al. 2014)

Post-transcriptional repression: The “guide” RNA species which forms part of the RNA-
induced silencing complex (RISC), targets the slicer protein complex to the cognate RNA
via complementary base-pairing where the target RNA is cleaved between the 10* and 11*
base from the 5’ end of the “guide” RNA. Experimental studies with purified Ago2 and a
synthetic siRNA showed that the Argonaute protein is sufficient to carry out the targeting

and cleavage of the target transcript (Rivas, Tolia et al. 2005).
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In the D. melanogaster ovary and testes, Aub and Ago3 are expressed in the germline cell
cytoplasm where the two proteins interact to cleave target RNA molecules and amplify the
response via a ping-pong amplification cycle, while Piwi is expressed in the nucleus of both
the germline and surrounding somatic cells where silencing of target occurs via histone

modification (discussed in greater detail in Chapter 3).

In Ae. aegypti, experiments in Aag?2 cell culture implicate Piwi5 and Ago3 as the proteins
responsible for the production of alphavirus vpiRNAs (Miesen, Girardi et al. 2015). Piwi6
has also been shown to be involved in addition to the other two in flaviviral vypiRNA
production (Miesen, Ivens et al. 2016). Piwi4 has been alternately suggested to associate with
the siRNA pathway via Ago2 and Dicer-2 proteins and the piRNA pathway, shown by the
enhanced viral replication after knockdown experiments in Aag2 cell culture, as well as
depleted SINV-piRNAs in Piwi4 knock-down experiments. (Schnettler, Donald et al. 2013,

Varjak, Donald et al. 2017).

Aag? cells are a popular tool to study mosquito arboviral transmission and were made
sometime in the 1960s by homogenizing embryos, with later characterization suggesting the
cells represent a variety of embryonic tissues (Lan and Fallon 1990). The advent of newer
technologies such as cell sorting have resulted in the creation of a clonal population of Aag2
cells, known as Aag2-AF5 which has helped standardize cell culture work in the yellow fever

mosquito (Fredericks, Russell et al. 2019). Cell culture, however, does not recapitulate the
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molecular environment of the various tissues involved in arbovirus transmission, as
illustrated in Qu et al where piRNA expression from defined clusters in Aag2 cells was
compared to expression of the same clusters in Ae. aegypti tissues such as the midgut (Qu,

Betting et al. 2023).

CHAPTER AIMS

The expansion of the piRNA pathway associated PIWI protein repertoire in Ade. aegypti
points to possible divergence and functional specialization in the yellow fever mosquito. The
goal of this project was to interrogate the potential redundancy present in the pzwz genes
functions in whole insects, unlike previous studies which only interrogated cell culture. This
was done by first attempting to create knockout lines of each of the target ago3 and piwi 2,
4-6 genes, chosen due to their expression outside of embryonic tissue, using CRISPR-Cas9
gene editing technology. Observation of key characteristics such as hatching and survival of
the potentially mosaic GO mosquitoes was used to infer the lethality of each of the target

genes, coupled with testing for inheritance of mutant alleles.

An additional goal of this project was the identification of the binding partner for Ago3 in
larval somatic tissues. This was carried out by dissections of the midgut, which is an
important tissue involved in viral transmission, as it represents a barrier to entry into

systemic circulation for viruses acquired via ingestion , followed by immunoblotting for the
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presence of Piwi2-7, to confirm earlier transcript-level evidence for stage-specific expression

of these proteins (Akbari, Antoshechkin et al. 2013, Han 2017).

This will be the first such study carried out on the juvenile stage of Ae. aegypti mosquitoes.
Larvae are often overlooked as the blood-feeding adult female stage draws the most attention,
due to the nuisance associated with the bite and the arboviruses transmitted by some
mosquitoes. This represents a missed opportunity to interrogate the mosquito-virus
interactions that occur because of the voracious feeding the larvae partake in during the
aquatic stage of their growth and development. Understanding the molecular details of this
relationship provides the field of mosquito vector control with a better understanding of

how to exploit mosquito biology against arboviral transmission.

MATERIALS AND METHODS

Strain - Exu-Cas9

The mosquitoes used for all experiments in this chapter express Cas9 under the control of a
germline promoter, Exuperentia (Exu) known as Exu-Cas9. (Li, Bui et al. 2017). The
expression of this gene is triggered by blood-feeding, after which it is expressed in the ovary
and early embryo. This strain was chosen due to the increased editing efficiency and reduced
injection load, as Cas9 does not need to be included, which should result in greater survival

of the injected animal.
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Rearing protocol — general

Ae. aegypti mosquitoes were reared in an ACL2 insectary maintained at approximately 26-
28°C and 60-80% humidity. Mosquito eggs were hatched by immersing dried filter paper
with eggs attached in deionized water (DI water). A pinch of mosquito food — Tetramin
tablets (Tetra, Spectrum Brands Pet, LLC, Blacksburg, VA) ground into powder was added
to the hatching cup which is then placed in a vacuum chamber. The eggs were hatched under
vacuum for a minimum of 2 hours after which the hatching cup was observed for evidence
of LI larvae. The egg cup was then removed from the vacuum chamber and the hatched larvae
were placed into a larval tray. Approximately 200 larvae were placed per larval pan with 1L
of DI water and a pinch of crushed Tetramin tablet. Larvae were fed every other day and
monitored for the presence of excess food in the tray to prevent overgrowth of bacteria and
fungi which interferes with the growth of the larvae. The amount of food given to the tray
was increased as the larvae moved through L3 and L4 larval stages of growth associated with

voracious feeding.

After approximately five days, the larvae begin to pupate, with adults emerging 48 hours
after pupation. Pupae were picked using a 2 mL plastic pipette and transferred to the adult
cages (BugDorm-1; MegaView Science Co., Ltd., Taichung, Taiwan) in small plastic 30 mL

medicine cups. One large cage should hold around 400 mosquitoes i.e., two larval trays.
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The adult mosquitoes were provided with carbohydrate source ad libitum (10% sucrose in
DI water placed in a lidded plastic jello cup with a dental cotton plug to act as a wick). The
adults were given 2-4 days to mate before being provided with a blood meal using an artificial
blood feeding system composed of glass bulbs through which water was pumped through
using the Thermo Scientific SC100-S7 4-7 L Heated Bath (Cole-Parmer, Vernon Hills,
Illinois). Defibrinated bovine or sheep’s blood held in place by Parafilm® M was warmed to
37°C and the adults were allowed to feed for at least 4 hours. If the cage was being fed for
injections, it was fed on two consecutive days to increase the chances that females will feed

till satiety.

72 hours after blood-feeding the mosquitoes were provided with an egg cup — plastic soup
cup with approximately 20 mL of water lined with wet filter paper. The adults were given
up to four days to lay eggs after which the egg cup was removed from the cage. All water was
removed and the filter paper with eggs was allowed to dry. Once completely dry, the eggs
were stored by carefully wrapping the filter paper with tissue paper and placing it in a sealed
plastic bag. The eggs remain viable for 6 months and sometimes up to a year if stored in a

humid environment.

The mosquito colony was screened in the pupal stage for the presence of the Exu-Cas9
cassette as marked by OpIE2-dsRed until the majority had the RFP+ that meant that they

contained the plasmid with Exu-Cas9. Once this mostly homozygous line was established,
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screening was done every few generations to maintain the high level of expression, as judged

by brightness of the dsRed.

sgRNA design and construction

Due to the relatively few bioinformatic tools designed specifically for Ae. aegypti several
redundant methods were used to design sgRNAs. The sequence of the first coding exon of
each piwi gene was chosen as the target where possible. ChopChop bio

(https://chopchop.cbu.uib.no/) was used to design several sgRNAs per target, CRISPRScan

(https://www.crisprscan.org/) was used to identify the potential off-targets in greater detail
than ChopChop bio could. sgRNA candidates were then checked for uniqueness using
BLASTn against the Aaegl4/5 genome build in VectorBase

(https://vectorbase.org/vectorbase/app).

Two sgRNAs were chosen per target piwi genes to increase the probability of long deletions
between the two cut sites (Li, Bui et al. 2017). This also enabled the identification of large
deletions in mosaic GO mosquitoes as there would be two amplicons in the PCR of the region
surrounding the sgRNA target sites — one for the WT sequence and one for the deletion

allele.
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For the first two sets of injections, the sgRNAs were synthesized in lab as follows:

The sgRNA template primer and the Universal primer ordered from Integrated DNA
Technologies, Inc. (IDT; Coralville, IA) were used to make the sgRNA DNA template. This
was purified and prepped for 7z witro transcription using the MEGAscript™ T7
Transcription Kit (Thermo Fisher Scientific Inc., Waltham, MA) following the
manufacturer’s instructions. The RNA product was treated to remove any residual DNA
using Turbo DNase (Thermo Fisher Scientific Inc., Waltham, MA), and quality tested on a
Bioanalyzer (UCR IIGB Genomics Core) to ensure the only RNA in the sample would be

the sgRNA.

The CRISPaint experiment II injections used sgRNAs ordered from Synthego (Redwood

City, CA) with the standard suite of modified bases.

Several sgRNAs were chosen per target and each was investigated for off-target efficiency

(Table 2.1).

In vitro testing of sgRNAs

For each guide, iz vitro testing was performed to determine cutting efficiency using the
Guide-it sgRNA Screening Kit (Takara Bio Inc., Shiga, Japan). Following the recommended

protocol, the sgRNA cutting efficiency was qualitatively determined by incubating each
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sgRNA with the target region amplicon of Exu-Cas9 gDNA and comparing it to a control

sgRNA and control DNA fragment.

Injection protocol

Microinjection following (Kistler, Vosshall et al. 2015, Li, Bui et al. 2017) with modifications

from (Li, Bui et al. 2017)

Filamented quartz needles with the following dimensions: outside diameter 1.00 mm, inside
diameter 0.7 mm, length of 10 cm. (Sutter Instrument Company, Novato, CA) were
siliconized by coating with Sigmacote® (Sigma-Aldrich, Inc, St. Louis, MO) then baked
overnight in an oven to get rid of excess reagent. The needles were pulled using the P-2000
(Sutter Instrument Company, Novato, CA) laser puller with the following settings: heat:
800 filament 4, pull 160, velocity 45, delay 135. The point of the needles was opened using
the BV-10 micropipette beveler (Sutter Instrument Company, Novato, CA) with the 104

very fine stone at an angle of 30°.

Whatman ® qualitative filter paper, Grade 1 (Sigma-Aldrich, Inc, St. Louis, MO) was used
to line up eggs after wetting with DI water, after which the embryos were transferred to
microscope cover slips 22 mm x 22 mm, (Bel-Art - SP Scienceware, Wayne, NJ) with double-
sided tape and covered with halocarbon oil 27 (Sigma-Aldrich, Inc, St. Louis, MO). 2 uL of
injection mix was backloaded into needles using the Eppendorf micro-loader tips (VWR,

Radnor, PA). Injections were performed on the XenoWorks™ Digital Microinjector (Sutter
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Instrument Company, Novato, CA), range set to 2, with the needle held at around 15°
maximum angle. Inject and transfer pressures were varied depending on internal pressure in

the embryo being injected,

Rearing injected mosquitoes

After blood-feeding, there were 2-3 days of injections per blood-fed cage. 3 days after feeding,
approximately 30 gravid females were collected using a mouth-operated pipette with a filter.
The females were transferred to an egg laying apparatus (a 50 mL falcon tube with damp
filter paper in it) which was placed in a warm completely dark area and checked for eggs every

30 minutes. Spent females were placed in a different cage.

After 3-4 days, a hatching cup was prepared and the slide with the injected eggs was placed
into an egg cup with DI water and a pinch of ground up Tetramin tablet. The egg cup was
monitored for hatching with larvae counted as they emerge. Any mosquitoes that died

during development were collected as soon as found and frozen for DNA later extraction.

Screening for any fluorescence as was necessary in PFTWI CRISPaint experiments 2 and 3, was
done at the pupal stage. Pupae were collected and screened by looking for fluorescence in the
developing eye. Pupae were chosen for screening as they are easier to handle than larvae or

adults, and the eye can be easily visualized with minimal manipulation of the mosquito.
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Fluorescent screening was done using a Leica M165 FC Fluorescent Stereo Microscope (Leica
Microsystems Inc., Deerfield IL), visualization was performed in ToupView software

(http://www.touptek.com/product/showproduct) and pictures were taken using the

XCAM4K UHD camera (Zhejiang, China).

Molecular analysis of GOs

Genomic DNA (gDNA) was extracted from single mosquitoes using the Qiagen DNeasy
Blood and Tissue kit (Qiagen, Venlo, The Netherlands) and following the insect protocol
with one modification: the incubation at 56°C step was done overnight for approximately
16 hours to allow for full digestion of the cuticle. The DNA was quantified using the
Nanodrop 2000 (Thermo Fisher Scientific Inc., Waltham, MA) and used as a template in

PCR.

Primers were constructed either by hand or using Primer3 (Koressaar 2007, 2012) where
possible. Primer sequences were tested for off-target matches using BLASTn algorithm in
VectorBase to confirm the specificity of the primes to the target site. The unique primers
were then ordered from IDT with standard purification (Integrated DNA Technologies,
Inc, Coralville, IA) (Table 2.2). Primer cycling conditions were determined using the NEB
Tm calculator (https://tmcalculator.neb.com/) and confirmed via a test PCR on the
background strain, Exu-Cas9 gDNA, before amplifying the target region of the experimental

samples. A high-fidelity polymerase, Q5, was used for genomic DNA amplification with
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dNTDPs supplied by NEB. (New England Biolabs, Ipswich, MA). The details of the PCR

amplicon sizes can be found in Table 2.3.

The T7 endonuclease I (T7E1) assay (New England Biolabs, Ipswich, MA) was used to
narrow down the pool of GO mosquitoes sent for sequencing in the NHE]J and CRISPaint I
experiments. PCR amplicons are cleaned of extra primers etc using Qiagen PCR purification
kit (Qiagen, Venlo, The Netherlands). The T7E1 assay results in the cleaving of mismatched
double-stranded DNA, such as would occur from the repair of a double-stranded break

caused by Cas9.

Any positive GO mosquitoes identified using the T7E1 were prepared for sequencing by first
cloning PCR amplicons into the pJet1.2/blunt vector using the CloneJET PCR Cloning kit
(Thermo Fisher Scientific Inc., Waltham, MA) which was then transformed into E. coli
following the manufacturer’s instructions. The bacteria were allowed to grow for a
maximum of 16 hours overnight, after which single colonies were picked. Colony PCR was
used to amplify out the insert which was then purified using the Qiagen PCR purification

kit and sent out for Sanger sequencing.

To characterize any indels present in the experimental mosquitoes, the sequence was checked
against the reference Liverpool genome in VectorBase wusing BLASTn

(https://vectorbase.org/vectorbase/app).
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Midgut pattern of PIWI protein expression

Approximately 30 L4 larvae were dissected in cold PBS and the midguts placed in protein
extraction solution consisting of Readyprep sample buffer (Bio-Rad Laboratories, Inc.,
Hercules, CA) with Halt Protease Inhibitor Cocktail (Thermo) and Phosphatase Inhibitor
Cocketail 3 (sigma), both at 3x concentration unless otherwise indicated. Additional tissues,
adult testes, and adult ovaries were dissected to serve as controls as the pattern of Piwi
expression is known in the adult reproductive tissues, and whole L4 larvae to compare

expression in the larval midgut with the whole animal at this specific developmental stage.

The samples were mechanically disrupted using a motorized pestle holder (Kimbel Chase
Life Science and Research Products, Vineland, NJ) and disposable sterile plastic pestles, then
spun in a refrigerated table-top centrifuge at top speed (approximately 20,000g). The
supernatant, which contained the protein fraction was transferred to another microfuge
tube and the protein sample was quantified using the Qubit Fluorometer 2.0 with the Qubit
protein assay kit following the manufacturer’s instructions (Thermo Fisher Scientific Inc.,

Waltham, MA).

The protein samples were mixed with the 2X Laemmli sample buffer (Bio-Rad Laboratories,
Inc., Hercules, CA) diluted according to manufacturer’s instructions with added b-

mercaptoethanol (Sigma-Aldrich, St. Louis, Missouri) to serve as a reducing agent, then
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boiled at 98C for 8 minutes in a thermocycler with a heated lid. The samples were allowed
to cool to room temperature before loading onto the gel. Polyacrylamide gel electrophoresis
(PAGE) was carried out using 4-15% Mini-PROTEAN® TGX™ Precast Gels with tris-
glycine-SDS running buffer and Precision Plus Protein Dual Color standard serving as the
molecular weight marker (Bio-Rad Laboratories, Inc., Hercules, CA) at 90V until the dye

front reached the bottom of the gel.

The gel was removed from the cassette and equilibrated in Tris-glycine-methanol for around
15 minutes, while the PVDF membrane was activated in 100% methanol for 3 minutes. (Bio-
Rad Laboratories, Inc., Hercules, CA). The transfer sandwich was set up to transfer the
proteins to the PVDF membrane overnight at 4°C at a constant 80 Amps. Successful transfer
was confirmed by the presence of the pre-stained protein standard on the membrane. The
membranes were rinsed in tris-buffered saline with Tween-20 (TBST) on the rocker 3 times
for 5 minutes each. The membrane was then blocked in 5% non-fat dry milk in TBST on the
rocker for 1 hour at room temperature, or overnight at 4C. After blocking, the membrane
was incubated in the primary PIWI antibody diluted in 5% non-fat dry milk in TBST at the
stated concentration. The primary incubation was done for 1 hour at room temperature or
overnight in the cold room. The membrane was then washed 3 times in TBST for around 10
minutes each. The loading control used was a-tubulin. The secondary antibody goat anti-

rabbit HRP (Bio-Rad Laboratories, Inc., Hercules, CA), was diluted to 1:10,000 in 5% non-
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fat dry milk in TBST and incubated similarly to the primary antibody. The membrane was
rinsed as before in TBST and prepared for chemiluminescent imaging using Pierce ECL
Western Blotting Substrate and the blots were imaged using the ChemiDoc MP Imaging

System (Bio-Rad Laboratories, Inc., Hercules, CA).

RESULTS

AGO3

in vitro sequencing results showed that all three sgRNAs were effective (Fig. 2.2). The
sgRNAs chosen for iz vivo editing were Ago3 sgRNAs 1 and 3. The NHE] experiment
results are illustrated in Table 2.4, where the hatch frequency was 11.5%. Screening PCR
amplicons by T7E1 and sequencing of clones resulted in two mutant alleles, both at
sgRNA3, a nine bp deletion in a larva that died in the L3 developmental stage, and a sixteen
bp deletion in an adult male that died soon after eclosion (Fig. 2.3A). In the CRISPaint
experiment I (Table 2.5), the hatch frequency was 4.8%, while in the second CRISPaint
experiment, the hatch frequency was a lot higher at 25.6% (Table 2.6), prompting a third set
of Ago3 CRISPaint injections to resolve the disparity. The third set of Ago3 CRISPaint

injections are illustrated in Table 2.7, where the hatch frequency was 22.8%.
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PIWI2

While 7z vitro sequencing results (Fig. 2.2) showed that only sgRNA2 was effective at
cleaving the target amplicon, mutations were recovered iz vivo at sgRNA1 as shown in Fig.
2.4B. All Piwi2 injections had similar hatch frequencies of between 12% — 17% (Tables 2.4,
2.5, 2.6). Only the CRISPaint II experiments resulted in evidence of editing with one
mosquito positive for fluorescence (Fig. 2.4E) giving a mutagenesis rate of 2.6% of hatched
GO larvae. ICE analysis of Sanger sequencing of the PCR amplicon revealed three different

510 bp deletion alleles, reflecting deletion of the region between the two sgRNAs (Fig. 2.4C).

PIWI4

Both Piwi4 sgRNAs showed efficient cleavage with the 7z-vitro cleavage assay. For both the
NHE] and CRISPaint I experiments, some individual mosquitoes showed up as positive on
the T7 Endonuclease I assay but did not show up in Sanger sequencing of clones, possibly
pointing to a very low frequency of mutation in the mosaic GO. Indels were confirmed at
both sgRNAs (Fig. 2.5). Piwi4 injected embryos exhibited low hatch frequencies across all

three injection experiments.
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PIWI5

As with Piwi4, both Piwi5 sgRINAs exhibited efficient cleavage of the target amplicon. Five
T7E1 mosquitoes were recovered, and one male was confirmed via Sanger sequencing.
Interestingly this male mosquito had a variety of alleles including a deletion between the two

sgRNAs, which are approximately 500bp apart (Fig. 2.6A).

The CRISPaint I experiment resulted in two GFP+ mosquitoes (Fig. 2.6C), which eventually
eclosed to give a male (left panel) and one female (right panel) mosquitoes. These were back-
crossed to the Exu-Cas9 strain and G1 was screened for presence of the GFP fluorescence in
the eye, with none observed. The CRISPaint II experiment was also successful in Piwi5 with

three individual GO mosquitoes testing positive for cleavage by PCR screening (Fig. 2.6C).

PIWI6

A variety of alleles were recovered from the positive GO mosquitoes in the NHE] experiment,
including a 187 bp deletion which eliminated one sgRNA site and a 30 bp deletion that
abolished the other sgRNA target site (Fig. 2.7A). This gives an editing efficiency of 15.6%

of hatched larvae.

In the first CRISPaint experiment, two pupae positive for RFP fluorescence were obtained
during screening (Fig. 2.7B). insertion of the plasmid at the target site was confirmed for the

pupa on the left by junction PCR across the plasmid-gene junction (Fig. 2.7C), giving a
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mutagenesis rate of 4.5% of hatched larvae. the RFP+ phenotype proved to be difficult to
screen for in dsRed positive mosquitoes, therefore, the CRISPaint-GFP plasmid was used
exclusively going forward. The CRISPaint II experiment did not yield any GO mosquitoes

that were PCR positive.

WHITE

While no GO GFP+ mosquitoes were recovered, screening of the G1 pupae resulted in one
GFP+ pupa (Fig. 2.8). Interestingly, the G1 pupa still retained most of the eye pigment. This

is the first example of inheritance in the CRISPaint experiments.

Midgut-specific protein experiments

Blotting was performed for each Piwi protein in larval midgut with the adult ovaries and
testes serving as positive controls. Interestingly, Piwi4 is smaller than expected,
approximately 20 kDa, when the calculated size is 95 kDa. Increasing the protease and
phosphatase inhibitor concentrations up to 7x did not lead to recovery of the full-sized
protein, indicating perhaps the cleavage was not due to enzymatic digestion (Fig. 2.9). A
comparison of Piwi4 size across the tissues tested is illustrated in Fig. 2.10 where the adult
tissues have full length protein while the juvenile tissues do not. Further analysis of the gel
slice between 15 kDa and 25 kDa by mass spectrometry identified 25 peptides from Piwi4,
confirming that the antibody is specific to Piwi4, and the smaller band is not due to oft-

target binding activity of the antibody.
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The calculated size of Piwi5 is 97 kDa. In Fig. 2.11, PiwiS appears to be absent from whole
larvae but is present in the midgut protein sample. This potentially indicates that Piwi5 is
only expressed in the midgut in L4 larvae (pending MS of the band). Piwi6, which is
calculated to be 97.7 kDa, was present only in the ovaries (Fig. 2.12). Piwi2 is present in
blood-fed ovaries as expected, and was also present in testes, which was not expected from
previous RNA-seq data (Fig. 2.13). Ago3 was only detected in the blood-fed ovaries (Fig.
2.14), although transcripts were detected in the male as well as the larval stages of

development.

DISCUSSION

In the search for new tools for use in the control of vector-borne diseases, D. melanogaster is
typically used as the model for elucidating RNAi pathways in all insect vectors, however in
this chapter I demonstrate that when it comes to the piRNA pathway and its potential role

in antiviral immunity, the fruit fly is not an appropriate choice of model organism.

The Piwi gene family in Ae. aegypti has undergone an evolutionary expansion relative to the
same in D. melanogaster. This has led some to believe that Piwi in Ae. aegypti is redundant.
The fruit fly expresses three Piwi sub-family proteins - Piwi, expressed in the nucleus of
germline cells, Ago3 and Aubergine expressed in the cytoplasm of the supporting follicular

cells (Brennecke, Aravin et al. 2007).
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Analysis of the evolutionary history of Piwi sub-family genes in Dipterans revealed a
duplication in Piwi leading to functional specialization into Piwi and Aub in the D.
melanogaster lineage that did not occur in Nematocera sub-order of Dipterans, which
includes mosquitoes (Lewis, Salmela et al. 2016). Ae. aegypti encodes 8 Piwi sub-family genes:
Piwil-7 and Ago3, with expression in both germline and somatic tissues, as confirmed by
small RNA-seq (see Fig. 2.1). Developmental stage specific RNA-seq analysis of Piwi
expression in Ae. aegypti revealed that Piwi 4-6 and Ago3 are expressed in both germline and
somatic tissues, while Piwi 1-3 are expressed in the germline, and Piwi7 is mostly expressed
in the developing embryo (Akbari, Antoshechkin et al. 2013). As most investigations into
the functions of the Piwi sub-family of proteins have been carried out in cell culture,
information on the tissue and developmental-stage specific expression of Piwi proteins is
lacking. I aim to determine the pattern of Piwi protein expression in larvae with a focus on

the larval midgut.

The larval stage of development is of special interest due to the midgut epithelium
representing the first barrier faced by viruses ingested during one of the two life stages
associated with voracious feeding and exposure to viruses via ingestion; the other being the
adult female that is exposed to blood-borne pathogens. The adult male feeds on nectar, which

is stored in the crop, not the midgut (Clemments 2000). The larval stage is under investigated
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in favor of the adult female which takes a bloodmeal from vertebrate hosts and vectors

diseases, therefore the former was chosen as the developmental time frame for study.

To investigate potential redundancy in the Piwi sub-family, CRISPR-Cas9 was used to
generate knockout lines. Injections targeting each piwi gene were performed to create
transgenic lines with deletions in each somatically expressed Piwi, that is, Piwi4-6 and Ago3,
as well as one germline Piwi (Piw:2), and a control gene (white or ebony) to determine if the
genes are functionally redundant. This is because D. melanogaster encodes for one Piwi
protein, leading to speculation that the PIWI family expansion seen in Ade. aegypti is due to
gene duplications resulting in paralogs with similar function. Contrary to this belief, I
demonstrate evidence of functional specialization, as inferred by the differences in hatching

and survival of hatched larvae frequencies observed.

A limitation of this study was that no lines were made, therefore the GO transgenic
mosquitoes were mosaic for the deletions with a variety of alleles present in one mosquito.

The hatch, eclosion and survival frequencies are illustrated in Fig. 2.15.

This non-redundancy points to specialized functions of these genes perhaps in a time and
tissue-specific manner, providing 7%z vivo confirmation for the functional specialization of
Piwi proteins observed during transient knock-down experiments in Aag2 cell culture
(Miesen, Girardi et al. 2015). In the results from my knockout experiments in the mosquito,

Piwi4 has consistently statistically significantly low hatching frequencies when compared to
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the control in each experiment, whereas Ago3 and Piwi2 have statistically significantly low
hatching frequencies compared to White in the NHE] experiment, and Piwi5 hatching
frequency is also significantly low compared to the control in the CRISPaint II experiment

(Fig. 2.16).

The low hatching observed in Piwi2 knockout injections is consistent with the RNA-seq
data (Akbari, Antoshechkin et al. 2013) indicating that it is expressed in blood-fed ovaries.
Immunoblotting revealed that surprisingly, Piwi2 was detected in both testes and 72H-post
blood-feeding ovaries (Fig. 2.13). Perhaps Piwi2 is only expressed in the testes which is why
RNA-seq of the whole male did not detect the Piwi2 transcript. Altogether this indicates
that Piwi2 is potentially necessary for the developing embryo, and therefore Piwi2 mutants

are embryonically lethal.

Other knockout experiments in Aag2 cell culture indicate that Piwi5 and Ago3 participate
in antiviral piRNA biosynthesis in the cytoplasm, while Ago3, Piwi5, Piwi6 and to a lesser
extent Piwi4, participate in transposon-specific piRNAs (Miesen, Girardi et al. 2015). Piwi4
was found to be depleted of both viral and transposon piRNAs in one study (Miesen, Girardi
etal. 2015), but knockdown of Piwi4 in a different study led to an increase in viral replication
though there was no significant effect on viral piRNA expression (Varjak, Maringer et al.

2017). Additional studies in cell culture showed that EVE-derived piRNAs associated with
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Piwi4 and this Piwi4-piRISC was efficient at silencing the replication of the cognate virus

during acute infection (Tassetto, Kunitomi et al. 2019).

In the Piwi protein expression pattern experiments, truncated versions of Piwi4 and Piwi5
were detected in the larval stage, while Piwi6 was not detected. My data calls into question
whether Piwi6 is necessary for silencing the activity of transposable elements, as Piwi6 was

not detected in L4 larvae.

Additionally, Ago3 protein was only detected in blood-fed ovaries, and surprisingly not in
adult testes, raising the possibility that ping-pong amplification of piRNAs is limited to the
female germline and the developing embryo. Ago3 is a key partner of the ping-pong
amplification pathway, where the piRNAs with a 10A bias derived from the sense strand of
the piRNA cluster and bound to Ago3 are used as a template for Aub-bound piRNAs in D.
melanogaster. The presence of the ping-pong pathway in Ae. aegypti ovaries but not the
testes, as inferred from lack of Ago3 protein in the testes, makes sense from a biological
perspective as many entomopathogenic viruses are trans-ovarially transmitted. This vertical
transmission is documented feature of how some ISVs spread throughout a mosquito
population (Lutomiah, Mwandawiro et al. 2007, Saiyasombat, Bolling et al. 2011)(Lutomiah
2007, Rungrat Saiyasombat 2011). Signatures of ping-pong biogenesis have been observed

in cell culture and in Ade. aegypti ovaries, however, the absence of Ago3 from larval tissues
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supports recent observations that somatic piRNAs are predominantly primary piRNAs with

the characteristic 1U bias (Qu, Betting et al. 2023).

Interestingly, the Piwi4 protein is truncated in de. aegypti larval tissues as confirmed by mass
spectrometry. The epitope recognized by the Piwi4-antibody is located at the N-terminal of
the protein, therefore the approximately 20 kDa Piwi4 fragment recovered in larvae would
indicate that the N-terminal of the protein has been cleaved. The N-terminal of Piwi4 is
known to contain a nuclear localization signal, and the RNA-binding domain and the
catalytic cleavage domains are located towards the C-terminal of the protein (Williams,
Shrivastava et al. 2021). Cleavage of the N-terminal domain could confine Piwi4 to the
cytoplasm where the rest of the protein is potentially active and participating in the
production of viral piRNAs in the larval midgut. Alternatively, the cleavage could be the
result of enzymatic activity that was not restricted by up to 7x protease inhibitors used

during protein extractions.

D. melanogaster is typically used as a model for many other systems in insects. This work
demonstrates that the fruit fly is not a good model for the piRNA pathway in insects, and
advocates for caution in choice of model organism for elucidation of the mechanisms of
specific biological systems in insects. Piwi sub-family gene expression in D. melanogaster is
confined to the germline and supporting somatic cells with the functions of these genes

seemingly limited to the protection of the germline from mobile genetic elements.
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CONCLUSION

RNAI is an important function of life for regulation of self and protection of the germline
from foreign genetic elements. An RNA-guided RNA targeting complex (RISC) is crucial
for life as evidenced by the conservation of the proteins involved in the RNAi pathway and
the expansion of these proteins in certain taxa followed by co-option for their own needs.
The role of PIWI extends beyond germline protection in the mosquito Aedes aegypti. The
multiple PIWT genes are not mere duplicates performing the same function as shown by the
variable outcomes of the KO experiments, as well as the absence of some of the proteins from

specific developmental stages.

The only Piwi sub-family proteins detected in the larval stage of development are a truncated
form of Piwi4 and PiwiS. This indicates that the ping-pong biogenesis pathway is not active
in larvae, as Ago3 is a key partner in the pathway, supporting previous observations that the
piRNA pathway in somatic tissues is mostly carried out v7z the primary biogenesis pathway,
as evidenced by the 1U bias of Piwi-bound piRNAs. Full length Ago3, Piwi2, Piwi4, Piwi5
and Piwi6 proteins were detected in blood-fed ovaries, indicating that the ping-pong
biogenesis pathway may occur in the female germline cells. The situation in the testes is
slightly unexpected with Ago3 not detected, perhaps indicating that ping-pong biogenesis

does not occur in the male gonads.
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While a piwi knockout line was not established, observation of the GO mosquitoes during
development provides some support for the conclusion that the piw: genes tested are
necessary for development. More work is needed to untangle the individual and potential
concerted functions of Piwi proteins in the yellow fever mosquito with attention to the

different tissues and developmental stages.

The characterization of Piwi proteins expression during the larval stage provides the vector
control field with potential targets which could be co-opted to equip the mosquitoes with
the ability to suppress replication of arboviruses of medical importance, as these proteins
have been confirmed to be antiviral in the mosquito ovaries. This would in turn limit the
transmission of these viruses, potentially resulting in a reduction in the arboviral disease

burden.
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TABLES

NAME DNA SEQUENCE LOCATION

Ago3 gRNA1 CAACGTAAAGGAATTGGACG 2:272560073 - 272560054
Ago3 gRNA3 TCGGAGACAACCGATGGCGC 2:272559871-272559890
Piwi2 gRNA1 GACACTGTATCAGTATCGTG  1:62490523-62490542
Piwi2 gRNA2 CAGAACAACGACTCCCAGGA 1:62491044-62491063
Piwi4 gRNA1 CAGCTGGAGAGCCTGACCCG  2:470367316-470367297
Piwi4 gRNA2 GGAGCGTATCTCCAACGCCA  2:470367257-470367238
Piwi5 gRNA1 TGGTGTCTCGTGCTAAGCAG  3:279945889-279945870
Piwi5 gRNA2 AGTAGATGGCACGAATGAGA 3:279946368-279946349
Piwi6é gRNA1 TCTCGGGGTGGCTACAACGG  3:279915320-279915301
Piwi6 gRNA2 GGGGGATCCTCATCTCGGGG  3:279915332-279915313
Ae White gRNA1 GTCCTTCAGGTCGCCTC 1:107955475 - 107955456
Ae White gRNA2 CAGGGTTTCGGATGCAA 1:107955133 - 107955152
Ae Ebony-1 gRNA CGTGTTCGGCGCAACGC 1:201181504 - 201181523
Ae Ebony-2 gRNA CGTTGCAGATGACAGCCG 1:201181193 - 201181212
Ae Ebony-3 gRNA GACGGCCAACCGCGTGGCGG 1:201181249 - 201181271
Ae Ebony-4 gRNA ATGTAATCTCCGTCCCGATT 1:201181332 - 201181313

Table 2.1: A list of PIWI sgRNAs used in this chapter. The location of each sgRNA is indicated according to

the Aaegl.5.3 Ae. aegypti genome build.

Primer name
Ago3 gRNA 1/2 For
Ago3 gRNA3 Rev
Ago3 gRNA3 Rev2
Piwi2 gRNA1 For3
Piwi2 gRNA2 Rev3
Piwid gRNA For2
Piwid gRNA2 Rev3
Piwi5 gRNA1 For2
Piwi5 gRNA1 Rev2
Piwi6 gRNA1 For2
Piwi6 gRNA2 Rev2
White For

White Rev

Table 2.2: A list of the primers used to amplify the piwi genes around the sgRNA target site.

Primer sequence
GGAGTTTCTAAACGTACGACGG
CTTCGGAGAGTTCGTCATGTTT
GCTCGATCCAGTCTTGATGA
GGACAAGCCGTGGAGCGAT
GGCCATCAGTTCGTTACCAC
CGATCGAGGGAACCGAGAGA
GACCATGAACAGTTGAGTTCCG
TCTCGTGTCCATCAATCTTG
TCTGAAGGGCACCATTGGT
ATAATTGGCCGTCCGGAGTT
GCCTACAATCAGTGCTCGGTTA
TAAGAGGCAAGACACCACAAG
GCACGAACGACTCACATACA
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Gene target Distance between Distance between F  Distance between R PCR amplicon size

sgRNAs primer & sgRNA1 primer & sgRNA2
Ago3 165 bp 185 bp 143 bp 531 bp
Piwi2 507 bp 165 bp 227 bp 899 bp
Piwi4 60 bp 314 bp 185 bp 558 bp
Piwi5 479 bp 122 bp 144 bp 768 bp
Piwi6 12 bp 303 bp 540 bp 887 bp

Table 2.3: PIWI PCR amplicon sizes and the distances between the potential cut sites. The distances between
the F primer and sgRNA1, and the R primer and sgRNA2 give information on the potential PCR band sizes
depending on which sgRNA is effective, allowing for limited diagnosis of editing events from PCR amplicons
run on higher percentage agarose gels.

Distance N Hatch Eclosion Survival Positi Positl
Target between . D eg:ds Larvae frequency Pupae Adults frequency frequency 'I;E;e s v_e Phenotype
SERNAS injec %) (%) %) sequencing
White 300bp 108 44 40.7 28 23 523 213 9(8.3%) 4(3.7%) N/A
1L 1M 1L 1M Unusual death at
Ago3 164 bp 262 30 11.5 15 15 50 5.7 (0.8%) (0.8%) larval stage
Unusual pupal
Piwi2 507 bp 328 40 12.2 36 25 62.5 7.6 1M(0.3%) | 1M(0.3%) | death; early adult
female death
aM; 2F Slower larval
Piwid 60 by 203 36 17.7 35 30 83.3 14.8 2M (0.99%)
w P (2.96%) ( ) growth rate
oo 2M; 3F Adults may have
Piwi5 479 bp 217 20 9.2 18 17 85 7.8 (2.3%) 1M (0.5%) TG
Piwi6 10bp 230 32 139 32 30 93.8 13.04 3M; 2¢ 3M; 2F None
(2.2%) (2.2%)

Table 2.4: Results of the pzwi knock-out NHE] experiment. Two sgRNAs per target gene were injected into the
embryos and the number of animals at each life stage was recorded. The presence of indels was inferred using
the T7 Endonuclease I assay. Positive T7 assays were confirmed by Sanger sequencing of the targeted regions.

Hatch Ecclosion Survival Survival from
Eggs frequency frequency frequency hatched larvae PAX3- Confirmed
Target injected Larvae (%) Pupae Adults (%) (%) (%) positive T7 Positive insertion
Ago3 793 38 4.8 36 33 86.8 4.16 95.12 — — —
Piwi2 728 111 15.2 103 70 63.1 9.62 93.13 — — —
Piwi4 731 53 73 51 32 60.4 4.38 92.45 3(5.7%) 2(3.8%) —
Piwi5 651 114 17.5 112 103 90.4 15.82 73.46 2(1.8%) 2(1.8%) 2(1.8%)
Piwié 574 24 4.2 21 17 70.8 2.96 70.83 2(8.3%) 4(16.7%) 3(12.5%)
White 666 98 14.7 92 87 89.8 13.06 94.90 1(G1) — —

Table 2.5: Results of the first set of CRISPaint knock-in injections. CRISPaint-GFP or CRISPaint-RFP plasmids
wete added to the injection mix to perform HDR-less insertion of the plasmid at the target site. The GO pupae
wete screened for Pax3/3xp3 driven expression of fluorescence in the eye. Insertion of the plasmid was
confirmed by amplification across the gene-plasmid junctions, followed by sequencing of PCR clones.
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Hatch Eclosion Survival Survival from

Eggs frequency frequency frequency hatchedlarvae GFP- PCR positiveConfirmed
Target injected Larvae (%) Pupae Adults (%) (%) (%) positive for indels  indels

Ago3 2558 86.00 20.00 78.18 - 4(7.3%) 1 (1.8%)
Piwi2 221 39 17.65 39 38 97.44 17.19 97.44 1(26%) 2(51%) 1(2.6%)
Piwi4 219 23 10.50 21 20 95.24 9.13 86.96 - - -
Piwi5 215 30 13.95 21 16 76.19 7.44 5333 - 3 (10%) -
Piwi6 211 22 10.43 22 21 95.45 9.95 95.45 1(45%) 1(45%) 1 (4.5%)
Ebony 226 45 19.91 39 33 84.62 14.60 73.33 1(2.2%) - -

Control 215 82 38.14 75 72 96.00 33.49 87.80 - - -

Table 2.6: Results of the CRISPaint II experiment. Amplification of the target site, followed by electrophoresis
on a 1.5% gel was performed to identify potential large deletions which were referred to as PCR positive for
indels. Sanger sequencing of the PCR amplicon and analysis of the data using ICE (https://ice.synthego.com/)

confirmed the presence of indels in this experiment.

No. of Hatch
Ago3 eggs No. frequency
replicate injected hatched (%) Pupae GFP+
A3-1 50 7 14 3 -
A3-2 56 9 16.1 5 -
A3-3 58 12 20.7 8 -
A3-4 60 23 38.3 8 -

Table 2.7: Repeated Ago3 CRISPaint injections. The injections were repeated to replicate and confirm the
relatively high hatch frequencies seen in the CRISPaint II injections. In this experiment, the hatch frequency was
22.8%, validating the previous hatch frequency result.
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Ago-3

Ago-4 Like-Piwi-1
Ago-4 Like-Piwi-2
Ago-4 Like-Piwi-3
Ago-4 Like-Piwi-4
Ago-5 Like PIWI-5
Ago-5 Like PIWI-6
Ago-5 Like PIWI-7

AAELO07823

AAELO08076
AAELOOB098
AAELO13692
AAELO07698
AAELO13233
AAEL013227
AAELO06287

Figure 2.1: Heatmap showing the Piwi-subfamily expression in the male, female carcass without ovaries, ovaries
at different time points before and after blood-feeding, the embryo at different time points during development,
the four larval stages of development and the pupal stage. Image adapted from (Akbari, Antoshechkin et al.

2013).
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Figure 2.2: in-vitro cleavage analysis results for piwi sgRINAs used in Chapter 2.
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Ago3 — Sbp deletion at gRNA3 from a dead L3 larva

% —— C—— S—— — — —— —
5000
CAGACACCATGGAGGACGARTCGTCGGAGACARCCG----—===~ GTTCGAACGGTTGAC E
PERRRRRRRE el LR RRRNRRNRER -
CAGACACCATGGAGGACGARTCCTCGGAGACAACCGATGGCCCOGETTCGARCGGTIGAC 2000
150
1000
Ago3 — 16 bp insertion at gRNA3 from an adult male : -
L -
ATGGAGGACGAATCGICGGAGACAACCGATGGTTCCAACGGAGACAACCECCGG “w p—
PEERREREER il LN 0 s
ATGGAGGACGAATCGTICGGAGACAACCGATGE -~ ====== === === CGCCGG 0 —
0w
0.5 pg/lane
c Status @ Guide Targets O PAM Sequences Indel % Model Fit (R?) Knockout-Score
@ @ @
FICAACGTAAAGGAATTGGACG GG 100 e o
A TCGGAGACAACCGATGGCGC o )
CGG
for inference. Resuits may be poor, WARNING
Inf. window after cutsite, -37, is less than 3x
indel_ma;
reading window. Possible large deletions or
shorter than average readable sequence
length.
RELATIVE CONTRIBUTION OF EACH SEQUENCE (NORMALIZED)
INDEL CONTRIBUTION v SEQUENCE
m - 100% CBACCACACAACGTAAAGBAATTG- | ACGCGGCCAGTTBACCTCGBATGCTEECAGAGCCACCBGAACATCTGBAGCGBATTCATCEGAATCGGATGACAA

Figure 2.3: Examples of successful Ago3 GO editing results. 3A: Alleles with indels at the Ago3 sgRNA3 target
site. The 9 bp deletion was recovered from sequencing of a T7E1 positive larva that died during development,
while the 16 bp insertion was recovered from an adult male that died during soon after eclosing. Only sgRNA3
mediated editing events were recovered throughout all Ago3 injection experiments. 3B: Electrophoresis of Ago3
PCR amplicons from CRISPaint experiment II on a 1.5% agarose gel. The red stars represent individual GO
mosquitoes that were PCR positive for indels, determined by the presence of a smaller band at approximately
400 bp. This represents possible cleavage at sgRNA3 which would result in a 388 bp band. E — Exu-Cas9 gDNA
serves as a positive control, N — negative control. 3C: Example of positive ICE results from Ago3 GO CRISPaint
II mosquitoes.
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B GEACACGATACTGATAC

P 194 ... 1 Rev3 (1023 .. 1042
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Piwi2-AaegL5_1-62490232..62491345
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FACAGAACAACGACTCCCAGGA
©ce6
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Figure 2.4: Piwi2 editing results. 4A: A schematic of the Piwi2 genomic locus. 4B: Example of editing at
sgRNAT. The mutant alleles were recovered from a G0 male. 4C: ICE analysis results from sequencing of the
pupa shown in 3E. The knockout score was 100% with 3 different large 510 bp deletion alleles. 4D: PCR analysis
of Piwi2 GO mosquitoes. The GFP+ refers to the pupa in 3E, Exu — background strain Exu-Cas9. 4E: Piwi2-
GFP+ pupa. The left panel shows the pupa under the GFP filter with fluorescence in the eye, the panel in the
middle is the same as on the left with the brightfield, while the panel on the right is an example of an Exu-Cas9

pupa.

GTGCTCCCACTGATCAGGCTCTATTTCTGAANGTTAACTATTINAAACTG
el RARRER I FERRRRLE vt

ATGGTA AACAGTAACTATTTCARACTG

Male 3

GCAGTCGCCGTG====~ GGAGATACGCTCCGTACCCGTGCTCTGGATGCTCCATCGARGE
IRRRRRERRRR R R R R R R R R R R R R R R R R R R R R R R RN RRERERERR)

ceacrecEEE . C CCGTGCTCTGGATGCTCCATCGARGE

Figure 2.5: Example of editing at both Piwi4 sgRNAs. The alleles were recovered from sequencing of T7E1
positive mosquitoes from the NHE] experiment.
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Figure 2.6: Results of Piwi5 injections. 6A and 6B: alleles recovered from T7E1 positive GO mosquitoes in the
NHE] experiment. 6C: Two GFP+ pupace (right — male, left — female) were obtained from the CRISPaint I
experiment, shown side-by-side with the background strain, Exu-Cas9 below for comparison. 6D: Junction PCR
across the gene-plasmid junction followed by Sanger sequencing of cloned PCR amplicons resulted in the
recovery of the regions of the plasmid highlighted in yellow in the GFP+ female and in red in the GFP+ male.

6E: PCR analysis of the CRISPaint IT experiment. The blue horizontal line represents the size of the amplicon
expected in edited GO individuals.
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A 13-4 - 187bp deletion

8 CGRGATGAGGATCCC
PULCELEEEI TR L)
309 GECACCCCGAGATGAGEATCCCCCT

08

16-3 - 30bp deletion
Que 61 ceTC

Figure 2.7: Piwi6 editing results. 7A: NHE] editing results. 5 mosquitoes tested positive in the T7E1 assay and
the presence of indels was confirmed by Sanger sequencing PCR clones in all 5 mosquitoes. 7B: two pupae were
positive for RFP fluorescence in the eye. Only the pupa on the left had sequence confirmation of insertion of
the plasmid. The background strain, Exu-Cas9 in included for comparison. 7C: schematic showing regions
recovered by sequencing of junction PCR clones highlighted on the plasmid. At least three insertion alleles were
recovered, with the amplified region represented by arrows.

A B C

Figure 2.8: White-GFP+ G1 pupa. None of the GO mosquitoes were positive for GFP fluorescence in the eye.
Screening of G1 pupae led to the discovery of the GFP+ pupa, providing evidence of inheritance of the
CRISPaint-GFP plasmid. 8A shows the pupa under bright field, 8B shows the pupa under the GFP filter and 8C
is a merge of 8A and 8B.
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3x 5x 7x

Figure 2.9: Piwi4 Western blot with protease and phosphatase inhibitors at different concentrations. the Piwi4
antibody was used at 1:250 dilution, and the inhibitor concentrations tested were 3x, 5x and 7x. Full length protein

was not recovered.

Mw Te Ov wL MG

S~

Figure 2.10: Piwi4 Western blot results. Mw — molecular weight matker, Te — testes, Ov — ovaries, wL — whole

larvae, MG — larval midgut.
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Figure 2.11: Piwi5 Western blot (1:250). Mw — molecular weight marker, Te — testes, Ov — ovaries, wL — whole
larvae, MG — larval midgut. Full length protein was present in testes, albeit less abundant than in ovaries. Nothing
appears in the whole larvae sample, while a shorter band is visible in the midgut sample.
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Figure 2.12: Piwi6 Western blot (1:250). Mw — molecular weight marker, Te — testes, Ov — ovaries, wL. — whole
larvae, MG — larval midgut. Piwi6 is only present in the ovaries.
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Figure 2.13: Piwi2 Western blot results (1:250). Mw — molecular weight marker, Te — testes, Ov — ovaries, wlL —
whole larvae, MG — larval midgut. Piwi2 was only detected in the testes and blood-fed ovaries.
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Figure 2.14: Ago3 Western blot results (1:250). Mw — molecular weight matker, Te — testes, Ov — ovaries, wL —
whole larvae, MG — larval midgut. Ago3 was detected in the blood-fed ovaties as part of a large complex.
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Figure 2.15: Graphical representation of the comparison between the hatching, eclosion and survival frequency
of the three piwi experiments.
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Figure 2.16: Comparison of the hatching frequencies between the three piwi expetiments. * p < 0.05 and ** p <
0.01 as calculated by the two-tailed student’s T-test.
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CHAPTER THREE

piRNA ENGINEERING EXPERIMENT

INTRODUCTION

The mosquito Aedes aegypti is an efficient vector of arboviruses.

Aedes aegypti is a major vector of arthropod-borne (arboviruses). This capacity as a successful
vector is driven by the ability to maintain a significant viral load without substantial negative
effects to the host (Lambrechts and Scott Thomas 2009). The importance of this immune
balancing act to the mosquito is underscored by the discovery that most arboviruses are RNA
viruses with the main viral genera contributing to the global aedine mosquito-borne disease
morbidity and mortality. These include flaviviruses, alphaviruses and phleboviruses, all of
which are single-stranded RNA viruses, with the only known DNA arbovirus being African
swine fever virus (Weaver and Reisen 2010). Insect-specific viruses (ISVs) are more diverse
than arboviruses, however, most ISVs are RNA viruses with flaviviruses being the most
represented viral family (de Almeida, Aguiar et al. 2021).

The vectorial capacity of Ae. aegypti for arboviruses such as Dengue virus (DENV) is
projected to increase toward the end of this century, as it is influenced by both temperature
and diurnal temperature range which are both projected to provide favorable conditions for
active transmission outside of tropical and sub-tropical regions. (Liu-Helmersson, Stenlund

etal. 2014).
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Ae. aegypti immunity to viral infection

Insects do not encode antibodies and are said to not have a canonical adaptive immune
system, instead relying on an innate immune system to respond to viral infections (Merkling
and van Rij 2013). While most data on insect immune responses have been characterized in
D. melanogaster, we can trace the path of arboviral infection in the mosquito. For a virus
acquired through ingestion in either of the feeding stages, i.e., larval and adult, the first
barrier to infection is known as the midgut entry barrier, where the virus must infect and
replicate efficiently in the midgut epithelial cells, followed by the midgut escape barrier, from
where the virus is disseminated to other tissues (Myles, Pierro et al. 2003, Salazar, Richardson
et al. 2007, Franz, Kantor et al. 2015, Danet, Beauclair et al. 2019).

Once the virus is circulating in the hemolymph, the humoral innate immune pathway is
activated after recognition of pathogen-associated molecular patterns (PAMPs) by pattern-
recognition receptors, which are activated and result in several signaling cascades which lead
to increased expression of effector molecules such as antimicrobial peptides (AMPs) (Xiao,
Liu et al. 2014). The proteolytic activity associated with the penetration of the midgut entry
and escape barriers also acts as a “danger signal” to activate two signal transduction cascades,
namely the Toll and IMD pathways, resulting in the activation of transcription factors that
give rise to increased expression of genes related to immune defense, including AMPs (EI

Chamy, Leclerc et al. 2008, Xi, Ramirez et al. 2008). The main site of synthesis of these
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effector molecules is the fat body, from where the soluble peptides are released into the
hemolymph for circulation (Lemaitre and Hoffmann 2007).

The evolutionarily conserved JAK-STAT signaling pathway also plays an important role in
antiviral defense in the yellow fever mosquito (Souza-Neto, Sim et al. 2009). Vago, a secreted
immune factor similar to interferon in mammals, acts as the trigger for the JAK-STAT
pathway facilitated by increased expression in response to double-stranded RNA recognition

mediated by Dicer2 (Paradkar, Trinidad et al. 2012, Paradkar, Duchemin et al. 2014).

While these pathways are known to reduce the replication of viruses in mosquitoes, they are
not sufficient to eliminate viral infections, as these are known to persist throughout the life
of the infected mosquito (Goic, Vodovar et al. 2013) The viral titer in the midgut decreases
as the infection proceeds, while the virus accumulates in tissues such as the salivary glands,
facilitating transmission during the next bloodmeal (Salazar, Richardson et al. 2007). The
salivary glands also mount their own immune response to viral infection to keep the viral
titers under control (Sim, Ramirez et al. 2012).

microRNAs (miRNAs) have not been traditionally associated with antiviral activity as viral
replication typically occurs in the cytoplasm, while Drosha, a key protein in miRNA
processing is localized to the nucleus (Kim, Han et al. 2009). However, the advent of deep
sequencing has allowed the discovery of virus-associated miRNAs which respond to viral

infection, however their role in immunity is unclear (Saldana, Etebari et al. 2017).
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Small interfering RNAs (siRNAs) are the key players in the mosquito response to viral
infection where the exogenous siRNA (exo-siRNA) pathway is triggered by the presence of
double-stranded RNA (dsRNA) in the cytoplasm, produced as replication intermediates of
the infecting virus (Li, Li et al. 2004). These viral dsRNA are processed by Dicer2 into
antiviral siRNAs, 21 nucleotide single-stranded RNAs which are loaded with the help of
R2D2 into the siRNA-induced silencing complex (siRISC) with Ago2 target the cognate
virus in a sequence-specific manner for degradation by the endonuclease activity of Ago2
(Adelman, Sanchez-Vargas et al. 2002, Sdnchez-Vargas, Scott et al. 2009, Liu and Paroo 2010,
Scott, Brackney et al. 2010).

The viral response to host (mosquito) immune system has been investigated with viral
suppressors of RNAi (VSRs) discovered in various arboviruses, for example, a DENV
protein has been found to interfere with the siRNA pathway by blocking the activity of
Dicer2 (Kakumani, Ponia et al. 2013). Loquacious (Logs), a dsSRNA-binding protein that is
vital for RNAI is hijacked by flaviviruses to enhance infection in the mosquito (Besson,
Lezcano et al. 2022). Similarly, sub-genomic flavivirus RNA (sfRNA) is produced during
flaviviral infection and is important in overcoming the midgut barriers to infection (Géertz,
Fros et al. 2016). Viruses accumulate mutations as they replicate throughout the mosquito,
another mechanism that enables evasion of sequence-specific immune responses (Grubaugh,

Weger-Lucarelli et al. 2016). Some ISVs interact with histone H4, a proviral factor, and
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increase its expression, which upregulates the replication of other co-infecting viruses.

(Olmo, Todjro et al. 2023).

piRNA biogenesis in Ae. aegypti

piRNA biogenesis in Ae. aegypti is similar to that of D. melanogaster described in Chapter 1
of this thesis, however, the somatic piRNA pathway differs from the mainly germline
pathway described in Drosophila. In Ade. aegypti the piRNA clusters in the soma tend to be
uni-stranded, with a recent bioinformatic analysis identifying 90% of somatic piRNA
clusters as uni-stranded, and enriched in nrEVEs, while germline-only clusters are dual-
stranded (Crava, Varghese et al. 2021, Qu, Betting et al. 2023). Most core piRNA clusters,
i.e., clusters expressed in both somatic and gonadal tissue, produce 1U primary piRNAs that
preferentially associate with PiwiS; however, two clusters show a specific Piwi4 interaction
(Qu, Betting et al. 2023). Transcription from somatic piRNA clusters in Ae. aegypti appears
to occur mostly through transcriptional readthrough where RNA polymerase II
transcription machinery is co-opted during active transcription of upstream genes (Qu,
Betting et al. 2023). The piRNA precursors are exported to the cytoplasm, where they
undergo processing into primary piRNAs via phased piRNA biogenesis, where PIWI
proteins complexed with piRNA that acts as a guide, cleave long piRNA transcripts

generating precursor piRNAs (Mohn, Handler et al. 2015, Gainetdinov, Colpan et al. 2018).

114



In the model insect D. melanogaster, no viral piRNAs (vpiRNAs) are expressed during
experimental viral infection (Petit 2016), whereas in both Ade. aegypti and Ae. albopictus, viral
infection has been shown to result in the production of vpiRNAs in whole adults (Hess,
Prasad et al. 2011, Saldafia, Etebari et al. 2017, Wang, Jin et al. 2018) and in cell culture
(Schnettler, Donald et al. 2013, Dietrich, Jansen et al. 2017, Varjak, Donald et al. 2017,
Joosten, Miesen et al. 2019, Tassetto, Kunitomi et al. 2019).

Dicer2-deficient cells (a C6/36 cell line derived from Ae. albopictus) showed a vpiRNA
response when infected with DENV, which resulted in slightly reduced viral load compared
to Dicer2-competent cells (Scott, Brackney et al. 2010). Molecular investigations of PIWI
knockout in Aag2 cell culture indicate that Piwi5 and Ago3 proteins form the ping-pong
amplification cycle assembled by Veneno, a Tudor family protein, that results in the
production of secondary piRNAs. (Miesen, Girardi et al. 2015, Joosten, Miesen et al. 2019).
Interestingly, knockdown of Ago3 and Piwi5 in cell culture only slightly increased viral
replication in infected cells, even though the associated vpiRNAs were depleted (Schnettler,
Donald et al. 2013, Dietrich, Jansen et al. 2017, Tassetto, Kunitomi et al. 2019), while
knockdown of Piwi4 has been associated with increased viral replication in Aag2 cell culture

(Varjak, Donald et al. 2017, Varjak, Maringer et al. 2017).
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Endogenous viral elements

Endogenous viral elements (EVEs) are integrated viral fragments that form a memory bank
of previous insect-virus encounters (Katzourakis and Gifford 2010). Among dipterans, both
major aedine arboviral vectors, Ade. aegypti and Ae. albopictus genomes are significantly
enriched for non-retroviral EVEs (nrEVEs), from which piRNAs are produced (Palatini,
Miesen et al. 2017, Suzuki, Frangeul et al. 2017, Whitfield, Dolan et al. 2017).

The question of how EVEs form is still under investigation. EVEs have been found in both
mammalian and insect genomes, and in both cases, all identified EVEs resulted from single
transcripts, suggesting that it is viral transcripts that are integrated (Katzourakis and Gifford
2010). Most EVEs in Ae. aegypti consist of fragments derived from a wide variety of virus
families, with rhabdoviruses and flaviviruses among the EVEs most highly represented in the
mosquito genome. (Crava, Varghese et al. 2021).

During infection with RNA viruses, viral RNA is transformed into viral DNA (vDNA) by
host retrotransposon-encoded reverse transcriptase, which is important for amplifying the
antiviral siRNA pathway and has been found to provide long-lasting immunity (Goic,
Vodovar et al. 2013, Goic, Stapleford et al. 2016, Poirier, Goic et al. 2018). Given that EVEs
are preferentially associated with retrotransposons in actively expressed piRNA clusters,
some theorize that these retrotransposons are involved in the “capture” of vDNA forms,

though this is yet to be confirmed (Palatini, Miesen et al. 2017, Whitfield, Dolan et al. 2017),
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with Piwi4 found to be associated with genome-encoded EVE-piRNAs (Tassetto, Kunitomi
etal. 2019). EVE-piRNA clusters contain more than three non-retroviral EVEs (nrEVEs) on
average, tend to be active in both somatic and germline tissues, and produce uni-strand 1U

piRNAs (Crava, Varghese et al. 2021).

EVE-derived piRNAs — a conserved adaptive immune system in Ae. aegyptz?

Experimentally, the siRNA pathway has been shown to be indispensable for antiviral
immunity in mosquitoes reviewed in (Samuel, Adelman et al. 2018). However, Dicer2
mutant mosquitoes showed variable tolerance to infection, indicating a secondary immune
mechanism at play (Samuel, Pohlenz et al. 2023). Recent studies have indicated a case for
inherited immunity in both D. melanogaster and Ae. aegypti. (Mondotte, Gausson et al.
2020). This, coupled with a recent demonstration of the antiviral activity of cell fusing agent
virus (CFAV)-derived piRNAs in Ae. aegypti ovaries (Suzuki, Baidaliuk et al. 2020), lends
credence to the theory that the co-option of an expanded piRNA pathway in limiting the
replication of cognate viruses vza EVE-derived piRNAs presents an alternative heritable
immune system in the yellow fever mosquito.

CHAPTER AIMS

The goal of this project is to investigate the link between the piRNA pathway and heritable
antiviral immunity in 4e. aegypti. This was done by insertion of a viral sequence into a highly

expressed piRNA locus with the aim to generate viral piRNAs which would then limit the
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replication of the virus during active infection. The antiviral nature of piRNAs was hotly
disputed for over a decade, and has recently been confirmed in mosquito ovaries, where EVE-
derived piRNAs were shown to limit the replication of the cognate virus (Suzuki, Baidaliuk
et al. 2020). As viruses can be vertically transmitted, it is probable that a similarly designed
antiviral system is employed by mosquitoes to limit the replication of both arboviruses and
ISVs, which are both typically from the same virus families.

The goal of this project was to engineer a mosquito to express vpiRNAs targeted to a specific
arbovirus. This immune activity would be heritable and systemic, rather than confined to
the ovaries, and would limit the replication of the virus in the mosquito, especially at sites
important for transmission, i.e., the midgut epithelium and the salivary glands. While
vpiRNAs may not completely shut down viral replication, it may reduce the numbers so
they’re low enough to reduce the probability of transmission. First, however, successful
CRISPR-Cas9 mutagenesis of a piRNA locus characterized by highly repetitive sequences
was required. Here, the successful insertion of a plasmid containing a segment of SINV
identified as a hot-spot of vpiRNAs, using CRISPR-Cas9 is shown. Manipulation of this

locus represents the first step in engineering mosquito immunity to arboviruses.
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MATERIALS AND METHODS

sgRINA design

To guide the choice of sgRNAs in a highly repetitive locus, unpublished data from a tissue-
specific piRNA library were used. The sequences were mapped to the older Ae. aegypti
Liverpool genome (AaegL.3). The chosen piRNA locus was highly expressed in larval salivary
glands and gastric caecae, tissues associated with viral infection and dissemination. To
increase the probabilities of successful CRISPR-Cas9 editing, the chosen locus was
remapped to the most current de. aegypti build (Aaegl5) which was a more contiguous,
chromosome-level assembly (Matthews, Dudchenko et al. 2018). This was done using NCBI
Remap tool (https://www.ncbi.nlm.nih.gov/genome/tools/remap) with the Assembly-
Assembly option using default parameters.

The chosen locus was found to exist in the current build and the sgRNAs were designed by
hand as conventional sgRNA design programs did not handle repetitive regions well. The
sgRNAs  were checked for specificity wusing BLASTn in  VectorBase

(https://vectorbase.org/vectorbase/app/workspace/blast/) as well as off-target cleavage

using Cas-OFFinder (http://www.rgenome.net/cas-offinder/). Successful sgRNAs (listed in
Table 3.1) were purchased from Synthego (Redwood City, CA) with the standard chemical

modifications.
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Virus choice

Sindbis virus (SINV) is a single-stranded RNA virus in the alphavirus genus that is
transmitted Culicine mosquitoes and causes mild illness in humans. This virus was chosen as
itisa BSL2 virus, as it causes mild disease in humans, and is widely used in mosquito infection
studies both 7z vivo and in vitro. It has also been shown experimentally that alphaviruses
consistently produce piRNAs in cell culture (Blair, Olson et al. 2019).

Experimental infections of Ae. aegypti cell culture (Aag2) with SINV showed that most
vpiRNAs produced in response to infection are centered at a peak around 8000 bp, located
at the start of the viral sub-genome in the capsid gene (Miesen, Girardi et al. 2015). Later
infections in other mosquito cell lines representing de. albopictus (U4.4, C6/36) showed the
same distribution of piRNAs. (Brackney, Scott et al. 2010, Vodovar, Bronkhorst et al. 2012,
Miesen, Girardi et al. 2015). A 500 bp segment of this region from the virus was synthesized
by Twist Bioscience (Q-101384). The identity of this fragment was confirmed by Sanger

sequencing, following the submission guidelines (Retrogen Inc, San Diego, CA).

Plasmid design and cloning

The CRISPaint-GFP plasmid (Addgene, Watertown, Massachusetts) was purchased and
linearized by PCR using CPgfp primers followed by PCR purification using the QIAquick
PCR Purification Kit (Qiagen , Venlo, The Netherlands). 20 bp of overhangs were added to

the SINV fragment by PCR using sin primers, and the product was sent for Sanger
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sequencing to confirm the correct sequence. Both the linearized plasmid and the SINV
fragment were gel purified (Qiagen, Venlo , The Netherlands) in a 1% agarose gel before use
to increase the chances of successful cloning. The plasmid assembly reaction was carried out
using NEB HiFi, with the vector:insert ratio of 1:5 to give the final plasmid, named
CRISPaint-SINV-GFP (CP-SIN), illustrated in Fig. 3.1.

The assembled plasmid was diluted 4x and transformed into JM109 competent cells (Zymo
Research Corporation, Tustin, CA) which were then plated on LB plates with Ampicillin
antibiotic selection marker. Single colonies were picked and mini-prepped (Zymo Research
Corporation, Tustin, CA) and analyzed via restriction digestion using HincII (New England
Biolabs, Ipswich, MA) following by resolving of the fragments on a 0.8% agarose gel. Samples
showing the expected restriction digest pattern (two bands, 1474 bp and 3296 bp) were
sequenced using M13F and M13R primers, to confirm the correct assembly of CP-SIN-GFP.

All primer sequences can be found in Table 3.1.

Injection mix and embryo microinjection and rearing

Embryo microinjection and rearing were carried out as described in Chapter 2 of this thesis.
The 6 sgRNAs were first tested in 3 trails for efficacy iz vivo by microinjection into the Exu
strain with the CRISPaint-GFP plasmid and the frame-selector sgRNAs as follows to a total

volume of 50 ul, then stored in aliquots of 3 pl at -80C.
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6 piRNA locus sgRNAs 100 ng/ul each

3 CRISPaint Frame-selector sgRNAs 100 ng/pl each

CRISPaint-GFP plasmid 300 ng/ul
Successful sgRNAs were used in the experimental injections with the modified plasmid
CRISPaint-SIN-GFP. Cas9 (PNA Bio INC, Thousand Oaks, CA) was added to increase the
rate of editing in a difficult region and the injection mix was made up as follows in 50 pl

nuclease-free water:

4 piRNA locus sgRNAs 100 ng/pl each
3 CRISPaint frame-selector sgRNAs 100 ng/ul each
CRISPaint-SIN-GFP plasmid 300 ng/ul
Cas9 300 ng/ul

Each sgRNA was complexed with an aliquot of Cas9 by incubation at 37°C for 5 minutes.

Molecular analysis

GO mosquitoes were reared to adulthood and pool-mated, unless GFP+ was found in the
developing eye. Any mosquitoes that die during development are collected and frozen at -
20°C for processing later. Once eggs are laid, the adults are sacrificed, and genomic DNA
(gDNA) was extracted using the DNeasy Blood and Tissue kit (Qiagen, Venlo, The
Netherlands) following manufacturer’s recommendations for insect tissue, with the

following exception, the insect tissue was lysed at 56°C overnight instead of 1-3 hours. The
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gDNA was quantified using the Nanodrop 2000 (Thermo Fisher Scientific Inc., Waltham,
MA) according to manufacturer’s instructions.

For each individual GO mosquito, the three piRNA cluster regions were amplified using Q5
High Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA) and the PCR products
were visualized on a 1% agarose gel. Successful amplicons were column purified (Qiagen,
Venlo, The Netherlands) and quantified again using the Nanodrop 2000. Primers used to
perform PCR can be found in Table 3.1.

To determine which mosquitoes were successfully edited, the cleaned PCR amplicons were
subjected to T7 Endonuclease I (New England Biolabs, Ipswich, MA) which catalyzes the
cleavage of mismatched DNA. This was done following manufacturer’s protocol and the
product was analyzed on a 1.5% agarose gel.

Samples with two or more bands in the T7EI assay were selected for cloning into the
pJetl.2/blunt vector using the CloneJET PCR Cloning kit (Thermo Fisher Scientific Inc.,
Waltham, MA) following the manufacturer’s instructions. The plasmid was then
transformed into chemically competent JM109 cells (Zymo Research Corporation, Tustin,
CA). The cells, which contain an ampicillin resistance selection marker are then plated onto
LB agar with ampicillin and incubated for 16 hours overnight at 37°C. Single colonies were
picked and outgrown in LB media with ampicillin for 16 hours overnight in a 37°C shaker.
1 ul of the liquid culture was used as a template for colony PCR with AccuPower Taq PCR

PreMix (Bioneer, Inc., Oakland, CA) following the manufacturer’s protocol, with an initial
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cell lysis hold at 96°C for 6 minutes. The colony PCR positive samples, as confirmed on a
1% agarose gel, were prepared for Sanger sequencing at Retrogen Inc (San Diego, CA)
following template submission guidelines with the pJet-For or pJet-Rev primers. See Fig. 3.2
for a schematic of the genomic context of the chosen locus in the piRNA cluster.

Sequencing files were viewed and manipulated using SnapGene (GSL Biotech LLC, San
Diego, CA). The sequences were aligned against the Ae. aegypti reference genome using
BLASTn in VectorBase as above, and indels at the sgRNA target sites were manually

annotated.

Next-generation amplicon sequencing of positive GO mosquitoes

For GO mosquitoes that were GFP+ at screening, amplicon sequencing was carried out
(Azenta, Burlington, MA). Briefly, sequencing adapters were added to the target site
amplicons via PCR using LocA1 EZ and LocB EZ primer sets (Table 3.1). The PCR product
was column-purified as before and assessed for quality and quantity using the Qubit dsDNA
BR kit and the Qubit 2.0 fluorometer (Thermo Fisher Scientific Inc., Waltham, MA). The
amplicons were submitted for NGS sequencing following the guidelines outlined by the
manufacturer.

Analysis of the amplicon sequencing results was performed in Geneious Prime 2023.1.1
(Boston, MA). The paired reads for each positive GO were imported into the program and

trimmed using the BBDuk trimmer (version 38.84) in Geneious to remove the Illumina
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adapters, low quality reads (minimum score set to 6), and short reads (less than 50 bp). The
reads were set as paired reads then merged into one file using BBMerge (version 38.84). The
“Analyze CRISPR editing results” operation was used on the merged reads with the options
set to identify variants within the entire range covered by the reads.

RESULTS

Remapping a repetitive piRNA locus

The data used to inform the choice of target locus was originally mapped to the Aaegl3
genome build, which was at the supercontig level. The assembly was especially patchy in
repetitive regions of the genome such as piRNA loci. To accurately target a highly repetitive
locus, the coordinates needed to be remapped to the new genome build (AaegL5). This is
because the new build is highly contiguous and relatively well annotated in terms of
transcriptomic data. The remapped data was used to identify piRNA loci with high
expression in the larval midgut and salivary glands, as identified by small RNA sequencing

in the Atkinson lab (Han 2017).

Efficiency of sgRNAs targeting a repetitive region

Six sgRNAs targeting the chosen locus were designed and tested iz vivo, with editing
efficiency determined by next-generation amplicon sequencing. No indels were identified at
sgRNA S4 or S6, and comparatively few indels were found at sgRNAs S3 and S5, therefore

these sgRNA were not used in microinjections. This is crucial as a high injection load results
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in lower injected embryo hatching frequencies, and so only S1 and S2 were chosen.
Interestingly, these two sgRINAs are located in an unannotated gene (AAEL007844) with
two putative domains identified in Uniprot (UniProt 2023), one of which is a transposase
domain (Tra8) which is surrounded by a variety of genes and gene fragments (see Table 3.2).

Table 3.3 shows the efficiency of all six sgRNAs in the three trial injections.

Generation of GO GFP-positive mosquitoes

Injected embryos were reared to adulthood as described before and observed for phenotypic
differences during development. Further injections into the locus resulted in two GFP+ GO
mosquitoes, which both died soon after eclosing, therefore they were unable to be mated to
potentially pass down the plasmid to the next generation (Table 3.4). Sanger sequencing
revealed three additional mutant alleles (Fig. 3.3). Additional injections with only sgRNAs

$1and S2 were completed, though no further targeted gene editing was observed (Table 3.4).

The mutant alleles were either identified manually by blasting the sequence to the reference
genome in VectorBase (Amos, Aurrecoechea et al. 2022) and looking for indels, or by

utilizing a software known as ICE that infers edits from Sanger sequencing data (Conant,

Hsiau et al. 2022) (Fig. 3.3).
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Confirmation of integration of the CRISPaint-GFP-SINV plasmid

GO0 mosquitoes were marked positive if they displayed the characteristic GFP fluorescence in
the developing eye, best seen in the pupal stage of development. Therefore, GO and G1 pupae
were screened for GFP fluorescence (Fig. 3.4). No GFP+ G1 mosquitoes were recovered,

consistent with the lack of molecular evidence of inherited mutant alleles.

Amplification of the SINV segment in CP-SIN was performed on the gDNA of GFP+
mosquitoes, to confirm the presence of plasmid sequences, as this sequence is not found in
the Ae. aegypti genome as confirmed by BLASTn analysis against the AaeglL5 genome build
(Matthews, Dudchenko et al. 2018). As the trial 3 GFP+ GO mosquito was injected before
the CP-SIN plasmid was assembled, it was not expected to show amplification, while the
SINV segment is clearly present in the trial 4 GFP+ mosquito (Fig 3.5). The same PCR was
carried out on the subsequent injection experiments as a screen for insertion of the plasmid
without GFP expression, which occurred in injection experiment 7, shown in Fig. 3.6, with
one GO mosquito testing positive for the presence of the SINV sequence, and therefore part

of the plasmid.

The graph in Fig. 3.7A illustrates the observations made in the trial injection , while the graph
in Fig. 3.7B illustrates the same for the experimental injections. The insertion frequencies of
the plasmid were between 0.12% to 0.25%, reflecting the difficulty of transforming a highly

repetitive locus. The hatch frequencies of injected embryos were higher in the experimental
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injections (Fig. 3.7B) though, there was greater variability in the percentage of embryos that

hatched.

Amplicon sequencing for the experiment 3 injections GFP+ mosquito revealed 83 unique
variants at the S5 sgRNA target site with the longest deletions recovered being a 19 bp and
23 bp deletion. At sgRNA S3, 26 unique variants were recovered from the same mosquito,
with mostly 2 bp deletions. For the GFP+ mosquito from experiment 4 injections, 384
unique variants were called at sgRNA S3 with the reads mostly containing 1-2 bp deletions
and insertions. The trial 3 GFP+ mosquito from the injections with the CRISPaint-GFP

plasmid resulted in 491 unique variants with mostly 1-2 bp deletions and insertions.

DISCUSSION

Mosquitoes are colloquially known as the world’s most dangerous animal and are responsible
for a large proportion of annual global morbidity and mortality (Prudéncio 2020). There is
an urgent need to develop new vector control tools to supplement currently existing
strategies. In the pursuit of this endeavor, a better understanding of the mosquito immune
system is crucial, especially the interplay between Culicine mosquitoes and viruses that
enable them to withstand a high viral load with little to no fitness cost (Lambrechts and Scott

Thomas 2009).

During active infection with an RNA virus, it is reverse transcribed into viral DNA (vDNA)

by endogenous transposable element activity, and the vDNA is then transcribed to form a
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more diverse pool of viral siRNAs which target the infecting virus for degradation via RNAi
(Poirier, Goic et al. 2018). This mechanism has been identified as allowing for persistent
infection in cell culture, as it results in limited viral replication (Goic, Vodovar et al. 2013),
and may be a step in the process of formation of new EVEs via integration of the vDNA
(Poirier, Goic et al. 2018). Viral-derived sequences are occasionally integrated into the host
genome leading to the formation of EVEs which then acquire a variety of functions, some
immune-related (Takahashi, Heaton et al. 2021). Bioinformatic analysis of the Aag2 genome
revealed an abundance of EVEs mostly from eight viral families, with majority of annotated
EVEs derived from viruses in the Rhabdoviridae, Flaviviridae, and Chuviridae families
(Whitfield, Dolan et al. 2017). Most EVEs are derived from insect specific viruses (ISVs) that
were endogenized into the germline perhaps during transovarial transmission, a common
method of transmission of ISVs, sometime in the mosquito’s evolutionary history (Palatini,
Miesen et al. 2017). Additionally, EVE-derived piRNAs have been shown to limit the
replication of the cognate virus in Ae. aegypti ovaries (Suzuki, Baidaliuk et al. 2020). The
successful use of CRISPR-Cas9 in mosquitoes facilitated the potential to knock-in an
artificial EVE specific to an arbovirus of medical concern into an actively expressed piRNA
cluster. Altogether, this represents an attractive opportunity to co-opt the mosquito’s
natural immune system for our gain by engineering immunity to SINV using a synthetic

EVE.
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More than half of the de. aegypti genome is composed of repetitive sequences and EVEs from
which piRNAs are expressed (Matthews, Dudchenko et al. 2018). This makes the task of
identifying and then targeting a piRNA cluster uniquely challenging (Fig. 3.8). However,
careful design of sgRNAs makes this possible, though at low frequencies (Fig. 3.5). One of
the most highly expressed piRNA loci in Ae. aegypti. (Arensburger, Hice et al. 2011, Han
2017, Aguiar, de Almeida et al. 2020) which is littered with EVEs was the piRNA cluster
chosen. Experiments in both cell culture (Miesen, Girardi et al. 2015) and in the mosquito
(Aguiar, de Almeida et al. 2020) confirm that this approximately 3 kb stretch of DNA,
termed the flamenco-like locus for its similarity to the similarly named piRNA cluster 7z D.

melanogaster, occurs on chromosome 2.

More importantly, the chosen piRNA cluster had high expression of piRNAs specifically in
larval midgut and salivary gland tissues (Han 2017). These are tissues of interest to viral
transmission as they provide the first opportunity for immune intervention. For a virus to
be transmitted from one human host to another, the virus is ingested during a blood meal
and infects the mosquito midgut epithelial lining, dissemination into the hemocoel, followed
by infection of tissues including the salivary glands, where the virus accumulates ready to be
transmitted to the next vertebrate host via mosquito saliva which is injected into host via a

blood meal. (Danet, Beauclair et al. 2019)

130



The yellow fever mosquito’s impressive vectorial capacity may be due to the complex and
ever-evolving relationship between aedine mosquitoes and viruses where both sides race to
limit the damage inflicted by the other. The piRNA pathway provides an elastic mechanism
through which Ae. aegypti may be able to limit the replication of infecting arboviruses to
tolerable levels. This can be tested by generating heritable immunity to a virus by induction
of vpiRNA production from an artificial EVE. While i was not able to set up a line to test
production of EVEs, in this work I demonstrated that it is possible to insert genetic cargo

into a repetitive locus in the mosquito genome.

Molecular analysis of GFP+ GO mosquitoes proved to be a challenge as well, due to the
mosaic nature of the mosquitoes at the target sites. For example, while the SINV fragment
was expected to be found in both GO mosquitoes shown in Fig. 3.4B and 3.4C, PCR
amplification of the fragment only showed a positive result with the GO mosquito in 4C.
Interestingly, the latter mosquito had GFP fluorescence in both eyes when observed at the
pupal stage, while the pupa in 4B only had fluorescence in one eye, perhaps indicating that a

smaller proportion of its cells were edited during embryo microinjections.

Next-generation amplicon sequencing was initially chosen to analyze the GO mosquitoes as
it should capture most of the alleles present in the mosaic without the need for sequencing
single clones which can be tedious. However, a serious limitation of amplicon sequencing is

the amplicon size limit of 450 bp, which is problematic when analyzing a multiplexed
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CRISPR-Cas9 experiment where two sgRNAs are designed per target site. Designing an
amplicon of 450 bp may lead to loss of information on larger deletions at the target site.
Experiments in mouse and human cell culture have shown that sequencing a larger region
around the target site reveals more complex editing events; including large deletions in 20%
of edited cells of up to 6kb induced by one sgRNA sgRNA (Kosicki, Tomberg et al. 2018,
Higashitani and Horie 2023, Park, Cao et al. 2023). Further injected mosquitoes were
analyzed using the ICE program (Conant, Hsiau et al. 2022) which is more flexible in terms
of the size of the amplicon. This is because the software accepts Sanger sequencing files and
has an amplicon size recommendation of 400 — 800 bp, with one limitation to being that the
primers need to be at least 150 bp away from the sgRNA target cut site, which required a

redesign of the S3 and S4 primer pairs.

In Ae. albopictus, while antiviral piRNAs have yet to be confirmed, experiments consisting
of infection assays with alphaviruses showed a piRNA response with involvement mainly
from PiwiS, as inferred from expression data during active Ae. albopictus viral infection
(Morazzani, Wiley et al. 2012, Marconcini, Hernandez et al. 2019). Infection assays with a
flavivirus show earlier activation of the piRNA pathway with Piwi6 and Piwi4 involvement

around 2 days post-infection (Marconcini, Hernandez et al. 2019).

Co-option of EVEs for other functions is prevalent in mammalian genomes, with most of

these functions being antiviral in nature (Frank and Feschotte 2017). This provides an

132



interesting analogous case to the expanded piRNA pathway in Ae. aegypti. Deep sequencing
of small RNAs in wild-caught mosquitoes demonstrates that EVEs are population-
dependent (Crava, Varghese et al. 2021, Spadar, Phelan et al. 2021), further supporting the
theory that these EVEs are acquired randomly during mosquito-virus interactions. This also
cautions against the use of cell culture to characterize EVEs and EVE-derived piRNAs, as the

data obtained would not necessarily be applicable in the field.

The complex interplay between ISVs and arboviruses means that this antiviral pathway
merits further study, as some ISVs have been shown to modulate arboviral infection in the
mosquito (Olmo, Todjro et al. 2023). By deepening our understanding of this antiviral
pathway, we can combine the recent advancements in CRISPR technology to develop a
lasting intervention of deadly mosquito-borne viruses that are expected to increase with the
progression of climate change. This opens the door for potential targets in the quest to
control arboviral diseases. However, the difficulty of targeting a piRNA cluster
demonstrated in this work underscores the need for more optimized CRISPR technologies

in mosquito vectors. I attempted to address this gap in the field in Chapter 4.

CONCLUSION
I attempted to recapitulate a naturally occurring process of heritable immunity to viruses by
employing the use of CRISPR-Cas9 genetic editing technologies. In the wild, mosquitoes

consume voraciously during the larval stages in water, and as adults where they take both
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blood and sugar meals. During this feeding they are exposed to a variety of pathogens
including entomopathogenic viruses, some of which have a deleterious effect on the survival
of the mosquito. During active infection, a chance integration of a viral DNA produced
during viral replication into the germline genome may be facilitated by retrotransposon-
encoded reverse transcriptases. This chance integration may generate piRNAs, producing
slightly enhanced immunity to the infecting virus, which may be enough to ensure selection

and fixation of this EVE in the local mosquito population.

While mutagenesis of a piRNA locus proved challenging, insertion of the CRISPaint-SINV-
GFP plasmid was successful, albeit at low frequencies. Unfortunately, there was no
inheritance of the GFP+ phenotype or genotype observed in these injection series, though
further injections should yield successful germline editing and generation of a line of

transgenic CRISPaint-SINV-GFP mosquitoes.

This would allow for the dissection of the mechanism of piRNA cluster initiation, if EVE-
piRNAs are observed, as well as introducing the possibility of mosquitoes genetically
engineered to have EVE-mediated immunity to arboviruses. This presents a potential tool in

the arsenal against de. aegypti and the diseases it transmits.
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TABLES

sgRNAs |Name Sequence Notes
SP Forl GCATAGCACAGCCGTCATG .
PCR primers
S1and S2|SP Revl CAGCTGTGACTGACACAAATAAC
sgRNAs |SiPi gRNA 1 AACAAGGCCAAGGCCGCTCGCGG sgRNAs with PAM in
SiPi gRNA 2 CGGCAAGTTTCCGGAGGGCACGG red
LocBgRNA1 |ATTTCGACTTTGGCAAGATAGGG sgRNAs with PAM in
LocBgRNA2  |TTAAGGTCGTGGATGTTGACAGG red
LocB FOR2 CATCCATATCGGCCGACGAA .
PCR primers
S3 and S4|LocB REV AGGCAAGGAGTCAACCTTCG
sgRNAs |LocB FOR TGTTCCCGACAACAGAGTCG amplicon sequencing
LocB REV AGGCAAGGAGTCAACCTTCG primers
LocB-EZ-For ACACTCTTTCCCTACACGACGCTCTTCCGATCTCATCCATATCGGCCGACGAA amplicon sequencing
LocB-EZ-Rev GACTGGAGTTCAGACGTGTGCTCTTCCGATCTAGGCAAGGAGTCAACCTTCG primers with adapters
LocAgRNA1l |TGACGAGGTCCACGATCCCGAGG sgRNAs with PAM in
LocAgRNA 2 |GCCGTTCGTGCACGAGACCAAGG red
LocA FOR2 CAAATCGGCATTGAGGCTGG .
PCR primers
S5 and S6|LocA REV2 CCACCTGTTGCCCTCCATAG
sgRNAs |LocA FOR TGCAGGGTTCTCGGTTTGAA amplicon sequencing
LocA REV CTCTGTGCTCACTGGTCAGG primers
LocA1-EZ-For |ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGCAGGGTTCTCGGTTTGAA amplicon sequencing
LocAl-EZ-Rev |GACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTCTGTGCTCACTGGTCAGG primers with adapters
SINV1 For GCAACTAGACCTCAACCCCC CRISPaint-SINV-GFP
lasmid SINV2 Rev TACTCCGCGAGGGATGGTAA diagnostic primers
P MI3F TGTAAAACGACGGCCAGT o
Plasmid primers
M13R TGTAAAACGACGGCCAGT

Table 3.1: Sequences of all sgRNAs and primers used in chapter 3 experiments.

GENE ID (Accession

no.)

AAEL028221
AAEL025868
AAEL007853

o N0 @ >

m

AAELO07850

AAEL021610
(MT913594.1)

AAEL026638
AAEL003355
[ AAEL003352
J AAELO03347

Table 3.2: List of genes and gene fragments found in the target piRNA locus surrounding the sgRNA target

AAELO07854 — pelota

Function/Identity Source Additional comments

Translation release factor N/A Adham, I. M. et al. (2003)
No information
No information Spatacsin protein family

Putative nucleic acid
binding/RNA processing

lupus la protein (Sjogren
syndrome type B antigen)
No information Nucleic acid binding

+ve strand RNA
virus

Flaviviral nonstructural
protein

Orthologue in Aedes
albopictus

No information
No information Zinc finger protein family
60S ribosomal protein |7ae

CRAL/TRIO domain family Retinaldehyde-binding

AAELO007844 as well as functions that could be identified. See Fig. 3.6 for more information.
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Survival
Hatch Ecclosion |frequency
No. eggs frequency frequency| from Sequence | Transformation
Trial injected | Larvae (%) Pupae Adults (%) larvae (%)| GFP+ |confirmed rate (%)
779 56 7.2 44 43 97.7 76.8 - - -
652 24 3.7 22 20 90.9 83.3 - - -
3 826 73 8.8 72 71 98.6 97.3 1F 1F 0.12

Table 3.3: Injections to test sgRNA editing efficiency 7 vivo. The injection mix contained CRISPaint-GFP
plasmid at 300ng/ul, FS 0,1,2 sgRNAs at 100ng/pl each S1+S2+S3+S5 sgRNAs at 100 ng/ul each (total
400ng/pl).

Survival
Hatch Ecclosion |frequency
No. eggs frequency frequency| from Sequence | Transformation
Experiment | injected Larvae (%) Pupae Adults (%) larvae (%)| GFP+ |confirmed rate (%)
1 210 9 4.3 9 8 88.9 88.9 - - -
2 90 23 25.6 17 16 94.1 69.6 - - -
3 395 17 4.3 7 7 100 41.2 iMm M 0.25
4 635 57 8.98 47 44 93.6 77.2 1F 1F 0.16
5 482 33 6.85 33 24 72.73 72.73 - 1 -
6 399 56 14.04 43 37 86.05 66.07 - 2 -
7 188 29 15.43 28 23 82.14 79.31 - - -

Table 3.4: The injection mix for experiments 1-5 contained CRISPaint-SINV-GFP plasmid at 300ng/ul, FS0,1,2
sgRNAs at 100ng/pl each S14+S2+83+S4+85+S6 sgRNAs at 100ng/pl each (total 600ng/ul), while in
experiments 6-7, the only piRNA sgRNAs retained in the injection mix are S1 and S2.
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FIGURES
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Figure 3.1: Schematic of the CRISPaint-SINV-GFP plasmid showing the viral piRNA (vpiRNA) hot spot
identified by Miesen et al 2015.
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Figure 3.2 : Schematic showing the location of the six sgRINAs in the piRNA locus (the labelled arrows). The
red histogram shows genomic regions with a GC content of less than 50% while the blue histogram shows
regions with a GC content greater than 50%. The piRNA locus is littered with repetitive elements as shown by
the black arrows. The sgRNAs represented as black arrows, were selected to be used in further injections based

on the efficiency of the test injections.

Status @ Guide Target (D PAM Sequence (2) indel % 3 Model Fit (R @
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+ o 05% TG TCT TTCTATGT GCeE EG GG TTGG TTGTT GCTE GGGTTGATGET TTAGEG T G
9 2% TBGAATCTCAATTCTATET i B6CCTTBBCCTTBTTAACABCTBCABBBTTGATBTCATTAGGAATAAG
9 ™ TGAATGT TTCTATGT i GCCTTGGCCTTGTT GCTGCAGGGTTGATGTCATTAGGAATAAG
B Guide Target (D PAM Sequance Indel % Modal Fit (R7) Knockout-Scors
. @ @ @ @
CGGCAAGTTTCCGGAGGGCA ;
CGG 13 ‘ 13
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“ 1% AGAGTCAAGA ATACKCA GTGC! NCCTCCBGAAACTTGCCGAGGGATTT TACTTGACAACAGTG AT

Figure 3.3: Mutant alleles recovered from GO mosquitoes in injection experiments 5 and 6 with CRISPR-Cas9
directed editing at S1 (3A) and S2 (3B) sgRNAs.
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Figure 3.4: GFP+ G0 mosquitoes under fluorescent photography. 4A: From injection trial 3, where the injection
mix consisted of the CRISPaint-GFP plasmid at 300ng/ul, FS0,1,2 sgRNAs at 100ng/ul each,S1-S6 sgRNAs at
100ng/pl each. 4B and 4C: From injection experiment 3 and 4 respectively, where the injection mix consisted of
CRISPaint-SINV-GFP plasmid at 300ng/pl, FS0,1,2 sgRNAs at 100ng/pl each S1+82+853+84+85+S6 sgRNAs
at 100ng/pl each (total 600ng/ul). 4D: Image of the eye without GFP fluorescence in the mosquito produced in
experiment 3 injections (4B) which only had fluorescence in one eye when screened at the pupal stage.
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Figure 3.5: Gel image of PCR amplification of the SINV segment from the GFP+ G0 mosquitoes. The trial 3
injections were done with the CRISPaint-GFP plasmid; therefore, it was not expected to show an amplification.
The trial 4 injections were done with the CRISPaint-GFP-SIN (CP-SIN) plasmid, hence the presence of the
SINV segment. The Exu-Cas9 background strain into which injections are carried out did not contain the SINV
segment as previously confirmed. The CP-SIN plasmid served as a positive control, with nuclease-free water
(NFW) serving as the negative control.
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Figure 3.6: Gel image of PCR amplification of the SINV segment from the experiment 7 GO mosquitoes. None
of the pupae were positive for GFP expression in the eye. However, one mosquito (SIN+ GO) was positive for
presence of the SINV fragment due to insertion of the CP-SIN plasmid.
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Figure 3.7: Graphical representation of the results of 7A: the trial injections with the CRISPaint-GFP plasmid
(SP3) and, 7B: the experimental injections with the CRISPaint-GFP-SIN plasmid (sin).
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Figure 3.8: Genomic context of the target locus. 8A Schematic of the target locus including the location and
characteristics of the region surrounding AAEL007844. The other transcripts are expanded on in table 3. 8B
snapshot of Uniprot.org entry for AAEL007844 indicating two conserved domains: Tra8 (Transposase and
inactive derivatives) and Fusion_gly (fusion glycoprotein).
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CHAPTER FOUR

THE CRISPAINT TECHNICAL EXPERIMENT

INTRODUCTION AND BACKGROUND

A brief history of relevant genetic engineering in mosquitoes

While the main aim of heritable genetic engineering in mosquitoes is vector control, genetic
perturbations are also a useful tool in the exploration of mosquito biology which can only

enhance attempts at disease eradication (Terenius, Marinotti et al. 2008).

Transposable elements (TEs) were the popular tool of choice for insect transgenesis around
the turn of the millennium (reviewed in (O'Brochta and Atkinson 1996, Handler 2001) with
the yellow fever mosquito first successfully transformed in the late 1990s using a modified
Hermes TE originally found in houseflies (Musca domestica) (Jasinskiene, Coates et al. 1998).
A modified mariner element Mosl isolated from Drosophila mauritiana was also shown to
be effective in Ae. aegypti (Coates, Jasinskiene et al. 1998) while minos, another TE derived
from a Drosophilidae D. hydei was used to stably transform An. stephensi (Catteruccia,
Nolan et al. 2000). piggyBac, a TE initially isolated from lepidopteran Trichoplusia ni was
first shown to be effective in both Ae. aegypti and An. gambiae in 2001 after which it became
the popular choice for transgenesis due to its transposition mechanism involving a precise

insertion recognition sequence TTAA , additionally it excises precisely, leaving no scar, while
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Hermes showed a tendency towards non-canonical integrations (Jasinskiene, Coates et al.
1998, Grossman, Rafferty et al. 2001, Kokoza, Ahmed et al. 2001, Lobo, Hua-Van et al.

2002).

While TEs proved to be successful in terms of generating stable lines, the somewhat random
insertion into the genome and limited genetic load carrying capacity makes insertions
difficult to fully characterize, as well as introducing variability due to position effects
determined by the integration site (Handler 2001). TEs are still a part of the genetic
engineering toolbox in use today, mainly employed in the creation of stable lines expressing

CRISPR components for further experimentation (Zhu, Albishi et al. 2021).

Early gene editing tools such as zinc-finger nucleases (ZFNs) saw limited but successful use
in Ae. aegypti to study mosquito physiology by mutating different sensory receptors
(Degennaro et al 2013, McMeniman et al 2014, Corfas et al 2015).Transcription activator-
like effector nucleases (TALENS) were another early gene editing tool that was successfully
utilized in both Ae. aegypti and An. gambiae (Aryan, Anderson et al. 2013, Smidler, Terenzi
et al. 2013). Continued use of ZFNs and TALENSs petered off due to a few disadvantages
including the relatively higher cost of reagents compared to the novel CRISPR-Cas9 system
that was unveiled around the same time, as well as the labor and cost required to tailor the

nucleases to new targets and organisms (Huang, Liu et al. 2016).
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CRISPR-Cas9 editing in Ae. aegypti

The co-option of the RNA-guided bacterial genetic defense system for use in genetic
engineering of a wide variety of organisms (Doudna and Charpentier 2014) accelerated the
pace of gene editing experiments in the yellow fever mosquito (Basu, Aryan etal. 2015, Dong,
Lin et al. 2015), greatly aided by the publishing of a detailed description of a protocol to
generate mutants using microinjection of CRISPR-Cas9 components into pre-blastoderm
embryos (Kistler, Vosshall et al. 2015). The detailed protocol published by Kistler et al,
revolutionized the field of genetic engineering in mosquitoes, providing a step-by-step guide
which allowed other groups to successfully edit different targets with little optimization

(reviewed in (Overcash and Adelman 2016).

Modifications to the initial published protocol have been published, with the highest editing
rates seen when a genetically encoded Cas9 mosquito strain is crossed with a strain expressing
sgRNAs (Zhu, Albishi et al. 2021, Sun, Li et al. 2022). Additional modifications include a
technique known as Receptor-Mediated Ovary Transduction of Cargo (ReMOT Control),
in which Cas9 is fused to a peptide (P2C) which then facilitates the transport of the attached
cargo, Cas9 RNP in this case, from the hemolymph into the ovaries, allowing for thoracic
injection of blood-fed females instead of embryos (Chaverra-Rodriguez, Macias et al. 2018).
Direct parental (DIPA) CRISPR employs a similar concept, with thoracic injections of the

Cas9-RNP complex 24 hours after blood-feeding, taking advantage of the uptake of proteins
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and other yolk components from the hemolymph during oocyte development (Shirai,

Takahashi et al. 2023).

For the endonuclease to be targeted to the correct locus in the genome while minimizing off-
target effects, the sgRINA must be unique, especially in the “seed” region, and it must be
immediately upstream of a PAM site (Jinek, Chylinski et al. 2012). Cas9 activity results in a
double-stranded break (DSB) in the DNA, 3 bp upstream of the PAM site (Kistler, Vosshall
etal. 2015). Repair of the DSB proceeds through two main pathways, non-homologous end-
joining (NHEJ) and homology-directed repair (HDR), where NHE] is comparatively error
prone and may result in the introduction of random indels during repair, while HDR uses
the homologous chromosome as a template for faithful repair (Chiruvella, Liang et al. 2013,
Ceccaldi, Rondinelli et al. 2016). An alternative form of NHE], known as microhomology-
mediated end-joining (MME]J) or alt-NHE] uses local homology within around 30 base pairs
as a template for repair, resulting in the deletion of the original target site (McVey and Lee

2008, Scully, Panday et al. 2019).

These, together with commonly used promoters to drive fluorescence as positive markers for
transgenesis in mosquitoes (Bottino-Rojas and James 2022) have enabled rapid and relatively
effective germline gene editing in Ade. aegypti as well as seven other mosquito species of

medical importance (reviewed in (Riabinina, Quinn et al. 2022).

153



CRISPaint

CRISPR-assisted insertion tagging (CRISPaint) is a technique first developed in human cell
culture that uses NHE] to insert DNA fragments into a specific site (Schmid-Burgk, Honing
etal. 2016). NHE], while more error-prone, is the more attractive DSB repair strategy due to
its occurrence more rapidly and at a higher frequency than HDR (Scully, Panday et al. 2019).
Attempts to silence the NHE] repair pathway resulted in higher frequencies of HDR,
though this requires the addition of dsRNA targeting key NHE] genes to the microinjection
mix (Basu, Aryan et al. 2015). The CRISPaint system attempts to side-step the inefficient
HDR pathway which requires unique homology arms, replaced by sgRNA donors, which
direct Cas9 to the genomic target site as well as the plasmid target site, allowing for the use

of a universal plasmid for different target loci (Bosch, Colbeth et al. 2019).

CRISPaint is a useful technique for tagging genes using fluorescent proteins to study native
proteins 7z vivo, by inserting the fluorescent gene at the N or C terminal of the target protein,
enabling more accurate characterizations of endogenous protein expression, when compared
to the classical method of characterizing protein expression by overexpression (Shi,
Kopparapu et al. 2023). CRISPaint also allows for the insertion of cargo in frame utilizing
frame-selecting sgRNAs (FS sgRNAs), giving flexibility over the translation consequences

for the target gene (Bosch, Colbeth et al. 2019). This technique has been used iz vivo in D.
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melanogaster and in vitro, namely with mouse embryonic stem cells and drosophila cells.

(Bosch, Colbeth et al. 2019, Bosch, Knight et al. 2020, Shi, Kopparapu et al. 2023).

CHAPTER AIMS

High frequency site-specific tools that enable insertion of genetic cargo into the germline are
highly desirable tools in the global attempt to eradicate mosquito-borne diseases. CRISPaint
represents a modular, easily programmable technology to insert large genetic loads while
exploiting the more rapid and higher frequency NHE] DSB repair pathway. This technology
allows one to use a universal plasmid for each target site, cutting down on the time-
consuming task of designing and making the homology arms which would be required for

each target genomic location with traditional HDR.

Due to the reliance on the error prone NHE] repair pathway, and the insertion of the entire
plasmid into the target locus, CRISPaint is not a suitable technology to use with the goal of
releasing the transgenic insects. However, more efficient genetic engineering tools would
allow for the use of reverse genetics to expand the field’s knowledge of vector biology,
specifically reproductive behaviors as most population suppression approaches currently
under trial are predicated on the release of males that can successfully compete with wild-

type males in the field for mates (Shaw and Catteruccia 2019).
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This technique has not yet been attempted in mosquitoes, to the best of my knowledge,
therefore, the investigation of the efficiency of CRISPaint compared to traditional HDR

would be useful for the mosquito genetic engineering community.

MATERIALS AND METHODS

Mosquito strain, sgRNAs and plasmid generation

CRISPaint-GFP (130277) and CRISPaint-RFP (130276) universal donor plasmids were
purchased from Addgene as bacterial stabs (Watertown, MA). These plasmids, generated for
use in D. melanogaster, encode a fluorescent protein, either GFP or dsRed under the control
of the 3XP3/Pax3 promoter (Bosch, Colbeth et al. 2019). Both the frame-selector sgRNAs,
and the genomic target loci sgRNAs were purchased from Synthego (Redwood, California).
Table 4.1 shows the sgRNAs and PCR primers used in this experiment, as well as the

expected size of the PCR amplicon.

The mosquito strain used for microinjections was Exu-Cas9, a transgenic strain derived from
the Liverpool strain that expresses Cas9 under the control of germline promoter Exuperentia

(Li, Bui et al. 2017), and was a kind gift of Dr. Omar Akbari (UCSD).

The plasmids were prepared by maxiprep using the Zyppy plasmid maxiprep kit following

the manufacturer’s directions (Zymo Research, Irvine, CA). The plasmids were then
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sequenced via Sanger sequencing to confirm the sequence before use in the microinjection

mix (Retrogen Inc, San Diego, CA).

Injection mixes were made with three different CRISPaint plasmid concentrations (100

ng/ul, 300 ng/ul, and 500 ng/ul) for each target gene as follows:
g g g/ getg

2 genomic locus sgRNAs 100 ng/pl each
3 CRISPaint Frame-selector sgRNAs 100 ng/pl each
CRISPaint-GFP plasmid 100/300/500 ng/ul

Microinjection, screening, and rearing

Microinjection was carried out following (Kistler, Vosshall et al. 2015) with modifications
from (Li, Bui et al. 2017) with approximately 150 embryos injected in triplicate for each
plasmid concentration tested. Microinjection and rearing were carried out according to the
protocol elaborated on in chapter 2 of this thesis The GO mosquitoes were screened visually
both for the presence of the mosaic knock-out phenotype as well as the fluorescent marker,
then pooled in a maximum of two mosquitoes/tubes for molecular screening for the presence
of indels at the target site via PCR using the Q5 high-fidelity polymerase (New England
Biolabs, Ipswich, MA) and T7 endonuclease I (T7E1) assay (New England Biolabs, Ipswich,

MA) described in greater detail in chapter 2.
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RESULTS

WHITE

The experiment targeting the white gene was repeated due to poor hatching seen in the first
set of injections. There was no evidence of insertion of the plasmid inferred by the lack of
GFP fluorescence seen in the eye of any GO or G1 mosquito, therefore molecular analysis of
the GO mosquitoes was not done. Table 4.2 shows the first white experiment, where the
highest hatch frequency was 7.06% in the WS5A injection group. A total of 16 GO mosquitoes
displaying the mosaic white deletion phenotype, with examples shown in Fig. 4.1 were
observed, giving an editing rate of 1.09% phenotypically positive mosquitoes, when

compared to the total number of embryos injected.

Table 4.3 shows the second set of white injections with improved hatching where the highest
hatch frequency was 16.1%. A total of 19 GO pupae displayed the mosaic white deletion
phenotype, giving a slightly higher editing rate of 1.28%, perhaps reflecting better insectary

conditions.

YELLOW

The hatch frequencies in the Yellow CRISPaint experiment, shown in Table 4.4 were lower
than expected, with the highest seen in Y5C at 16.05%. Few GO mosquitoes were mosaic for

the yellow deletion phenotype, with a total of 5 out of 1419 injected embryos. However, the
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yellow mutant phenotype was unexpectedly difficult to screen especially in the GO
mosquitoes, as mosaicism in the cuticle color is difficult to discern, meaning that the actual
editing rate may be higher than 0.35% seen in this experiment. Fig. 4.2 shows examples of
pupae that appeared to have a more yellow colored cuticle, though the difference is difficult
to photograph. Due to these challenges and the lack of evidence of insertion of the plasmid,

molecular analysis of the GO mosquitoes was not done.

EBONY

Table 4.5 shows the injection data for the Ebony CRISPaint experiment. While the hatching
frequencies of the injected embryos were low, as seen in the other experiments, there was
evidence of insertion of the plasmid shown in fig. 4.3E. The positive pupa is shown under
brightfield in the panel on the left, and GFP fluorescence can be seen in the eye under the
GFP filter in the panel on the right. The GFP positive pupa came from the 500ng/ul plasmid
concentration experiment, specifically ESB, reflecting the higher probability of integration

with higher plasmid concentration in the injection mix.

The PCR and T7E1 assay results in Fig. 4.4 illustrate that the sgRNAs were effective.
Cleavage by both sgRNAs would result in a mixture of fragments of approximately 250 bp
and 460 bp with the Ae-Ebony-1 sgRNA and 550 bp and 160 bp with the Ae-Ebony-2

sgRINA, as evidenced in the PCR and T7E1 assay images in Fig. 4.4. The colony PCR results
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(Fig. 4.4) after cloning of the PCR amplicon shown in the red rectangle on the PCR gel, are

an example of the multiple alleles present in the pooled sample of two mosquitoes.

When determining the editing frequencies in the Ebony CRISPaint experiment, the
presence of multiple bands in the PCR amplicon was interpreted as evidence of editing along
with a positive T7E1 assay result. The results, summarized in Table 4.6, show that there were
no PCR or T7El assay positive mosquitoes in the 300ng/ul plasmid concentration
experiment, however 25% were PCR positive and 37.5% of pools were T7E1 positive at
500ng/ul plasmid concentration. At 100 ng/wl CRISPaint plasmid concentration, the

editing frequencies were lower, with 13.3% of pools positive in both PCR and T7E1 assays.

DISCUSSION

The CRISPaint technical experiments were designed to determine the efficiency of
CRISPaint as a technology for genome editing in de. aegypti compared to the published data
on the relatively more traditional homology-directed repair. The frequency of successful
integration of genetic cargo in mosquitoes using the HDR repair pathway following
CRISPR-Cas9 mediated cleavage is low compared to the knockout frequencies due to the
NHE] repair pathway. CRISPaint takes advantage of this by knocking in a plasmid using the
NHE] pathway resulting in higher integration rates compared to traditional HDR (Bosch,

Colbeth et al. 2019).

160



The target genes, white, ebony, and yellow, were chosen based on published visible knock-out
phenotypes to facilitate ease of screening and identifying potential transgenics (Li, Bui et al.
2017). Three different plasmid concentrations (100 ng/ul, 300 ng/ul and 500 ng/ul) were
tested in triplicate to determine recommendations for optimized transformation
experiments in the yellow fever mosquito. Different concentrations were tested as increased
injection load increasing the probability of death in the injected embryos, a concern that
needs to be balanced against the potential for increased integration events with higher

plasmid concentrations.

Approximately, 150 embryos per replicate were injected and reared to adulthood. The GO
mosquitoes were screened for the appropriate mosaic knock-out phenotype and the presence
of GFP fluorescence in the fourth larval stage as well as in the pupal stage. Each replicate
group was self-mated and the G1 progeny screened for the knock-out phenotype as well as

presence of the CRISPaint-GFP plasmid.

The hatch frequencies and insertion frequencies as evidenced by the presence of fluorescence
in the developing eye of the pupae were comparatively low, with an integration rate of 0.59%
in ebony injection group ESB, compared to published HDR insertion frequencies in Ae.
aegypti which range from approximately 0.15% - 3.5% (Kistler, Vosshall et al. 2015, Li, Bui
et al. 2017, Ang, Nevard et al. 2022). This was likely due to the fluctuations in humidity

conditions in the insectary where the mosquitoes were held. The optimal humidity at which
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mosquitoes are reared reflects the humidity in the regions with abundant mosquitoes, with
q y g q

lab conditions held between 60% - 80% relative humidity.

While the conditions under which the mosquitoes were reared were not ideal, successful
insertion of the plasmid was achieved with the Ebony-CRISPaint-GFP experiment (Fig. 4.3),
showing that CRISPaint is indeed effective in Ae. aegypti. Another factor that may limit the
frequency of successful integration is the source used to provide the female mosquitoes a
bloodmeal, with blood provided by live anesthetized mice shown to give higher frequencies

of injected eggs (Sun, Li et al. 2022).

This presents a relatively rapid technique to insert large genetic cargo into the Ae. aegypti
genome with higher frequencies than traditional HDR methods, albeit with one major
limitation, which is that the entire plasmid may be incorporated into the genome (Bosch,
Colbeth et al. 2019). While this makes CRISPaint unsuitable for genetic engineering when
the goal is the eventual release of the transgenic insect, it is a useful tool to study yellow fever
mosquito biology with the aim for better vector control. One example of a case in which a

better system to insert genetic cargo is necessary is discussed in Chapter 3.

CONCLUSION
The hatch frequencies of injected embryos for these experiments were significantly lower
than expected. This was probably due to the lack of constant ideal humidity levels

experienced by the mosquitoes, which reduces the overall fitness of the mosquitoes.
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Regardless of the technical challenges faced in this experiment, CRISPaint is effective in Ae.
aegypti, though the system may require further optimization for higher insertion

frequencies.

As the graph in Table 4.6 shows, increasing the plasmid concentration increases the
frequency of successful plasmid integrations using the CRISPaint system. There are likely
upper limits to plasmid concentration in the injection mix due to the possibility for the mix
to become viscous and clog the microinjection needle, the probability of toxic effects
resulting in lower hatching and survival of injected mosquitoes. There is also the prohibition
of the cost of procuring the plasmid in large amounts that would need to be considered. It
would take repeating this experiment and testing higher plasmid concentration to further

optimize CRISPaint in Ae. aegypti.
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TABLES

amplicon size

sgRNAs Ae Yellow-1 seRNA GGCCAGTCACCGTGAATTCA

Ae Yellow-2 sgRNA GAGCAGGGTGGTGCCTGGATAGG
PCR primers | Ae Yellow For2 GATGACCCACACGTTCTCTT

Ae Yellow Rev2 AATAAGCAGGAAATTGGCGTG
PCR

931 bp

sgRNAs Ae Ebony-1 sgRNA GGCCGTGTTCGGCGCAACGC
Ae Ebony-2 sgRNA CCTCGTTGCAGATGACAGCCG
Ae Ebony-3 sgRNA GACGGCCAACCGCGTGGCGGCGG
Ae Ebony-4 sgRNA ATGTAATCTCCGTCCCGATTCGG

PCR primers | Ae Ebony For2 GCCGCTGACTATACGATTGAT
Ae Ebony Rev4 GCTCTACACCAGTAGAGACG

PCR

amplicon size 717 bp

sgRNAs White sgRNA1 GTCCTTCAGGTCGCCTCCGG
White sgRNA2 GGTCAGGGTTTCGGATGCAA

PCR primers | White For TAAGAGGCAAGACACCACAAG
White Rev GCACGAACGACTCACATACA

PCR

amplicon size 900 bp

Table 4.1: Primers and sgRNAs used in the CRISPaint experiment targeting white, ebony, and yellow genes. The

expected amplicon size is also included.

100ng/ul 300ng/pl 500ng/pl
Wi1A WiB wic W3A W3B W3cC W5A W5SB W5C
Injected eggs 157 162 153 161 160 161 170 170 173
Hatched 8 1 1 4 2 2 12 7 5
% hatched 5.10% 0.62% 0.65% 2.49% 1.25% 1.24% 7.06% 4.12% 2.89%
White 2 1 2 2 2 2 4 1
GFP
G1 phenotype

Table 4.2: Injection table showing the results of the White CRISPaint-GFP experiment. Three injection mixes
were used, each contained White sgRNA1, White sgRNA2, frame-selector sgRNAs 0, 1 and 2, and CRISPaint-
GFP plasmid at one of three different concentrations —100ng/ul , 300ng/ul and 500ng/ul. For each
concentration, approximately 150 embryos were injected with three replicates. The G1 progeny were also
screened for fluorescence and the white mutant phenotype.
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100ng/ul 300ng/pl 500ng/ul

WIA WIB WIC W3A W3B W3C W5A W5B W5C
Injected 187 138 180 161 167 162 156 152 185

eggs
Hatched 23 8 29 1 17 9 13 4 4
% hatched 123  58%  16.1% s 10.2%  5.6% 8.3% 2.6%  2.2%
%
White 4 2 2 - 4 3 2 1 1
GFP = = - - -

Table 4.3: Repeat of the white-CRISPaint-GFP experiment. The hatch frequencies are slightly higher than the

first attempt, but lower than typical, and there was no evidence of insertion of the plasmid in any of the GO or
G1 mosquitoes.

100ng/ul 300ng/ul 500ng/ul
Y1A Y1iB Yic Y3A Y3B Y3C Y5A Y5B Y5C
Injected eggs 165 156 151 155 156 154 fiiG3) 167 162
Hatched 1 9 14 4 1 2 16 8 26
% hatched 1.54% 5.77% 9.27% 2.58% 0.64% 1.30% 10.46% 4.79% 16.05%
Yellow 1 - 1 = 1 - 2

GFP

G1 phenotype

Table 4.4: Injection table showing the results of the Yellow CRISPaint experiment. Three injection mixes were
used, each contained Ae Yellow-1 sgRNA, Ae Yellow-2 sgRNA, frame-selector sgRNAs 0, 1 and 2, and
CRISPaint-GFP plasmid at one of three different concentrations —100ng/pl, 300ng/pl and 500ng/ul. For each
concentration, approximately 150 embryos were injected with three replicates. The G1 progeny were also
screened for fluorescence and the yelo mutant phenotype.

100ng/ul 300ng/pl 500ng/ul
E1A E1B E1C E3A E3B E3C ESA ESB ESC
Injected eggs | 162 157 158 161 162 155 152 168 174
Hatched 4 14 5 2 4 3 9 12 20
% hatched 2.5% 8.9% 3.2% 1.2% 2.5% 1.9% 5.9% 7.1% 11.5%
Ebony 1 2 - - - - 3 1 4
GFP - - - - - 1

Table 4.5: Injection table showing the results of the Ebony CRISPaint experiment. Three injection mixes were
used, each contained Ae-Ebony sgRNA1&2, frame-selector sgRNAs 0, and CRISPaint-GFP plasmid at one of
three different concentrations —100ng/pl, 300ng/pl and 500ng/pl. For each concentration, approximately 150
embryos were injected with three replicates. The G1 progeny were also screened for fluorescence and the ebony
mutant phenotype. GFP fluorescence in the eye was observed in one pupa from injection group E5B.
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Ebony ?2_55‘30 "8/ 624 pools (25%) | 9/24 pools (37.5%) All males
Ebony azltz_ll(;o "8/ | 2/15 pools (13.3%) | 2/15 pools (13.3%) | 2 females; 2 males

Table 4.6: Summary of Ebony-CRISPaint GO positive mosquitoes. While there wete no editing events captured
in the Ebony at 300ng/ul (E-3) experiment, in the E-5 expetiment 25% of all tested pools were PCR positive,
while 37.5% of tested pools were positive in the T7E1 assay. In the E-1 experiment, 13.3% of all tested pooled
GO0 mosquitoes were positive in both the PCR and T7E1 assays.
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FIGURES

Figure 4.1: Examples of GO pupae mosaic for mutation of the whize gene. A — wild-type (WT) pupa, B — W3B,
C-W5C,D-W5B, E-W3C, F-W5B.

Figure 4.2: Examples of mosaic GO _yellow pupae. A — Y1A,
B — Y5A, C — background strain (Exu-Cs9)
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Figure 4.3: Examples of mosaic GO ebony pupae. A — background strain (Exu-Cas9), B — E1B, C — E5C, D—
E5A, E — E5B. Only one pupa was positive for GIFP in the eye. Figure E shows the positive pupa both in
brightfield (left panel) and under the GFP filter (right panel). The GIP fluorescence is highlighted by the
rectangle around the glowing part of the eye.
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Figure 4.4: Molecular evidence of cleavage at the target site in the Ebony-CRISPaint experiment. The ladder L
(1 Kb Plus DNA Ladder, Thermo Fisher Scientific Inc., Waltham, MA) is included for reference. The expected
size of the amplicon is 717 bp as shown in PCR, an image of the 1% agarose gel electrophoresis of the PCR
amplicon. The T7E1 assay products, shown in T7, are separated on a 2% agarose gel to visualize the multiple
bands resulting from gene editing. CP is an image of the colony PCR run on a 1% agarose gel after cloning of
the PCR amplicon highlighted in red on the T7 image, followed by transformation. The last 3 lanes in CP
demonstrate some of the mutant alleles in present in a single pool of two mosquitoes.

Relationship between editing frequency (%) and
CRISPaint plasmid concentration (ng/ul)
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Figure 4.5: Graph showing the relationship between the gene editing frequency and the CRISPaint plasmid
concentration in the Ebony-CRISPaint experiment.
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CHAPTER FIVE

CONCLUSION

There is an urgent need for new vector control tools to supplement existing ones. In a world
that is rapidly warming, the spread of mosquitoes along with the diseases they vector to new
geographical locales that was forecasted earlier (Messina, Brady et al. 2019, Rose, Sylla et al.
2020) come to pass with the first confirmed cases of local malaria transmission in the US in
20 years occurring in June 2023 in Florida. Additional outbreaks of Dengue and
Chikungunya in the Americas, as well as the largest West Nile virus outbreak in US history
in 2022 further stress the importance of global commitment to mosquito control (Holcomb
2022, Who 2023). To aid this endeavor, the vector control field needs to expand their

understanding of vector biology and mosquito-virus interactions.

Viral piRNAs derived from an endogenized form of the virus are a heritable form of immune
memory in Ae. aegypti, which functions in addition to the siRNA pathway to limit the
replication of viruses in the mosquito. While the antiviral activity was only confirmed in the
ovaries (Suzuki, Baidaliuk et al. 2020), there is no evidence to suggest that this protection
does not extend to somatic tissues. This therefore represents an attractive pathway that can
potentially be manipulated to reduce the replication of arboviruses in the mosquito, limiting

the transmission of the virus with the next bloodmeal (Fig.5.1).
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While the experiments in Chapter 2 of this thesis did not result in piwi knock-out transgenic
lines, one way forward would be to attempt tissue specific deletion of the genes to interrogate
their functions. This can be performed using the CRISPaint technology to knock-in a
plasmid expressing a foldback sequence driven by a midgut-specific promoter such as the
carboxypeptidase A gene promoter which drives expression in the midgut following a
bloodmeal (Franz, Sanchez-Vargas et al. 2006). Other potential promoters, such as adult
peritrophic matrix protein 1 promoter which is active in the midgut independent of a blood
meal, have been identified in Anopheline mosquitoes and would need to be validated for use

in Ae. aegypti (Abraham, Donnelly-Doman et al. 2005).

The decision of which Piwi to target can be informed by tissue-specific co-
immunoprecipitation experiments in Ae. aegypts itself, not in cell culture. In Chapter 2,
blotting for Piwi proteins uncovered the absence of Piwi6 in larvae, which was missed by
RNA-seq experiments (Akbari, Antoshechkin et al. 2013). The co-immunoprecipitation
experiment may not necessarily point to a ping-pong amplification partner as comparison of
small RNA sequencing of somatic and gonadal tissues revealed that the A10 ping-pong
signature was only present in germline clusters, suggesting that the somatic piRNAs are
derived mainly via the phased biogenesis pathway (Gainetdinov, Colpan et al. 2018, Crava,
Varghese et al. 2021). Majority of the piRNAs expressed in somatic tissues (adult female

carcasses) map to EVEs while in ovaries, majority map to transposable elements (Crava,
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Varghese et al. 2021) perhaps reflecting a functional specialization of the pathway in Ae.

aegypti towards immune memory and protection in the soma.

Midgut-specific piwi deletion mosquito strains would allow for a better picture of the
involvement of the piRNA pathway and Piwi proteins in mosquito-virus interactions. This
would especially be interesting as a study in Ae. aegypti revealed that Dengue virus (DENV)
is not silenced by siRNAs in adult female midgut after an infected bloodmeal, though the
siRNA pathway is active and functional in limiting DENV replication once DENV escapes
the midgut and enters into systemic circulation (Olmo, Ferreira et al. 2018). This is surprising
as the siRNA pathway is the main form of antiviral immunity in insects and raises the
question as to what forms the first line of defense against ingested viruses in the midgut.
Relaxed targeting rules exhibited by TE-piRNAs (Gainetdinov, Vega-Badillo et al. 2023)
may allow the integrated EVEs to be effective templates for vpiRNAs even after suffering

some genetic drift.

Blotting for Piwi4 and Piwi5 in whole larvae and larval midguts uncovered that the proteins
are present in sizes a lot smaller than expected. This may reflect enzymatic cleavage that was
not suppressed by high protease inhibitor concentrations. Interestingly, in the Piwi5 blots,
the protein is absent in whole larvae but present in the larval midgut, suggesting that it is
expressed only or mostly in the midgut. Mass spectrometry analysis of the gel between 15

kDa and 25 kDa confirmed that the band obtained in the Western blot is indeed Piwi4. This
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raises the question as to whether there is a peptide cleavage site that is exposed in larvae but
not in adults which express the full-length protein, or if the cleavage could potentially occur
co-transcriptionally. I would answer this by first performing RT-PCR on the larval tissues
to determine if the full-length transcript can be obtained. This would be followed by
ribosome profiling where mRNA is digested and deep sequencing of ribosome-protected
transcripts reveals information on which transcripts are actively being translated, as well as
the precise position of the ribosome on the transcript (Ingolia, Brar et al. 2012). The
ribosome footprint data may allow for the discrimination between protein enzymatic

cleavage and co-translational truncation of Piwi4 and Piwi5 proteins.

Typically, Ago3 is expected to partner with one of the Piwi proteins for ping-pong biogenesis
of piRNAs to occur. Immunoblotting for the Piwi proteins in the larval stage of
development painted an interesting picture of the pathway in this juvenile stage of
development. Piwi2 was not detected in larvae, which was expected as RNA-seq experiments
showed that the transcripts were expressed in the blood-fed ovaries and developing embryos.
Piwi6 was also not detected in the larval stage though it was expected to be present. Piwi4
and Piwi5 were detected in truncated forms of approximately 20 kDa for Piwi4 and 35 KDa
for Piwi5. Mass spectrometry analysis of the gel at that size band confirmed that peptides

from Piwi4 are indeed present, ruling out non-specific or off-target binding of the antibody.
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This presents an interesting scenario in larvae as the ping-pong biogenesis pathway is not
present, therefore mobile genetic elements appear to be handled by primary biogenesis and
association with Piwi4 and Piwi5, if these proteins are biologically active. In the ovaries, all
tested Piwi sub-family proteins were present as expected, however Ago3 was not detected in
the testes. This raises the possibility that the ping-pong amplification pathway may be
superfluous for the restriction of the activity of transposable elements in the male germline.

This requires further study with a focus on the testes.

Altogether these data lead me to speculate that Ago3 is restricted to the ovaries, and perhaps
the developing embryo, where the protein participates in ping-pong amplification of
piRNAs directed both at vertically transmitted viruses and TEs. This secondary piRNA
biogenesis pathway serves to increase the pool of piRNAs available to protect the integrity
of the genome in the germline, thus ensuring the survival of future generations. In the adult
testes and in the larval stage of development, viruses and TEs are restricted by the activity of
piRNAs produced by phased biogenesis and complexed with either Piwi2 (testes only),

Piwi4 or Piwis.

A recent examination of piRNA expression in Ae. aegypti midguts confirmed the choice of
piRNA cluster in Chapter 3 experiments, as it was found to be the midgut cluster with the
highest expression (Qu, Betting et al. 2023). The same study revealed that piRNA clusters

are transcribed by read-through transcription from highly conserved upstream genes (Qu,
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Betting et al. 2023). With this knowledge, an artificial endogenous viral element (EVE) can
be inserted immediately downstream of the gene. With more injections, and a more
conserved target site, a line could be established, and small RNA sequencing done every
generation to determine if the artificial EVE expresses piRNAs. The results of this
experiment would provide information on how piRNA clusters are formed and confirm the
hypothesis that the piRNA pathway functions to provide heritable immune protection in

somatic tissues such as the midgut to circulating insect-specific viruses.

Ae. aegypti mosquitoes have the remarkable capability to quickly adapt to changing climatic
conditions such as drought (Venkataraman, Shai et al. 2023), further underlying the need for
adiversity in the tools used to control the arboviral vectors. This is hampered by considerable
public opposition to genetically modified mosquitoes, both in California and globally
(Thizy, Pare Toe et al. 2021, Schairer, Triplett et al. 2022). Public health education and
community engagement are necessary to obtain consent to releases of transgenic mosquitoes
in the community, while the development of coherent global policies regarding genetically
modified mosquito release programs would go a long way in changing the public’s attitude

toward transgenic mosquitoes.
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Figure 5.1: The adaptive immune system in Ae. aegypti. The piRNA pathway evolved as immunity against
entomopathogenic viruses that infect larvae. As the larvae feed on decaying organic matter in water, viruses may
be ingested. The virus enters the cells of the midgut epithelium, activating both the siRNA and piRNA pathways.
Chance insertion of viral-derived sequences into a piRNA cluster leads to an EVE-derived viral-piRNA response
during the next encounter with the cognate virus. EVE-derived piRNAs work in concert with the siRNA pathway
to limit the replication of the virus.
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