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Endogenous viral elements (EVEs) have been recently investigated as a source of 

transgenerational immune memory. These “viral fossils” are abundant in Aedes mosquitoes and 

partner with the host’s primary antiviral defense system, the RNA interference (RNAi) pathways. 

This partnership appears unique to mosquitoes, which encode an expansion of the Piwi 

endoribonucleases. To interrogate EVE-Piwi partnerships and their role in antiviral defense, I 

performed a comparative small RNA analysis of two naturally occurring EVE-virus pairs – one 

in the mosquito Aedes albopictus, and one in the midge Chaoborus americanus. Both express an 

EVE related to the nucleoprotein of their respective bunyavirus. My results show that Piwis 

generally do not have antiviral functions in Chaoborus, however EVEs are associated with Piwi 

recruitment to matched viral RNAs. These findings raise the possibility that RNAi-mediated 

EVE-virus interactions may be more common among insects than currently recognized.  
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CHAPTER I 

INTRODUCTION 

Adaptive and innate immunity  

All organisms utilize their immune system to combat invading pathogens. Immune 

systems can be generally classified into two fundamental lines of defense: adaptive immunity 

and innate immunity. Both types offer their own unique mechanisms of defense, although not all 

organisms utilize both types. Adaptive immunity exists exclusively within vertebrate hosts and is 

based on the production of lymphocytes containing antigen-specific receptors (Janeway et al. 

2001). Adaptive immunity has the unique ability to specifically recognize invading pathogens 

and “remember” them during reinfection to provide enhanced protection (Cooper and 

Eleftherianos 2017). Innate immunity can be found in vertebrates, invertebrates, and plants and is 

considered to be broad and non-specific (Brubaker et al. 2015). In invertebrate organisms, the 

innate immune system is capable of fighting against many pathogens, but it is restricted to 

relaying on germ-line encoded receptors to recognize invading microorganisms (Janeway et al. 

2001). Traditionally, it does not have the same immunological memory capabilities that the 

adaptive immune system has. However, it has recently been found that some insects have 

evolved "immune memory"-like processes in antiviral defense by transmitting repurposed virus 

genome sequences to their offspring. These repurposed viral genomes are known as endogenous 

viral elements (EVEs). EVEs are sequences of viral DNA or RNA that are integrated into a 
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host’s genome during infection (Tassetto et al. 2019). They are found in a wide range of both 

vertebrate and invertebrate organisms and can originate from many different types of viruses. 

Endogenous viral elements in vertebrate and non-vertebrate hosts  

In vertebrate hosts, most EVEs are integrated during infection by a reverse transcribing 

RNA virus (i.e. retroviruses) (Tristem 2000). Retroviruses use the host’s genome and 

polymerases as part of their own replication process and are therefore guaranteed to leave their 

own genetic material behind (Lower et al. 1996). When this occurs within a germline cell, that 

genetic material is able to be vertically transmitted to offspring (Tristem 2000). These sequences 

are often eliminated from the host population after a few generations. However, some have 

become fixed in host populations and have been passed down for millions of years (Mager and 

Freeman 1995).  

In contrast, nonretroviral EVEs have been unexpectedly identified across the tree of life, 

including in at least eight orders of insects and have origins from at least six families of DNA 

viruses and 22 families of RNA viruses (Gilbert and Belliardo 2022). In insects, most EVEs are 

reverse-transcribed and integrated into the host’s genome after infection by a negative sense 

single stranded (-ss) RNA virus (ter Horst et al. 2019). The exact reason is unknown, but one 

possibility is that reverse transcription occurs more efficiently on the shorter mRNAs produced 

by -ssRNA viruses in comparison to other viruses (Horie et al. 2010 and ter Horst et al. 2019).  

EVEs bring a unique and important contribution to the study of virus evolution. They 

serve an invaluable role in paleovirology, or the study of ancient, extinct viruses.  EVEs are often 

described as “molecular fossils” of ancient viruses that once infected organisms (Emerman and 

Malik 2010). They are used to infer information about these viruses that we would not otherwise 

be able to access. For example, orthologous EVEs in closely related organisms can be used to 
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estimate the date of viral insertion into a host’s genome (Etienne and Emerman 2013). This can 

lead to an improved understanding of age, geographical distribution, genetic information, 

replication strategies, and host distribution (Horie and Tomonaga 2019). Understanding these 

ancient viruses and their evolution to modern day viruses can have implications for modern 

human pandemics. For example, a multi-organism study of EVEs derived from Hepatitis B 

showed that this virus existed within passerine bird populations at least 19 million years before 

humans (Etienne and Emerman 2013). Continuing the study of EVEs will further our 

understanding of these high-risk viruses that affect us today.  

RNA interference pathways  

In recent years, increasing evidence suggests nonretroviral EVEs are not just 

informational relics, but functional elements. For example, mosquitoes incorporate EVEs into 

their RNA interference (RNAi) machinery to identify and destroy exogenous viral RNAs 

(Tassetto et al. 2019). There are three main pathways involved in invertebrate RNA interference: 

the microRNA (miRNA) pathway, the small interfering RNA (siRNA) pathway, and the Piwi 

interacting RNA (piRNA) pathway. All are biological process within a cell where RNA 

molecules are used to inhibit gene translation or expression. However, the siRNA pathway is the 

major antiviral defense mechanism in insects (Petit et al. 2016). 

In the siRNA pathway, exogenously derived double-stranded viral RNAs are processed 

into 19 base pair (bp) siRNA duplexes by the endonuclease Dicer-2. These duplexes are 

composed of two 21 nucleotide (nt) single-stranded RNA molecules and contain characteristic 2 

nt overhangs at each 3’ end of the duplex, a recognition signal that facilitates loading onto the 

endonuclease Argonaute-2 (Ago2)-containing RNA-induced silencing complex (RISC) 

(Gammon and Mello 2015). An activated RISC is able to use the guide strand of the siRNA 
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duplex as a sequencing guide to search for complementary viral RNA genomes and transcripts 

(Liu et al. 2011). It then cleaves one strand of the viral RNA and thus interferes with viral 

replication. This process occurs in infected somatic cells; however, some dipteran insects have 

antiviral signals that travel to uninfected, healthy cells. Virus infection induces dsRNA release 

from infected cells, which are then taken up by uninfected cells in order to generate virus-

specific immunity to prevent virus spread thus creating a system wide antiviral response (Saleh 

et al. 2009).  

In Drosophila, the piRNA pathway is Dicer-2-independent, non-antiviral, and occurs 

primarily in germline cells where its central role is to prevent the proliferation of transposable 

genetic elements (Brenneke et al. 2007). It is split into two parts: the primary piRNA biogenesis 

step and secondary piRNA amplification step (Petit et al. 2016) (Figure 1). Primary piRNA 

biogenesis begins with piRNA precursor transcripts, called piRNA clusters, located in the 

nucleus. These clusters are typically made up of transposons and are described as either dual-

stranded or uni-stranded. Dual-stranded clusters map to both genomic strands while uni-stranded 

clusters only map to one (Mohn et al. 2014). However, it appears that the majority of piRNAs 

come from uni-stranded transcripts which are derived from antisense single-stranded (ss) RNAs 

(Brennecke et al. 2007). Uni-stranded clusters begin transcription at promoter regions that are 

marked by peaks of RNA polymerase II Ser5P and histone 3 lysine 4 di-methylation 

(H3K4me2). Once transcription begins, the transcript is processed by 5’ capping, 3’ end 

polyadenylation, and occasionally alternative splicing (Mohn et al. 2014; Huang et al. 2017) 

After transcription, these piRNA precursor transcripts are transported out of the nucleus and into 

the cytoplasm. This is often accomplished by cleaving introns located within the piRNA 

precursors which leads to the creation of the exon-junction complex. It is the binding of this 
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complex to the exportin complex that allows the transcripts to efficiently exit the nucleus 

(Goriaux et al. 2014). After entering the cytoplasm, these pre piRNAs are cleaved into 24-31 nt 

RNA fragments by the endonuclease Zucchini (Zuc) (Rogers et al. 2017). These 24-31 nt RNAs 

are referred to as primary RNAs. In vitro, Zuc has no preference towards the piRNA transcripts 

(Nishimasu et al. 2022). However, primary piRNAs show an overwhelming bias for uridine at 

their 5’ end suggesting that there is an unknown co-factor involved (Ipsaro et al. 2012).  

Primary RNAs can be further processed in what is referred to as the “ping-pong 

amplification cycle,” also known as secondary piRNA biogenesis. In this cycle, primary piRNAs 

with a 5’ uridine are preferentially loaded onto the Piwi protein Aubergine (Aub) (Saleh et al. 

2009). These 5’ uridine piRNA/Aub complexes will then seek and bind to complementary target 

transcripts (Wang et al. 2014). These are subsequentially cleaved ten positions away from the 5’ 

uridine binding site, yielding piRNAs in the sense orientation with an adenine at position 10 

(Saito and Siomi 2010). These piRNAs are then preferentially loaded onto Piwi protein 

Argonaute-3 (Ago3) and these piRNA/Ago3 complexes then seek and bind to additional 

complementary target transcripts (Wang et al. 2014). The transcripts are subsequentially cleaved, 

yielding piRNAs in the antisense orientation with a 5’ uridine and the cycle continues (Tassetto 

et al. 2019). This cycle creates an amplification of piRNAs which allows for more piRNAs to 

seek and cleave target RNA molecules found in the host.  
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Figure 1 An overview of the piRNA pathway 

This overview of the piRNA pathway includes the primary piRNA biogenesis step and the 

secondary piRNA amplification step referred to as the “ping-pong amplification cycle.” EVEs 

can be used instead of transposons in piRNA clusters to create primary piRNAs. 

Interestingly, EVEs play an unsuspected role in the piRNA pathway in Aedes mosquitoes. 

EVEs can be used instead of transposons in piRNA clusters to create primary piRNAs (Tassetto 

et al. 2019). In Aedes mosquitoes, EVE-derived piRNAs are specifically loaded onto Piwi4, one 

of many duplicated Piwi proteins unique to mosquitoes, to act as guide RNAs to inhibit virus 

replication (Tassetto et al. 2019). However, there is still little understanding of the mechanisms 

behind EVE-virus interactions and the role of EVEs in antiviral defense in other dipteran species. 

This is mainly because there are few natural insect systems that contain both an EVE and its 

corresponding infecting virus at the same time.  
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Virus and EVE systems  

Our lab has identified two parallel insect-virus systems in which a nonretroviral RNA 

virus infects hosts with a closely related EVE. The viruses belong to the family Phasmaviridae 

within the order Bunyavirales. Bunyaviruses consist of segmented -ssRNA viruses (Neriya et al. 

2022). They comprise a large order of over 560 viruses classified into twelve different families 

(Teng et al. 2022). Most families package a tripartite genome and share the same genetic 

organization consisting of the S, M, and L segment, based on their relative size (Neriya et al. 

2022). Each segment encodes a different protein. The S segment encodes the nucleocapsid 

protein (NP), the M segment encodes a glycosylated polyprotein precursor (GnGc), and the L 

segment encodes an RNA-dependent RNA polymerase (RdRp) (Neriya et al. 2022). 

Phasmaviridae is a recently discovered family of Bunyaviruses. It is diverse, widespread, and 

insect specific (Ballinger and Taylor 2019). Like all Bunyaviruses, they contain segmented, 

negative sense RNA genomes (Ballinger and Taylor 2019). Bunyaviruses can infect both 

livestock and humans. Those that cause clinical symptoms usually cause hemorrhagic fevers and 

cardiopulmonary syndromes (Teng et al. 2022). Many of these viruses pose a threat to public 

health. Well known examples of Bunyaviruses include: the Lassa virus (LASV), La Crosse virus 

(LACV), Hantaan virus (HTNV), Andes virus (ANDV), and Rift Valley fever virus (RVFV) 

(Mehand et al. 2018). 

In this work, I analyze Bunyaviruses within two different insect hosts: Chaoborus 

americanus (Order Diptera, Family Chaoboridae) and Aedes albopictus (Order Diptera, Family 

Culicidae). C. americanus, also known the phantom midge, is a key predator in fishless 

freshwater systems across temperate North America (von Ende 1979). Ae. albopictus, also 

known as the Asian tiger mosquito, is an important vector of diseases and is located on every 
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continent except Antarctica. The widespread expansion of these mosquitoes has caused an 

increased concern for public health. Among the viral diseases vectored by Ae. albopictus are 

globally important arboviruses including dengue virus, chikungunya virus, and yellow fever 

virus (Kraemer et al. 2015).  

In my comparative system, Ae. albopictus is infected with Barstukas virus (BARV) and 

C. americanus is infected with Niukluk phantom virus (NUKV). Both of these viruses are found 

within the same clade of Phasmaviridae (Figure 2). BARV has been detected in Ae. albopictus 

mosquitoes in only two locations around the world: Guangzhou, China, and California, USA 

(Batson et al. 2020; Shi et al. 2020). Like most Bunyavirus, the BARV and NUKV genomes 

consist of three different segments: the S, M, and L segment. A recent ancestor of BARV is the 

source of the S segment EVE as they match at 74.7% at the amino acid level. NUKV has been 

detected in C. americanus across North America (Ballinger et al. 2022), and like BARV, its S 

segment is the source of an EVE that shares 78.5% at the amino acid level. 
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Figure 2 Evolutionary relationships of Phasmaviridae 

Phylograms were built from full length nucleoprotein amino acid sequence alignments. Branch 

numbers indicate FastTree maximum likelihood-like support values. Phylogenetic analyses show 

that Barstukas virus and Niukluk virus belong to a well-supported clade of Diptera-infecting 

phasmavirids. It also shows that the EVEs of both viruses originated from recent ancestors of 

their nucleoproteins. 

My interest in these two systems comes from their differences in two areas: their 

differences in RNAi responses and their differences in antiviral defense machinery.  C. 

americanus midges’ antiviral response is directed heavily by the siRNA pathway. They show an 

enrichment of 21 nt RNAs when mapped to multiple sets of endogenous RNA viruses (Ballinger 

et al. 2022).  In contrast, Ae. albopictus mosquitoes show an enriched piRNA response. They 
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show an enrichment of 24-31 nt RNAs after mapping to multiple RNA viruses (Wang et al. 2018 

and Morazzani et al. 2012). Their differences in RNAi machinery lies within the Piwi clade of 

endonucleases. Phylogenetic analysis of dipteran Ago proteins indicate a large expansion of the 

Piwi clade in Ae. albopictus mosquitoes (Campbell et al. 2008 and Morazzani et al. 2012).  They 

encode and express Argonaute-3 (Ago3) as well as seven different Piwi proteins in their somatic 

cells (Morazzani et al. 2012 and Schnettler et al. 2013). This is in contrast to most other dipteran 

species which only encode and express one Piwi, one Aub, and one Ago3 protein, and these tend 

to be limited to germline cells (Schnettler et al. 2013 and Campbell et al. 2008).  

My research aims to identify differences in EVE-virus interactions between these two 

systems. Using small RNA data sets, I studied EVE-Piwi partnerships in the two separate hosts: 

one with an expanded Piwi protein family and one with a conserved set of Piwi proteins. 

Specifically, I ask whether expanded Piwis are required to mediate interactions between EVEs 

and exogenous viruses. I expect this research to yield a better understanding of a novel, 

transgenerational mechanism of antiviral defense used by arthropods. First, I determine whether 

each host is producing piRNAs in response to viral infection and EVE expression. My results 

suggest that both species produce piRNAs in response to viral infection, but to a much greater 

extent in Aedes mosquitoes. Second, I analyze nucleotide compositions of all piRNAs produced 

to determine if there is a ping-pong signature present, indicating that the secondary piRNA 

amplification step was used. I identify clear ping-pong signatures present in virus-derived 

piRNAs as well as EVE-derived piRNAs in both species. However, in C. americanus I assess 

ping-pong signature for seven RNA viruses, including NUKV, and find the S segment is the only 

viral RNA being targeted by this piRNA pathway. My findings suggest the role of Piwi proteins 

as mediators of EVE-virus interactions is ancestral to the duplication and specialization of this 
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gene family in Aedes and other mosquitoes, raising the possibility that RNAi-mediated EVE-

virus interactions may be more common among insects than currently recognized.  
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CHAPTER II 

MATERIALS AND METHODS 

Tissue Sources 

Aedes albopictus small RNA data sets were collected from available public data on NCBI 

(Table 1). Chaoborus americanus small RNA datasets were generated by the Ballinger lab. In 

brief, C. americanus larvae were collected in freshwater ponds in Washington, United States and 

reared to adulthood. Ovaries or eggs were dissected from two-day old adults and total RNA was 

extracted using the miRNeasy Mini Kit (Qiagen). Small RNA sequencing libraries were built 

using the NEBNext Small RNA Library Prep Set for Illumina (New England Biolabs) and size-

selected from a 5% polyacrylamide gel to retain siRNAs, miRNAs, and piRNAs. Four libraries 

(SNOA1 and A2) were sequenced on an Illumina NextSeq as 75 bp single end reads at 

HudsonAlpha. An additional four libraries (SNOA3 and A4) were sequenced on an Illumina 

NovaSeq as 50 bp single end reads at Novogene. Tissue sources and sequencing yields for 

Chaoborus samples are reported in Table 2.  
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Table 1 Ae. albopictus small RNA data sets used in this study. 

SRA Location Tissue Total Reads NCBI Accession 

Number 

SRR11252296 California, USA Female carcass 5,537,655 SRX7862422 

SRR10390736 Vietnam Female carcass 21,120,438 SRX7091108 

SRR2182496 Vietnam Female carcass 76,013,673 SRX1163802 

SRR2182437 Vietnam Female carcass 20,148,844 SRX1163649 

SRR2182471 Vietnam Female carcass 13,039,329 SRX1163797 

SRR2182500 Vietnam Female carcass 31,230,578 SRX1163811 

SRR11213090 Japan Female carcass 84,804,848 SRX7825916 

SRR11252298 California, USA Male carcass 30,400,921 SRX7862424 

SRR10390734 Vietnam Male carcass 28,579,332 SRX7091110 

SRR11252299 California, USA Ovary 48,606,869 SRX7862425 

SRR11213089 Japan Ovary 10,540,551 SRX7825917 

SRR10390735 Vietnam Ovary 20,804,930 SRX7091109 

SRR11252300 California, USA Testis 26,522,056 SRX7862426 

SRR10390733 California, USA Testis 33,414,052 SRX7091111 

SRR2182526 Laboratory C6/36 cells 55,582,997 SRX1163812 

SRR2182527 Laboratory C6/36 cells 59,576,278 SRX1163813 

SRR11252301 Laboratory U4.4 cells 19,839,975 SRX7862427 

SRR2182528 Laboratory U4.4 cells 25,020,872 SRX1163814 

SRR2182529 Laboratory U4.4 cells 2,842,713 SRX1163816 

 

Table 2 C. americanus small RNA data sets used in this study 

Sample  SRA NUKV status Tissue Total Reads NCBI 

Accession  

SNOA1C SRR18143948 Infected adult carcass 20,155,818 SRX14291809 

SNOA1O SRR18143947 Infected eggs 21,279,218 SRX14291810 

SNOA2C SRR18143971 Infected adult carcass 23,165,465 SRX14291786 

SNOA2O SRR18143970 Infected ovaries 28,444,662 SRX14291787 

SNOA3C Not available  Uninfected adult carcass 20,253,182 Not available 

SNOA3O Not available Uninfected ovaries 18,856,286 Not available 

SNOA4C Not available Uninfected adult carcass 10,817,285 Not available 

SNOA4O Not available Infected ovaries 34,336,864 Not available 
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Sequence read trimming, assembly, and mapping 

Reads were trimmed for adapter sequences and low-quality bases with the BBDuk 

function of BBMap 38.35 using Illumina adaptor sequences (Bushnell 2014). Trimmed small 

RNA reads were then mapped to virus reference sequences using BBMap (Table 3). Small RNA 

size profiles were generated using the lhist function of BBMap on these mapped read sets. Excel 

(Microsoft Corporation 2018) was used to generate histogram plots. Exact parameters are shown 

in Table A6. All data was normalized using the reads per kilobase per million reads mapped 

(RPKM) normalization method (Li et al. 2015) shown below: 

 

RPKM =  
reads mapped to the transcript

(total reads) ∙ (transcript length)
∙ (1) 
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Table 3 RNA virus genomes used to map against small RNA profiles generated from both 

Ae. albopictus and C. americanus tissue samples. 

Virus  Segment Length (bp) NCBI Accession  

Barstukas virus S segment 1578 MW434649.1 

M segment 1935 MW434634.1 

L segment 6462 MW434662.1 

EVE 1601 Not available 

Niukluk virus S segment 2470 ON059790.1 

M segment 2835 ON059787.1 

L segment 6669 ON059784.1 

EVE 2755 Not available 

Tolvoit virus Non-segmented 12750 ON059796.1 

Rovykyts virus 

SNO1 Strain 

Non-segmented 16119 

 

ON059791.1 

Rovykyts virus 

SNO2 Strain 

Non-segmented 16105 

 

ON059792.1 

Lantra virus L segment 6588 

 

ON059778.1 

NPGM segment 5481 ON059780.1 

Giez virus Non-segmented 7954 ON059777.1 

Ezimos virus Chaq segment 1541 ON059771.1 

RdRp segment 1760 ON059772.1 

CP segment 1575 ON059773.1 

 

Positional Nucleotide Frequencies  

Putative piRNAs (25-30 nt) were extracted from virus-mapped small RNA reads and re-

mapped to virus segments using Geneious Prime 2022.0.1 in order to obtain more precise 

readings. From these reads, positional nucleotide frequencies were calculated using Python (Van 

Rossum and Drake 1995). Exact parameters are located in Table A5. 
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Statistical analysis  

In order to identify significant difference in the abundance of small RNA populations I 

used the Tukey HSD test at a confidence level of 95% in R (Abdi 2010 and R Core Team 2022). 

To test whether the nucleotide frequency biases at positions 1 and 10 were significantly different 

from those of other positions, I used the Dixon-Q test for outliers (Rorabacher 1991). Before I 

performed the Dixon-Q test, I first checked my data for normality using the qqnorm function 

(Bloomfield 2009). All reports of significance were determined by using the following p-value 

cutoffs: p > .05, NS; p = .05-.01, significant (*); p = .01-.001, highly significant (**); p < .001, 

very highly significant (***).  

Phylogenetic analysis 

The phylogenetic tree was built using the FastTree 2.1.1 plugin on Geneious Prime 

2022.01. Accession numbers of virus sequences included in this phylogeny are present in Table 

4.  
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Table 4 Sequences used for virus phylogenetics 

Virus NCBI Accession  

Wuhan mosquito virus 1  YP_009305134.1 

Wuhan mosquito virus 2 YP_009305133.1 

Wuchang cockroach virus 1 YP_009304998.1 

Seattle prectang virus YP_009666960.1 

Nome phantom virus YP_009507890.1 

Miglotas virus QRW41748.1 

Kigluaik phantom virus YP_009362030.1 

Hubei odonate virus YP_009329888.1 

Ganda bee virus YP_009666983.1 

Culex phasma-like virus QRD99883.1 

Coredo virus QHA33848.1 

Coleopteran phasma-related virus QMP82274.1 

Bactrocera latifrons virus UPT53728.1 

Anopheles triannulatus virus YP_010086187.1 
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CHAPTER III 

RESULTS 

BARV small RNA populations are dominated by piRNAs in Aedes  

To explore the RNAi response to BARV in Aedes albopictus, small RNA data sets 

generated from Aedes albopictus tissues were collected from NCBI and mapped against all three 

segments of Barstukas virus (BARV). All mapped small RNAs were quantified and 

characterized. Small RNA profiles showed an enrichment of 24-31 nt piRNAs across all samples 

(Figure 3). Female carcass tissues and ovary tissues had a higher amount of piRNAs produced in 

comparison to any other tissue types. It appears that the S segment may be targeted at a higher 

rate in the piRNA pathway than other segments. This trend appears most heavily in female 

carcasses and ovaries. However, statistical analyses show that there is no significant difference 

(Tukey test, p > .05) though, this could be due to limited sample size for each tissue.   
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Figure 3 Size profiles of BARV-derived small RNAs in Ae. albopictus tissues 

Ae. albopictus tissues: female carcasses (n=5), male carcasses (n=2), ovaries (n=2), and testes 

(n=2). All show an enrichment of 24-31 nt piRNAs, especially female carcasses and ovaries.   

NUKV small RNA populations are dominated by siRNAs in Chaoborus 

To explore the RNAi response to NUKV in C. americanus, I mapped small RNAs 

generated previously by the Ballinger lab against all three segments of Niukluk virus (NUKV). I 

had three adult female carcasses with two sets of extracted ovaries and one set of eggs. One 

female carcass sample yielded limited small RNAs and was excluded from the analysis. All 

mapped small RNAs were quantified and characterized. Small RNA profiles showed an 

enrichment of 21 nt siRNAs across all samples when mapped to the viral segments (Figure 4). 

Putative piRNAs were detected, but in small quantities. However, statistical analyses show that 

the S derived piRNAs are more abundant in comparison to the M and L derived piRNAs, 
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respectively, in female carcasses (Tukey test, S-M p=.002, S-L p=.003). S derived piRNAs are 

also more abundant than L piRNAs in ovaries (Tukey test, p= .030). No corresponding 

enrichment of S-derived piRNAs was observed in the eggs.  

 

Figure 4 Size profiles of NUKV-derived small RNAs in C. americanus tissues 

C. americanus tissues: adult carcasses (n=2), ovaries (n=2), and eggs (n=1). All show an 

enrichment of 21 nt siRNAs. 

BARV EVE and NUKV EVE small RNA populations are dominated by piRNAs in both 

Aedes and Chaoborus  

To explore the RNAi response to BARV EVE in Ae. albopictus and NUKV EVE in C. 

americanus, I mapped small RNA data sets derived from Aedes and Chaoborus tissues to their 

respective S segment EVEs. All EVE-derived small RNA profiles showed an enrichment of 24-

31nt piRNAs across all tissue samples (Figure 5). Adult carcasses harbor the most EVE derived 
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piRNAs in Aedes, while in Chaoborus they are most abundant in ovaries. Interestingly, NUKV 

EVE-derived piRNAs are rare in the eggs, mirroring observations from S-segment derived 

piRNAs. 

 

Figure 5 Ae. albopictus tissue samples mapped against BARV EVE and C. americanus 

tissues mapped against NUKV EVE 

Ae. albopictus tissue samples include female carcasses (n=7), male carcasses (n=2), ovaries 

(n=3), testes (2), C6/36 cell lines (n=2), and U4.4 cell lines (n=3). All small RNAs derived from 

BARV EVE show an enrichment of 24-31nt piRNAs (A). C. americanus tissue samples were 

mapped against NUKV EVE. Tissue samples include adult carcasses (n=3), ovaries (n=4), and 

eggs (n=1). All small RNAs derived from NUKV EVE show an enrichment of 24-31nt piRNAs 

(B). 

Evidence for secondary piRNA biogenesis in both Aedes and Chaoborus  

In order to investigate the presence of secondary piRNA biogenesis in Ae. albopictus and 

C. americanus, I extracted and analyzed 25-30 nt piRNAs from all small RNAs derived from 

BARV and NUKV in Aedes and Chaoborus respectively. Enrichment of uridine at nucleotide 1 

(U1) in genome-derived (antisense) piRNAs and adenine at nucleotide 10 (A10) in 

antigenome/transcript-derived (sense) piRNAs was interpreted as the signature of secondary 

piRNA biogenesis. In Aedes, there is U1 and A10 enrichment present in genome- and 
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antigenome-derived piRNAs respectively for the S, M, and L segments of BARV in the female 

carcasses, the male carcasses, the ovaries, and the testes (Dixons Q test, p < .05) (Figure 6).  

In Chaoborus, there is U1 enrichment in NUKV S genome-derived piRNAs in female 

carcasses and ovaries (Dixons Q test, p = .003, p = .05) and a nonsignificant A10 enrichment in 

NUKV S antigenome-derived piRNAs in ovaries (Dixons Q test, p > .05). In eggs, there is no 

enrichment of U1 in genome-derived piRNAs. There is a trend showing an enrichment of A10 in 

NUKV S antigenome-derived piRNAs, but this is not supported by statistical analysis (Dixons Q 

test, p = .06), though this could be due to limited sample size (Figure 7).  

In Aedes, only genome-derived piRNAs were generated from infection with BARV EVE 

(Figure 8). There is a U1 bias present in BARV EVE genome-derived piRNAs in female 

carcasses, ovaries, testes, C6/36 cell lines, and U4.4 cell lines (Dixons Q test, p < .05). There is a 

trend showing U1 bias in genome-derived piRNAs in the male carcasses, but statistical analyses 

show no significant difference (Dixons Q test, p = .12).  

In Chaoborus, mainly genome-derived piRNAs were generated from infection with 

NUKV EVE (Figure 9). Few antigenome-derived piRNAs were generated and they were 

excluded from this study as they contained less than 100 piRNAs. There is a U1 bias present in 

NUKV EVE genome-derived piRNAs in female carcasses, ovaries, and eggs (Dixons Q test, p = 

2.2E-16).  
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Figure 6 Positional nucleotide frequencies of BARV-derived small RNA profiles in Ae. 

albopictus 

There is evidence of secondary piRNA biogenesis in female carcasses, male carcasses, ovaries, 

and testes. All statistical analyses were done using the Dixons Q test (*p<=.05, **p<=.01, 

***p<=.001). 
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Figure 7 Positional nucleotide frequencies of NUKV-derived small RNA profiles in C. 

americanus 

There is a U1 bias present in NUKV S genome-derived piRNAs in female carcasses and ovaries. 

There is no U1 or A10 enrichment in eggs. All statistical analyses were done using the Dixons Q 

test (*p<=.05, **p<=.01, ***p<=.001). 
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Figure 8 Positional nucleotide frequencies of BARV EVE-derived small RNA profiles in Ae. 

albopictus 

There is a U1 bias present in BARV EVE genome-derived piRNAs in female carcasses (n=7), 

ovaries (n=3), testes (n=2), C6/36 cell lines (n=2), and U4.4 cell lines (n=3). All statistical 

analyses were done using the Dixons Q test (*p<=.05, **p<=.01, ***p<=.001). 
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Figure 9 Positional nucleotide frequencies of NUKV EVE-derived small RNA profiles in C. 

americanus 

There is a U1 bias present in NUKV EVE genome-derived piRNAs female carcasses, ovaries, 

and eggs. All statistical analyses were done using the Dixons Q test (*p<=.05, **p<=.01, 

***p<=.001). 
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Small RNA populations derived from viruses lacking EVEs are dominated by siRNAs in 

Chaoborus 

To put context on the observed U1 and A10 enrichment in NUKV S-derived piRNAs, 

small RNA data sets of C. americanus tissues previously generated in the Ballinger lab were 

mapped against six exogenous viruses. All of these viruses are found naturally occurring in 

North American Chaoborus populations. Unlike NUKV, none of these six viruses have a known 

corresponding EVE within the host genome. All mapped small RNA profiles had an enrichment 

of 21 nt siRNAs across all tissue samples (Figure 10), while piRNA abundance was limited. 

However, the few 25-30 nt fragments (candidate piRNAs) that were mapped were extracted and 

their positional nucleotide frequencies analyzed (Figure 11 and 12). All small RNA profiles 

which contained less than 100 piRNAs were excluded. U1 or A10 enrichment was not observed 

in any of these small RNA populations, suggesting they are not bona fide piRNAs processed by 

Piwis.  
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Figure 10 Size profiles of small RNAs derived from exogenous RNA viruses found in 

Chaoborus tissues 

None of these viruses have an EVE. All size profiles show an enrichment of 21 nt siRNAs across 

all tissue samples.   
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Figure 11 Positional nucleotide frequencies of small RNAs derived from exogenous RNA 

viruses found in Chaoborus ovaries 

None of these viruses have an EVE. There is no U1 bias in genome-derived strands and there is 

no A10 bias in antigenome-derived strands. 
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Figure 11 (continued) 
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Figure 12 Positional nucleotide frequencies of small RNAs derived from exogenous RNA 

viruses found in Chaoborus female carcasses 

None of these viruses have an EVE. There is no U1 bias in genome-derived strands and there is 

no A10 bias in antigenome-derived strands. 
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CHAPTER IV 

DISCUSSION 

Endogenous viral elements (EVEs) have recently been investigated for their role in 

antiviral immunity in insects. Nonretroviral EVEs are frequently identified in arthropod 

genomes, and they have been found to partner with the principal antiviral defense response in 

insects, the RNA interference pathway (Tassetto et al. 2019). Specifically, EVEs have been 

implicated in the piRNA pathway of the RNAi response in Aedes mosquitoes (Tassetto et al. 

2019 and Suzuki et al. 2020). However, little is known about the role of EVEs in antiviral 

immunity in other dipterans. In order to further interrogate the EVE-Piwi partnership and its 

potential role in antiviral defense, I used small RNA profiling to perform a comparative analysis 

of two naturally occurring EVE-virus pairs – one in a mosquito Aedes albopictus, and one in 

Chaoborus americanus, which belongs a sister family of mosquitoes, the phantom midges. Both 

hosts harbor a bunyavirus in the family Phasmaviridae and encode an EVE derived from the viral 

nucleoprotein gene. However, Aedes mosquitoes also encode an expansion of the Piwi family 

endoribonucleases while Chaoborus midges only encode for the three ancestral Piwi proteins 

conserved across all other dipteran insects (Morazzani et al. 2012 and Schnettler et al. 2013). 

Using these two systems allows me to ask whether expanded Piwis are required to mediate 

interactions between EVEs and exogenous viruses. My results suggest that EVEs can in fact 

facilitate recruitment of ancestral dipteran Piwi pathway machinery to exogenous viral targets.  
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In order to investigate the role of EVEs in this context, I first had to explore the RNAi 

response in both hosts when infected with this virus. Small RNA data sets generated from Ae. 

albopictus tissues were mapped against all three segments of the Barstukas virus (BARV) and its 

related EVE. These BARV small RNA populations showed an enrichment of 24-31 nt piRNAs 

across all tissue samples including female carcasses, male carcasses, ovaries, and testes. This 

aligns with previous research which also demonstrate that the piRNA pathway is dominate in 

Aedes mosquitoes (Wang et al. 2018).  

Small RNA data sets generated from C. americanus tissue samples were also mapped 

against all three segments of their bunyavirus, Niukluk virus (NUKV) and its related EVE. In 

contrast to BARV in Aedes, these NUKV small RNA populations showed an enrichment of 21 nt 

siRNAs across all tissue samples, which included female carcasses, ovaries, and eggs. This 

demonstrates that the siRNA pathway is dominant in Chaoborus, consist with the antiviral RNAi 

response across many dipterans, including Drosophila (Marques et al. 2010).  Here, statistical 

analyses do support that S segment derived piRNAs, while low in absolute abundance, are more 

abundant than the M and L segment derived piRNAs in female carcasses and more than the L 

segment derived piRNAs in ovaries. This is intriguing since both of the EVEs in my study 

systems originate from recent ancestors of their nucleoproteins, encoded by the S segment. This 

could suggest that the presence of EVEs influence the abundance of piRNAs in these hosts.  

To further interrogate this idea, I explored whether and how the BARV EVE in Aedes 

tissues and the NUKV EVE in Chaoborus tissues are processed by RNAi pathway machinery. 

Interestingly, all tissue types showed an enrichment for 24-31 nt EVE-derived small RNAs 

showing that the piRNA pathway is dominate here in both hosts. However, adult carcasses 

harbor the most EVE derived piRNAs in Aedes, while in Chaoborus they are most abundant in 
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ovaries. This aligns with previous research. In Aedes mosquitoes, the expanded Piwi family 

genes are expressed in somatic cells and as a result secondary piRNAs have been detected in 

abundance throughout the body (Miesen et al. 2015), while Drosophila express their Piwi 

proteins mainly in germline cells to protect the nuclear genome from transposable elements 

(Schnettler et al. 2013).  

I then investigated signatures of secondary piRNA biogenesis in both hosts. Secondary 

piRNA biogenesis is characterized by having an enrichment of adenine at the tenth nucleotide 

position (A10) of sense-derived piRNAs (Wang et al. 2014 and Tassetto et al. 2019). This is also 

referred to as the ping-pong signature as these transcripts are in a continuous cycle to produce an 

amplification of piRNAs used to seek and cleave target RNA molecules. My results show that 

there is a U1 and A10 enrichment present in both genome-derived (antisense) and antigenome-

derived (sense) piRNAs, respectively, for all segments of BARV in all Aedes tissues. This 

establishes the presence of primary piRNAs as well as a ping-pong signature; however, this is 

also exhibited in other Aedes mosquitoes infected with an RNA virus without a related EVE as 

well (Schnettler et al. 2013). In Chaoborus, I identified unambiguous U1 enrichment, but only in 

piRNAs derived from the NUKV S segment. I also identified an apparent enrichment of adenine 

at position 10, but this is not yet supported by statistical analyses, possibly due to limited 

samples, which could be improved in future work. Eggs do not show an enrichment of U1 or 

A10 in either genome-derived or antigenome-derived piRNAs. The presence of virus-derived 

secondary piRNAs in a host without an expanded Piwi protein set suggests the ancestral dipteran 

piRNA machinery is capable of targeting the ping-pong cycle to viral RNAs, even if it is 

typically not implicated as such. One possibility is that an additional cofactor is required to 

amplify piRNA biogenesis in this context. Because the L or M segments are neither targeted in 
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this way nor the source of EVEs in the phantom midge, the NUKV S segment EVE is a strong 

candidate for such a cofactor. 

I also investigated the presence of secondary piRNA biogenesis in BARV EVE derived 

piRNAs and NUKV EVE derived piRNAs. In Aedes, only antisense piRNAs were generated and 

all show a U1 enrichment in female carcasses, ovaries, testes, C6/36 cell lines, and U4.4 cell 

lines. Male carcasses show a trend for U1 enrichment, but it was not supported by statistical 

analyses. In Chaoborus, only antisense piRNAs were generated from the NUKV EVE as well. 

There is a U1 enrichment present in genome-derived piRNAs in female carcasses, ovaries, and 

eggs. The presence of EVE derived piRNAs illustrates that EVEs are being processed by the 

piRNA pathway. However, this data alone does not support a clear functional link between EVEs 

and viruses.  

To put context on the observed U1 and A10 enrichment in NUKV S-derived piRNAs, I 

mapped the Chaoborus small RNA data sets against six exogenous RNA viruses found naturally 

occurring in this host (Ballinger et al. 2022). None of these viruses have an EVE. Results show 

that these viruses are processed into 21 nt siRNAs but few fragments of 24-31 nt. Of the piRNA-

sized fragments produced, none showed an enrichment of U1 or A10 in either sense or antisense 

transcripts. So not only do they not get cycled into the ping-pong amplification cycle, but most of 

the time they do not seem to get targeted by Piwi proteins at all. Together, this and previous 

results suggest that EVEs modestly recruit Piwi proteins to viral RNAs. Only viruses expressing 

an EVE are targeted by Piwi proteins.  

Investigating the EVE-Piwi partnership is fundamental to antiviral research in insect 

hosts. Previous research found that EVE inactivation results in increased viral titer in Aedes 

ovaries (Suzuki et al. 2020), suggesting these elements are associated not only with increased 
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piRNA pathway targeting, but potentially with meaningful reductions to fitness costs on the host 

via reduced viral load. While it appears this “heritable immune memory” does not rapidly 

eliminate infection, it may suppress viral transmission dose from mother to offspring, resulting in 

reduced fitness cost of infection for offspring of EVE-expressing mothers. This could lead to 

unexpected consequences for long-term virus persistence. For example, if EVE-free hosts suffer 

elevated virus-induced mortality compared to counterparts, selection favoring EVEs could 

promote rising frequency of low titer virus infection as well.  

My research suggests that EVEs may recruit Piwi proteins to viral RNA in somatic cells, 

a phenomenon that was previously not thought to occur in non-culicid dipterans. In the case of 

insect-specific viruses, somatic recruitment of Piwi proteins may play a role in suppressing viral 

replication and reducing the fitness costs of infection. Because viral load is an important feature 

of arbovirus vector competence (Elrefaey et a. 2020), it is interesting to speculate that somatic 

antiviral recruitment of Piwis could also reduce transmission success in non-mosquito arbovirus 

vectors. 

This study was limited in two important ways. First, I analyzed a small sample of 

infected Chaoborus tissues. Although many of my analyses resulted in strong effect sizes, this is 

likely to have limited the scope of variation captured and reduced statistical power in some cases. 

Second, while I was able to identify a clear link between piRNA pathway recruitment and EVE 

expression in Chaoborus, my data do not establish a causal connection. In order to further 

examine the role of EVEs in antiviral immunity, more experimentally tractable EVE-virus 

systems are needed. Creating an EVE-virus system in laboratory-maintained Drosophila would 

allow for antiviral predictions to be formally tested in an organism with a conserved Piwi protein 

family.  
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My thesis highlights the potential for future research focused on the EVE-Piwi 

partnership in insect antiviral immunity. Mosquitoes and other arthropods are important vectors 

of many critical human and livestock RNA viruses. Given the broad distribution of nonretroviral 

EVEs in arthropod genomes (ter Horst et al. 2019), my findings suggest that Piwi-virus 

interactions could have greater implications for insect health and disease transmission than is 

currently recognized. 
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Supplemental Text 

Table 5 Command line software parameters used in this study 

#Small RNA trimming 

module load BBMap/38.35 

bbduk.sh in=SRR11035226.fastq out=clean_SRR11035226.fastq  

ref=adapters.fa ktrim=r k=23 mink=11 hdist=1 maq=10 ftm=5 qtrim=lr trimq=10 

 

#Small RNA mapping 

module load BBMap/38.35 

bbmap.sh in=clean_ SRR11035226.fastq outm=mapped_reads_BARV_S_ 

SRR11035226.fastq ref=BARV_S.fasta covstats=covstats_BARV_S_ SRR11035226.txt  

ambig=all fast minratio=0.90 qtrim=r trimq=10 untrim 

 

#Small RNA length histograms 

module load BBMap/38.35 

bbmap.sh in= mapped_reads_BARV_S_ SRR11035226.fastq 

lhist=lhist_mapped_reads_BARV_S_ SRR11035226.fastq.txt 

 

#Postional nucleotide frequencies found using Python  

hl = [] 

for i in range(30): 

    hl.append({'A': 0, 'C': 0, 'G': 0, 'T': 0, 'N':0}) 

 

h = open("../Hoo.txt", "w") 

with open("foo2.txt", "r") as f: 

    for line in f.read().split("\n")[1::2]: 

        h.write(line + "\n") 

h.close() 
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Table 5 (Continued) 

h = open("../Hoo.txt") 

nLines = 0 

count = 0 

for line in h: 

    for idx, c in enumerate(line.strip()): 

        hl[idx][c] += 1 

    nLines += 1 

 

nLines = float(nLines) 

for char in ['A', 'C', 'G', 'T', 'N']: 

    print("{}\t{}".format(char, "\t".join(["{:0.4f}".format(x[char]/nLines) for x in hl]))) 

h.close() 
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