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Abstract 

Transposable elements play an important role in evolution, affecting genome structure 

and gene regulation. A retrotransposon reverse transcribes its own RNA to create a 

cDNA copy that is inserted in the genome, and its machinery can reverse transcribe other 

RNAs to produce retroduplications. The human L1 retrotransposon gene product ORF1 

protein (ORF1p) has RNA-binding activity, while the ORF2 protein (ORF2p) is a reverse 

transcriptase and has endonuclease activity. The transposition of the I-element, an L1-

related retrotransposon in Drosophila species, has been studied in vivo. In this study, a 

cloned D. teissieri I-element was designed to explore binding preferences of ORF1p to 

cellular transcripts in the germline to contribute to understanding the process of 

retroduplication. To determine the types of RNA that are associating with ORF1p, three 

transgenic D. melanogaster strains were constructed.  One transgenic strain expresses an 

epitope-tagged HA-ORF1p. Expression of HA-ORF1p in ovaries, followed by 

immunoprecipitation to isolate ribonucleoprotein particles (RNPs) bound to HA-ORF1p, 

would allow for the ORF1p-bound RNAs to be isolated. The other two transgenic strains 

were used to assess the full-length I-element clone for its ability to transpose, and to 

determine if the HA epitope tag in ORF1p affects this transposition. I determined that 

there is RNA expression of the I-element transgenes while using a GAL4 driver; however, 

assays used to detect new DNA copies of the I-element were negative, as were assays to 

detect female sterility induced by I-element activity, suggesting that this I-element has 

little to no transposition activity. 
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 Chapter 1: Introduction 

Gene duplications are a key component to evolution in the genomes of eukaryotic 

organisms (Kaessmann, 2010). There are two mechanisms for a gene duplication: DNA-

based, where the exons, introns and transcriptional regulatory sequences can be 

duplicated, and RNA-based gene duplications (Kaessmann et al., 2009). When a gene is 

duplicated through an RNA intermediate, the original parent gene typically maintains its 

original function; however, the gene copy, also called a retroduplication or retrocopy, is 

capable of many outcomes, including new functions (Long et al., 2003). These RNA-

based gene duplications are interesting because the new copy must acquire novel 

transcriptional regulatory sequences to be expressed, and are therefore different from the 

parent gene (Cusack & Wolfe, 2007). If the gene copy is not successful in this 

recruitment, it will become a non-functional processed pseudogene (Long et al., 2003).  

One driving force behind RNA-based gene duplications is the presence of active 

transposable elements (TE), which are mobile genetic elements that can have severe 

impacts on the genome. There are two main classes of transposable elements: Type I and 

Type II. The Type I TEs transpose by an RNA-based “copy and paste” mechanism 

meaning, these elements use a “replicative” form of integration (Malik et al., 1999) and 

are thus called retrotransposons (Baltimore, 1985). Type II TEs use a DNA-based “non-

replicative” mechanism of integration (Malik et al., 1999).  

Retrotransposons, when active, can insert cDNA copies of other cellular RNAs 

into new locations throughout the genome by reverse transcribing an RNA-intermediate 

by a process called retrotransposition (Moran et al., 1996) (Figure 1.1). The result of 



2 

 

retrotransposition is a retrocopy or, retrogene (if functional) (Kaessmann et al., 2009). 

Retrogenes lack introns and cis-regulatory elements when inserted into the genome; 

however, their fate is not consistent. Retrocopies can be non-functional processed 

pseudogenes, they can be functional but have mutations that reduce protein production, or 

they can acquire a completely new function in the genome. This study focuses on a Type 

I retrotransposon and its role in RNA-based gene duplications.  

There are two main forms of Type I retrotransposons: non-long-terminal-repeat 

(non-LTR or NLR) and long-terminal-repeat (LTR), with NLRs being more abundant in 

any given genome (Malik et al., 1999). These NLR retrotransposable elements were the 

last of all Type I retrotransposons to be found in eukaryotes due to their structural 

variability (Malik et al., 1999).  

In this project, I focus on a subset of type I NLR retrotransposons. The long 

interspersed element (LINE-1 or L1) is a NLR retrotransposon that is abundant in 

mammalian genomes and which comprises approximately 21% of human genomic DNA 

(Lander et al., 2001). These retrotransposons are mutagenic elements that can alter the 

genome and have been shown to cause genetic disease in humans (Moran et al., 1996). A 

full-length L1 is 6.0 kb and has a 5’ untranslated region (5’ UTR), two open reading 

frames (ORF1 and ORF2), a 2005 bp 3’ UTR, and a 3’ poly(A) tail (Moran et al., 1996).  

However, most L1 elements in the mammalian genome are truncated and lack the 

machinery to become active (Hohjohl & Fsingerl, 1996). Like the L1 element, most 

NLRs have both ORF1 and ORF2, with ORF2 being the only component shared by all 

NLRs (Malik et al., 1999), while ORF1 has not been as conserved throughout evolution 

(Seleme et al., 2005). L1 elements can encode their own proteins for retrotransposition 
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(ORF1p and ORF2p), making them autonomous in their ability to transpose and form 

ribonucleoprotein particles (RNPs), or their proteins can help non-full length non-

autonomous elements to transpose (Ivancevic et al., 2016). The RNA binding that is 

required for the formation of L1-RNPs is dependent on ORF1p’s RNA-binding activity 

(Hohjohl & Fsingerl, 1996); however, the function of ORF1p is not well understood 

(Mandal et al., 2013). We do know that the L1 gene products bind their own L1-RNA, 

termed binding “in cis”, or other cellular RNAs, termed binding “in trans” (Ivancevic et 

al., 2016). ORF1p colocalizes with L1-RNA in the cytoplasm, creating a high-molecular 

mass complex (RNP) that acts as an intermediate in the retrotransposition process 

(Hohjohl & Fsingerl, 1996; Martin, 1991). ORF2p activity in L1-RNPs is responsible for 

the insertion of the L1 element copy or other RNA copy into the genome (Feng et al., 

1996) through a process called target-primed reverse transcription (TPRT) reaction 

(Malik et al., 1999) (Figure 1.2). The AP endonuclease activity of ORF2p nicks the 

bottom strand of the target sequence in the DNA, which then behaves as a primer for the 

ORF2p reverse transcriptase to copy the L1 RNA (or other RNA) (Malik et al., 1999). 

This process would presumably result in an insertion of a L1 copy or a retroduplication 

(Mandal et al., 2013). Moran et al. (1996) showed that an engineered L1 element is 

capable of retrotransposition in cultured human and mouse cell lines, and that specific 

conserved regions of ORF1 and ORF2 proteins are required for successful 

retrotransposition.  

Other species contain L1-like elements, such as fruit flies (Drosophila 

melanogaster) (Fawcett et al., 1986). For example, certain domains of the mammalian L1 

ORF2 share approximately 22% identity with the active I-element, an NLR found in D. 
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melanogaster and D. teissieri (Malik et al., 1999). This active I-element has recently 

introduced itself into several natural D. melanogaster populations (Kidwell, 1983).  

However, I-element sequences are detectable in several species of the D. melanogaster 

subgroup, suggesting that this element had activity previous to this recent invasion 

(Bucheton et al., 1986). 

The D. melanogaster and D. teissieri I-elements share similar features with the 

mammalian L1 element (5’ UTR, ORF1 and ORF2, separated by a small intergenic 

region, and a 3’ UTR) (Malik et al., 1999) (Figure 1.3). Little is known about the 

structure and function of the I-element ORF1, mainly because it is not well conserved 

with L1. For example, ORF1 contains three cysteine–histidine rich motifs that are not 

present in the mammalian L1.  These cysteine–histidine-rich motifs are needed for ORF1 

to form multimeric complexes, but are not needed for nucleic-acid binding (Dawson et 

al., 1997). As well, the D. melanogaster I-element ORF2 has an AP endonuclease 

domain, a reverse transcriptase domain, and a ribonuclease H domain. In comparison, the 

L1 element ORF2 includes an AP endonuclease domain and a reverse transcriptase 

domain, lacking the ribonuclease H domain that the I-elements contain. The RNase H 

domain in the I-element is downstream from the AP endonuclease domain and aids in the 

cleavage of RNA during TPRT (Malik et al., 1999).  

Active I-elements cause a process called I-R hybrid dysgenesis in D. 

melanogaster (Busseau et al., 1994). This phenomenon only occurs in females and is 

possible when a male of an inducer (I) strain that contains several active I-elements, is 

crossed with a female from a reactive (R) strain that is devoid of I-elements. The first 

generation (F1) females from an I-R cross lay a normal number of eggs; however, they 
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have high rates of mutations and a proportion of the eggs are unable to hatch, resulting in 

sterile daughters (SF) (Busseau et al., 1994). In contrast, when the female is from an I 

strain and the male is from an R strain (R-I cross), the F1 females are fertile (RSF), 

despite being genetically identical to the reciprocal cross (Figure 1.4). The sterility shown 

by SF is thought to be caused by an increased frequency of I-element transpositions on 

their chromosomal arms and, more specifically, in the germline during oogenesis 

(Busseau et al., 1994).  

Oogenesis is the production of an ovum (egg cell) in ovaries, which consist of a 

system of tubes called ovarioles (Hudson & Cooley, 2014). The ovarioles have 

developing egg chambers in a linear progression of developmental stages until the 

developing egg cell matures and is ready to be fertilized (Figure 1.5) (Hudson & Cooley, 

2014). Orsi et al. (2010) showed that the SF sterility seen in I-R hybrid dysgenesis is 

caused by disruptions in meiotic divisions in SF oocytes, preventing all of the maternal 

chromosomes from becoming integrated in the zygote, thereby resulting in sterility. 

According to Busseau et al. (1994), most native D. melanogaster populations 

have become inducer strains due to the invasion of active I-elements, whereas reactive 

strains are typically only found among maintained laboratory strains, and it is said that all 

Drosophila found in nature were once purely reactive strains (Busseau et al., 1994). D. 

teissieri is another species in the melanogaster species subgroup that has I-elements.  An 

I-element from D. teissieri was cloned by Abad et al. (1989), and, when this I-element 

was placed in the germline of a reactive strain of D. melanogaster by P-element-mediated 

transformation, it was able to retrotranspose, based on multiple copies of the I-element 

being found on chromosome arms using in situ hybridization. The reactive D. 
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melanogaster that were transformed with the I-element could cause hybrid dysgenesis, 

suggesting that these flies had turned into inducer strains, as the I-elements were able to 

retrotranspose (Vaury et al., 1993). Interestingly, although a single active D. 

melanogaster I-element is sufficient to turn a reactive strain into an inducer strain and 

cause the SF phenotype, more than one copy of the active D. teissieri I-element was 

necessary to turn a reactive strain into an inducer strain (Vaury et al., 1993). These 

findings provide a basis for I-elements from different species being active in D. 

melanogaster. 

Since unregulated TE activity would allow for the TEs to take over the genome, 

causing mutations and sterility, the piRNA pathway is used as the organism’s attempt to 

maintain genome integrity. The piRNA pathway is composed of Piwi proteins, such as 

Aubergine (Aub), Argonaute (AGO3) and Piwi, in addition to their bound piwi-

interacting RNAs (Guzzardo et al., 2013). This pathway suppresses TE activity in the 

germline via localized clusters of partial retrotransposon sequences that get transcribed, 

forming double-stranded RNAs that target active retrotransposons (such as the I-element) 

through piRNA proteins (Orsi et al., 2010). In I-R hybrid dysgenesis, there are no 

piRNAs maternally inherited (R strain), but there are active I-element copies inherited 

paternally (I strain), causing increased retrotransposition of the I-elements due to an 

inactive piRNA pathway (Guzzardo et al., 2013). The elevated level of transposition is 

associated with chromosomal damage, and this is suggested to be the cause of sterility in 

F1 females (Orsi et al., 2010); however, the exact mechanism of SF sterility is still 

unknown (Guzzardo et al., 2013). Flies that lack a piRNA pathway (such as aub mutants) 
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have increased sterility and smaller ovaries, similar to I-R hybrid dysgenesis.  They also 

have expression of I-elements plus a large variety of other TEs (Guzzardo et al., 2013). 

With the long-term aim to study the relationship between I-element activity and 

the generation of retrocopies in vivo, a D. teissieri I-element was cloned by Dr. Denise 

Clark and Thomas Finn and called Clone-12 (Dr. Clark pers. comm., University of New 

Brunswick, Fredericton, NB) (Figure 1.6). The I-element from D. teissieri previously 

cloned by Abad et al. (1989) has a very similar sequence to the Clone-12 element. The 

Abad et al. (1989) clone (Itei) was injected into a D. melanogaster strain and proved to be 

active because it was able to transpose. The two D. teissieri I-elements share similar 

genetic organization with the D. melanogaster I-element, with both having approximately 

86% sequence similarity to D. melanogaster (Abad et al., 1989) (Figure 1.7). A full 

sequence comparison can be found in Appendix 1.1. 

In this thesis, I study the D.teissieri I-element using two lines of inquiry. First, I 

examine its ability to transpose in the D. melanogaster germline in vivo as measured by 

its transcription, its ability to copy and paste a new copy of itself into the genome, and its 

ability to cause I-R hybrid dysgenesis. Second, I explore the expression and RNA binding 

activity and preferences of the I-element’s ORF1p in the female germline. Gaining 

insight on the I-element’s ORF1p RNA binding preferences will contribute to 

understanding the mechanism of I-element transposition in vivo. Determining what RNAs 

are capable of binding to ORF1p in trans will also help evolutionary biologists 

understand the potential role of ORF1p in the formation of retrogene duplications. To 

begin these two lines of inquiry, I first needed to generate transgenic lines carrying 

different versions of the D. teissieri I-element.  



8 

 

 

Figure 1.1: Process of retroduplication 

RNA-based gene duplication follows a “copy and paste” mechanism of duplication. A 

parent gene is transcribed to create an RNA intermediate. That RNA is then reverse 

transcribed to create a cDNA copy. The cDNA is then integrated back into the genome, 

resulting in a retrocopy or retrogene, in addition to the original parent gene. The gray 

arrow represents the parent gene promotor, while the yellow arrow represents a promotor 

acquired at the time of or after the insertion of the retrogene in a new location in the 

genome. Figure adapted from Kaessmann (2010). 
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Figure 1.2: Target-site primed reverse transcription 

In this example, a mammalian L1 element mRNA is transcribed in the nucleus prior to 

being translated in the cytoplasm. ORF1p can bind RNAs in cis or in trans to form an 

RNP. When the RNP enters the nucleus, target-site primed reverse transcription (TPRT) 

inserts the cDNA copy of the mRNA into the genome to result in a L1 copy or a new 

retrogene. Figure modified from Richardson et al. (2014).  
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Figure 1.3: Human L1 element compared to the D. melanogaster I-element 

The Drosophila I-element or “I factor” shares similar features with the human L1 

element. Both elements have a 5’ UTR, ORF1 and ORF2, separated by a small intergenic 

region, and a 3’ UTR. The three extra boxes in the D. melanogaster I-element represent 

the three cysteine–histidine-rich motifs that are not present in the mammalian L1. Figure 

modified from Han (2010).   
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Figure 1.4: I-R hybrid dysgenesis  

The dysgenic cross results from a male of an inducer strain (containing I-elements) 

mating with a female from a reactive strain (lacking I-elements). Their F1 daughters will 

be sterile. The reciprocal non-dysgenic cross results from a male from a reactive strain 

mating with a female from an inducer strain. Their F1 daughters will be fertile. Fly image 

from Shimosako et al. (2007).  
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Figure 1.5: Summary of oogenesis in Drosophila  

Each Drosophila female has a set of ovaries that contains ~15 ovarioles (panel A). The 

process of oogenesis begins at the germarium (top of the ovariole, panel B) in the germ 

cells and somatic stem cells. These cells divide through the ovariole to form new egg 

chambers. The nurse cells are in light purple, the oocyte is dark purple, and the ring 

canals and nurse cell F-actin bundles are in red. The green cells are the somatic follicle 

cells. Figure modified from Hudson and Cooley (2014).  

A 

B 



13 

 

 

 

 

Figure 1.6: Structure of cloned I-element 

The cloned D. teissieri I-element sequence from Dr. Denise Clark is 5,401 bp. This I-

element contains a 188 bp 5’ UTR, 1,290 bp ORF1, an 81 bp intergenic region, 3,645 bp 

ORF2, and 197 bp 3’ UTR (for the nucleotide sequence, see Appendix 1.1). 
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Figure 1.7: Sequence comparison of the D. teissieri I-elements and the D. 

melanogaster I-element  

A) Percent (%) nucleotide identity of the cloned D. teissieri I-element used in this 

study (Clark D.teis I-element), the D. teissieri I-element from the Abad et al. 

(1989) study, and the D. melanogaster I-element(Fawcett et al., 1986) based on a 

pairwise global sequence alignment (prepared by Dr. Denise Clark). 

B) Percent amino acid identity of ORF1 from the above elements 

C) Multiple sequence alignment of ORF1 from the above elements. Black boxes 

indicate the three cysteine–histidine-rich motifs (Dawson et al. 1997)  

A 

B 

C 
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Chapter 2: Materials and Methods 

2.1 Transgenic Constructs 

Continuing the work done by Molly Jackson (2017), I used Gateway Clonase 

Technology® by ThermoFisher (Waltham, MA, USA) to insert various Drosophila 

teissieri I-element sequences into an expression clone to produce transgenic D. 

melanogaster. Three separate constructs were made: (1) full I-element, (2) HA-tagged 

full I-element, and (3) HA-tagged ORF1. The steps of our Gateway cloning process are 

outlined in Figure 2.1.  First, the inserts for these constructs were flanked by attB 

sequences by PCR of the desired Clone 12 I-element sequences and recombined with the 

donor vector pDONR, in a BP Clonase reaction to create an entry clone with attL 

sequences flanking the inserts. Second, pDONR attL sites are recombined with the attR 

sites of the destination vector, in a LR Clonase reaction, in this case with a fly 

transformation vector pPW (see below), to produce the desired expression plasmid. 

Before the above Gateway cloning process, Jackson (2017) performed the site-

directed insertion of the HA-tag into ORF1 of the I-element Clone 12. She then 

performed the two cloning steps (BP and LR) to make Construct 3 as follows. Jackson 

successfully inserted the sequence for Construct 3 into pDONR and purified the plasmids 

using the QIAGEN Plasmid Preparation protocol (Hilden, Germany). She was also able 

to perform a successful LR transformation to create an expression clone of Construct 3. 

Jackson then verified the sequence of the inserted sequence by Sanger sequencing. She 

also produced PCR products with attB sequences flanking the sequences needed to make 
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Constructs 1 and 2; however, the Gateway cloning of Constructs 1 and 2 was not 

successful (Jackson, 2017).  

 I successfully produced Constructs 1 and 2 by a modification of the cloning 

protocol.  First, Jackson’s BP Clonase reactions, where Constructs 1 and 2 PCR products 

were inserted into a pDONR plasmid (Figure 2.1), which is ~2.5–3.5 kb in size, when the 

attB sites recombined with attP sequences in the pDONR plasmid to create an entry clone 

with attL sites. I mixed 1 l of the BP Clonase reactions with 50 l of 5-alpha Competent 

E. coli (High Efficiency) (DH5) cells (New England Biolabs; NEB; Ipswich, MA, 

USA) and placed them on ice for 30 minutes. The samples were subjected to a heat shock 

at 42°C for 30 seconds and incubated on ice for 5 minutes. I then added 950 l of SOC to 

each sample before incubating at 37°C for 1 hour on a platform shaker. The cells were 

plated on warm kanamycin agar plates to promote specific bacterial growth. The 

modification of the protocol was that agar plates were incubated at 30°C for 40 hours. 

After incubation, eight single colonies of each construct were selected and purified using 

the QIAGEN Plasmid Preparation protocol.  Samples were applied to an agarose gel to 

verify successful insertion.  

I then used LR Clonase to recombine the entry clone inserts for Constructs 1 and 

2 with a pPW destination vector (Murphy, 2020) (Figure 2.2), which is ~8.9 kb in size, to 

create the final expression clones. I also repeated Jackson’s cloning of Construct 3 along 

with Constructs 1 and 2 as a positive control for the Clonase reactions and E. coli 

transformations. The LR Clonase reaction required me to mix 1.5 l of the pPW vector 

with 1.5 l of the entry clones. I added 1 l of TE to each tube before vortexing and 
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centrifuging each sample. I doubled each of the samples and separated them into two 

tubes. I added 1 l of LR Clonase to one set of samples and none to the other to act as a 

negative control (no Clonase). I vortexed and centrifuged each sample prior to incubating 

at 25°C for 24 hours. I added 0.5 l of Proteinase K to each sample and vortexed. The 

samples were incubated at 30°C for 20 minutes and stored at –20°C. I mixed 1 l of the 

LR Clonase reactions with 50 l of DH5 cells and performed the transformation as 

described above for the BP Clonase reactions.  Agar plates were incubated for 18 hours at 

30°C prior to using the Qiagen Plasmid Preparation protocol to purify the plasmids. The 

presence of the completed expression clones was verified by agarose gel electrophoresis. 

The expected sequences were validated by Sanger sequencing using primers listed in 

Table 2.2. All three expression clones were sent to GenetiVision (Houston, TX, USA) for 

injection into fly embryos.  

2.2: Fly Strains 

All fly stocks used and made in this study are listed in Table 2.1. The wk reactive 

strain was used as the host strain (lacking I-elements) for the plasmid injections of 

Constructs 1 and 2 into embryos.  Constructs 1 and 2 were co-injected with helper 

plasmid P{π25.7wcΔ2-3}, a variant of P{π25.7wc} (Karess & Rubin, 1984).  The y w; Ki 

P{Δ2-3} strain, heterozygous for the P transposase transgene P{Δ2-3}, was used for 

plasmid injection of Construct 3 into embryos. The w1118 strain was used as the inducer 

(containing I-elements) and as a negative control for immunoblotting anti-HA. A 

transgenic strain with an unrelated HA-tagged protein UASp-Tak1.Ct-HA (HA-Tak1 

herein) (Stronach et al., 2014) was used as a positive control for Western blotting.  
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Flies received from GenetiVision were initially kept at 18°C until all adults 

eclosed and were then placed at 25°C. Construct 3 flies were collected after eclosion and 

placed in individual vials with a w1118 fly of the opposite sex. The F1 offspring with 

orange eyes were collected individually. These Construct 3 transgenic flies were then 

crossed to the balancer chromosome stock w; Sco/CyO; MKRS/TM6B, followed by sib 

crosses to map the chromosome linkage of the w+ marker in the P-element transgene, and 

to make stocks homozygous for the transgene.   

Following the protocol reported by Seleme et al. (1999), individual first-

generation male flies from Constructs 1 and 2 were collected and crossed with wk female 

virgins to create a “backcross” strain which maintains the original P-element insert 

without further transposition of the I-element because it is only passed through the male 

germline. Additionally, these first-generation flies were crossed to their siblings to create 

a sibling strain, which gives the I-element an opportunity to transpose in the female 

germline.  

The GAL4-UAS system was used to induce expression in transgenic flies. I used 

nanosGAL4 because it expresses GAL4 highly in germarium, low in early-stage egg 

chambers, and then more highly again starting around stage 5 (Hudson & Cooley, 2014). 

Transgenic I-element flies contain an upstream activation sequence (UASp) that, when 

bound to GAL4, induces expression of the transgene (Murphy, 2020). All flies were kept 

at 25°C unless otherwise stated. 

2.3: RT-PCR 
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For each genotype, 20 ovaries of F1 females were dissected in phosphate-buffered 

saline (PBS) and kept at –80°C in Trizol® (Invitrogen; Carlsbad, CA, USA). RNA was 

extracted from ovaries following the manufacturer’s protocol and visualized on a 0.7% 

non-denaturing agarose gel in comparison to a ssRNA ladder (NEB). Extracted RNA was 

treated with DNase I as per the DNase I Reaction Protocol (M0303) from NEB. I did 

PCR of the DNased RNA, to check that genomic DNA was degraded, following the PCR 

protocol for Taq DNA Polymerase with ThermoPol® Buffer (MO267). I used a sample 

of genomic DNA of one I-element strain, which has had successful I-element detection 

with these primers, to act as a PCR positive control. cDNAs were created using the First 

Strand cDNA Synthesis (Standard Protocol) by NEB (M0368) with the DTI-rtpcr-rev 

primer (reverse D. teissieri I-element RT primer) and the reverse rp49 primer (J3). 

Finally, I did PCR of the cDNA samples following the PCR protocol mentioned above. 

An overview of the RT-PCR process is shown in Figure 2.4. All primers used in this 

study can be found in Table 2.2.  PCR products were visualized using agarose gel 

electrophoresis. 

2.4: Splinkerette PCR 

Splinkerette PCR (spPCR) was performed according to Potter & Luo (2010) with 

modifications. Genomic DNA (gDNA) was extracted (Huang et al., 2009) from 10 males 

per strain. From each gDNA sample, 25 l of gDNA was used along with either BstYI or 

NheI as restriction enzymes (NEB) for genomic digest to produce restriction enzyme-

specific sticky ends and quantified on a 0.7% agarose gel. When using the NheI 

restriction enzyme, I used the SPLINK CTAG TOP primer, and when I used BstYI, I 
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used the SPLINK GATC TOP primer. I then ligated the annealed Splinkerette primers 

(SPLINK GATC (or CTAG) TOP and SPLINK BOTTOM) to the digested DNA. I 

proceeded with the first round of PCR using the 3’P1, 5’P1 and SPLINK1 primers. PCR 

was done using LongAmp® (NEB) following their recommendations and a 15-minute 

extension time. Round 2 of PCR followed the same conditions using the nested primers 

3’P2, 5’P2, and SPLINK2 primers. PCR products were assessed on a 0.7% agarose gel. 

Selected bands for sequencing were gel-purified using a QIAEX® kit (QIAGEN). Sanger 

sequencing was done at The Centre for Applied Genomics, Toronto using each of the 

round 2 primers in separate sequencing reactions. Generations 8, 12, 16, and 25 

underwent spPCR to screen for new I-element insertions using the 3’I1b, 5’I1, 3’I2 and 

5’I2 primers. All primers used in this study can be found in Table 2.2. 

2.5: Sterility Testing 

Four independent transgenic strains of sibling crosses from Constructs 1 and 2 

were selected based on the presence of dark red eyes, indicating homozygosity of the D. 

teissieri I-element. Males (1–2 days old) from the I-element strains (Construct 1) and 

HA-I-element strains (Construct 2) were crossed to wk virgin females to test for hybrid 

dysgenic (SF) F1 females. In addition, virgin females from Construct 1 and Construct 2 

strains were crossed to young wk males to test for non-dysgenic (RSF) F1 females. As a 

positive control for hybrid dysgenesis, w1118 (inducer) males were crossed to wk (reactive) 

females. For a non-dysgenic control cross, wk females were crossed to w1118 males. From 

each cross, ten F1 females were collected and placed in vials with eight w1118 males and a 

smear of yeast paste on the side of the vial. Each cross was duplicated to assess for 
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consistency. When the F1 females were 5–6 days old, they were placed in new bottles 

that contain many small holes and a grape agar plate covering the opening of the bottle. 

Grape agar plates were manually given texture and a small smear of yeast paste to 

promote egg laying. The bottles were housed at 25°C upside down to increase egg laying 

on the agar plate. Flies were kept in bottles for 36 hours, and agar plates were removed 

and replaced every 12 hours for a total of three plates per bottle. When the agar plates 

were removed, they were placed at 25°C in a sealed container containing a moist tissue. 

32–40 hours after being removed from the bottles, the plates were analyzed under a 

microscope and both the unhatched eggs and hatched eggs were counted by eye. Chi-

squared contingency tests (Pearson, 1900) were used to compare the unhatched vs. 

hatched eggs for each genotype. A significance level of  = 0.001 was used for all 

statistical tests due to pooling of four genotypes of I-element and HA-I-element 

variations. 

2.6: Antibodies 

Rat anti-HA IgG1 High Affinity antibody (Roche; Basel, Switzerland) was the 

primary antibody for Western blots and immunoprecipitation of HA-ORF1p. A goat anti-

rat IgG HRP secondary antibody (ThermoFisher) was used for detection on Western blots 

of crude fly protein extracts containing HA-ORF1p. However, for detection of HA-

ORF1p from immunoprecipitated samples on Western blots, a light-chain specific goat 

anti-rat IgG-HRP antibody (ThermoFisher) was used to avoid a false positive from a 

background IgG heavy chain band about the same size as HA-ORF1p. For 
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immunoprecipitation, a non-specific rat IgG antibody (Sigma) was used as a control for 

non-specific binding,  

2.7: Western Blotting 

Crude protein was extracted from ovaries according to Fessler et al. (1994) and 

quantified using the Bio-Rad Protein Assay (Hercules, CA, USA). The Thermo-Scientific 

Pierce Western Blotting Handbook was used as a guide. I conducted SDS-PAGE using 

the Hoefer “Mighty Small II” Electrophoresis unit with a 9% acrylamide separating gel 

and a 4.5% acrylamide stacking gel (Appendix 2). 2X SDS-PAGE gel-loading buffer 

(Cold Spring Harbor Protocols, 2007) was used to prepare proteins for electrophoresis. 

The Amersham™ ECL™ Rainbow™ Marker – Full Range (Sigma-Aldrich, St. Louis, 

MO, USA) was used to aid in protein mass determination on the blot. SDS-PAGE gels 

were then electro-transferred to a PVDF membrane (Millipore Sigma) following the 

Pierce™ Western Blotting Substrate Protocol (ThermoFisher) and stained with PonceauS 

(1x). Membranes were blocked with 0.2% Aurora™ Blocking Reagent (MP Biomedicals, 

Irvine, CA, USA) (Appendix 3) in PBS prior to being incubated with a rat anti-HA 

monoclonal primary antibody (1:10000 in blocking solution) overnight at 4°C.  

Membranes were washed in blocking solution and a goat anti-rat HRP secondary 

antibody (1:10000 in blocking solution) was incubated with the blots for ~2 hours. 

Membranes were washed and HRP detection was done using Pierce™ ECL Western 

Blotting Chemiluminescent HRP substrate (ThermoFisher) and imaged with a Bio-Rad 

ChemiDoc™. All Western blots involved detection of the HA epitope in HA-ORF1p.  

Crude ovary extracts from HA-Tak1/nanosGAL4 and from w1118 were used as positive 
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and negative controls, respectively, for HA detection. 

2.8: HA-RNP Immunoprecipitation 

The HA-tagged ORF1p transgene (Construct 3) was used to assess ORF1p bound 

RNAs. Using the GAL4-UAS system in an aub mutant background, I induced expression 

of HA-tagged ORF1.  aubHN2/CyO-; HA-ORF1(119A) and aubHN2/CyO females (negative 

control) were crossed to aubQC42/ CyO; nanosGAL4 males. I dissected approximately 100 

well-fed 3–4-day-old F1 female ovaries from aubQC42/aubHN2; HA-ORF1(119A)/ 

nanosGAL4 and aubQC42/aubHN2; +/ nanosGAL4 in Insect Cell Culture Medium, protein-

free (Expression Systems).  

The following protocol is based on recommendations from Ji & Tulin (2016), 

Abcam (Abcam, 2020) and Mandal & Kazazian (2016). A more detailed protocol, 

including recipes for buffers, is in Appendix 5, and an overview is in Figure 2.5. Ovaries 

were briefly washed with 1x PBS and homogenized using Dounce homogenizers (Sigma- 

Aldrich) in 200 l of lysis buffer. Samples were incubated on ice for 20 minutes with 

intermittent mixing (5–6 inversions every 2–3 minutes) to lyse the cells. Lysates were 

cleared by centrifugation at 12,000 g for 10 minutes at 4C and the supernatant was 

collected in pre-chilled 1.5 mL tubes. After a flash freeze with liquid nitrogen, samples 

were kept at –70C until further use. Prior to immunoprecipitation, 100 l of Protein G 

agarose beads (Abcam) were washed with 300 l of lysis buffer by inverting 5–6 times 

and spun at 200 g for 5 seconds at room temperature. Tubes were incubated on ice for 

2 minutes, and the lysis buffer was removed without disturbing the pellet. This washing 
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process was repeated for a total of three washes. To pre-clear the lysates, 25 l of 

prepared bead slurry was added to each of the 200 l lysates and incubated for 

60 minutes at 4C with gentle agitation. Supernatant was collected in a new pre-chilled 

tube after a spin at 1000 g at 4C for 2 minutes. For each lysate, a 20 l sample was kept 

at –20C as the input control. The final volume of remaining lysate was brought to 500 l 

by adding ice-cold lysis buffer and divided into two tubes of 250 l each. A rat anti-HA 

High Affinity antibody (Roche) was added to one of the lysates and a non-specific rat 

IgG antibody (Sigma-Aldrich) was added to the other lysate both at 5 g/mL. The 

nonspecific rat IgG antibody was used as a control for nonspecific RNP binding while the 

rat anti-HA High Affinity antibody was used to capture HA-RNPs. Lysates were 

incubated with their respective antibodies overnight at 4C with gentle agitation. New 

Protein G agarose beads were washed three times as stated above. HA-RNPs were 

selected by adding 25 l of Protein G agarose beads to the 250 l of pre-treated, antibody 

rich lysates and mixed with gentle agitation for 2 hours at 4C. Samples were centrifuged 

at 1000 g for one minute at 4C and incubated on ice for 2 minutes to settle the beads. 

After removing the supernatant, 250 l of lysis buffer was added to wash the bead pellet 

by inverting 5–6 times. The beads were washed three times in this manner. The last wash 

with lysis buffer was removed, and bound complexes were eluted in 50 l of elution 

buffer and incubated for 20 minutes with gentle shaking at 37C. Samples were spun at 

1000 g for 1 minute and eluted the HA-I-RNPs in the supernatant were collected in a new 

1.5 mL tube and stored at –70C.   
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Figure 2.1: Overview of Gateway Cloning strategy for Constructs 1, 2, and 3  

Figure based on Jackson, 2017. 
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Figure 2.2: Map of pDONR vector 

Donor vector pDONR221 (Invitrogen) used to produce entry clones of Constructs 1–3. 

The attP sequences (turquoise) are the sites where recombination occurs with the PCR 

product inserts flanked by attB sequences to allow their integration into the plasmid to 

make the entry clones.  Generated by SnapGene software (GSL Biotech; San Diego, 

CA, USA). 
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Figure 2.3: Map of pPW vector 

Destination vector pPW used to produce expression clones for Constructs 1–3. The mini-

white gene (in dark green) provides a dominant marker that rescues the mutant white 

gene of the host and gives carriers orange eyes. The UASp (in pink) is a GAL4-responsive 

promotor that will allows for expression to be induced in the germline. The attR 

sequences (turquoise) are the sites where recombination occurs with the entry clone 

inserts flanked by attL sequences to make the expression clones.  Generated by 

SnapGene software (GSL Biotech; San Diego, CA, USA). 
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Figure 2.4: Overview of RT-PCR 

Process of reverse transcription polymerase chain reaction (RT-PCR) used to determine 

presence of D. teissieri I-element RNA in D. melanogaster ovaries.  
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Figure 2.5: Overview of RNA immunoprecipitation (RIP) 

Process of immunoprecipitation used to isolate HA-ORF1p-RNPs in D. melanogaster 

ovaries. 
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Table 2.1: Fly stocks used in this study 

Stock name Genotype Source 
HA-ORF1(22B)    

w*; P{w+mC Dtei\Orf1UASp.Tag:HA}22B 
This study; 
Transformed at 
GenetiVision 

HA-ORF1(67B)  
w*; P{w+mC Dtei\Orf1UASp.Tag:HA}67B 

This study; 
Transformed at 
GenetiVision 

HA-ORF1(119A)  
w*; P{w+mC Dtei\Orf1UASp.Tag:HA}119A 

This study; 
Transformed at 
GenetiVision 

w; Sco/CyO; 
MKRS/TM6B 
 

w1118/Dp(1;Y)y+; CyO/ nub1 b1 snaSco lt1 
stw3; MKRS/TM6B, Tb1 

 

Bloomington 
Drosophila Stock 
Center 3703 

 
aubQC42/ CyO 

w1118; aubQC42 cn1 bw1/ CyO, 
P{sevRas1.V12}FK1 

Bloomington 
Drosophila Stock 
Center 4968 

w1118 

 
w1118 Bloomington 

Drosophila Stock 
Center 5905; inducer 
strain 

aubHN2/ CyO 
 

aubHN2 cn1 bw1/ CyO Bloomington 
Drosophila Stock 
Center 8517 

 
HA-Tak1 

w*; P{UASp-Tak1.Ct-HA}1 Bloomington 
Drosophila Stock 
Center 59003 

wk wk Gift from Silke 
Jensen of the 
Hannon lab; host 
strain for constructs 
1 and 2; reactive 
strain 

 
y w; Ki P{Δ2-3} 
 

 
y1 w1; Ki1 P{Δ2-3}99B 

Host strain used by 
GenetiVision for 
construct 3 

nanosGAL4 w1118; P{GAL4::VP16-
nos.UTR}CG6325MVD1  

Bloomington 
Drosophila Stock 
Center 4937 
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Stock name  Genotype  Source 
tubGAL4 y1 w*; P{tubP-GAL4}LL7/TM6B, Tb1 Hu1  Bloomington 

Drosophila Stock 
Center 5138 with 
balancer TM3 
replaced by TM6B 

aubQC42/CyO; 
nanosGAL4 

w*; aubQC42 cn1 bw1/CyO; nos-GAL4  
 

This study; 
constructed from 
Bloomington 
Drosophila Stock 
Center 4968 and 
4937 

aubHN2/CyO; HA-
ORF1 

w*; aubHN2 cn1 bw1/CyO; UAS-HA-
Orf1(119A) 

This study; 
constructed from 
Bloomington 
Drosophila Stock 
Center 8517 and 
HA-ORF1(119A) 

HA-I (5-1) wk; P{w+mC Dtei\I-
elementUASp\Orf1Tag:HA=HA-I}(5-1) 

This study; 
Transformed at 
GenetiVision 

HA-I (8-4) wk; P{w+mC Dtei\I-
elementUASp\Orf1Tag:HA=HA-I}(8-4) 

This study; 
Transformed at 
GenetiVision 

HA-I (10-1) wk; P{w+mC Dtei\I-
elementUASp\Orf1Tag:HA=HA-I}(10-1) 

This study; 
Transformed at 
GenetiVision 

I (3-2) wk; P{w+mC Dtei\I-
elementUASp\Orf1=I}(3-2) 

This study; 
Transformed at 
GenetiVision 

I (11-2) wk; P{w+mC Dtei\I-
elementUASp\Orf1=I}(11-2) 

This study; 
Transformed at 
GenetiVision 

I (11-4) wk; P{w+mC Dtei\I-
elementUASp\Orf1=I}(11-4) 

This study; 
Transformed at 
GenetiVision 
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Table 2.2: Primers used in this study 

Primer 
Name 

Sequence (5’ to 3’) Description 

UASPf GGCAAGGGTCGAGTCGATAG Sequencing Construct 3 in 
pPW 

K10r TGGTGCTATGTTTATGGCGC Sequencing Construct 3 in 
pPW 

DtI-1 GGCAGATGTGGAAGTAACAGC Sequencing Constructs 1 
and 2 in pPW 

DtI-2 CAATTGCGAGACTCCTATGC Sequencing Constructs 1 
and 2 in pPW 

DtI-3 TCCAAAATAAAGGCCAAAGC Sequencing Constructs 1 
and 2 in pPW 

DtI-4 ATCACAAGCGATCCAGAAGC Sequencing Constructs 1 
and 2 in pPW 

DtI-5 CAAGCACCTCAACCAACTGC Sequencing Constructs 1 
and 2 in pPW 

DtI-6 CCACAAGCCTACAAAACAAGC Sequencing Constructs 1 
and 2 in pPW 

DtI-7 TCGCTATCCCTATCAAAATGC Sequencing Constructs 1 
and 2 in pPW 

DtI-8 ACTCCGCAATCCGTCTAGC Sequencing Constructs 1 
and 2 in pPW 

DtI-9 TGGTTCGACTCCCTATCAGC Sequencing Constructs 1 
and 2 in pPW 

DtI-10 TAACAGTTTGCCCTTTTTGC Sequencing Constructs 1 
and 2 in pPW 

DtI-11 CAACTCGCTTGAAAGAATATCACC Sequencing Constructs 1 
and 2 in pPW 

DtI-12 CGGCCACCCAGCACC Sequencing Constructs 1 
and 2 in pPW 

DtI-13 ACTGAAAGAAGCCAACTGGG Sequencing Constructs 1 
and 2 in pPW 

DtI-14 ACATTAAAAGGATCAGCTCCAGG Sequencing Constructs 1 
and 2 in pPW 

DtI-15 CAGGAATGGAAAACAGGCCC Sequencing Constructs 1 
and 2 in pPW 

DtI-16 CTCTTACCCAAACTCTACAATAAGC Sequencing Constructs 1 
and 2 in pPW 

DtI-17 CTCACCTCCGAAACAATTGCC Sequencing Constructs 1 
and 2 in pPW 

DtI-18 AGACATCTTAAAGCTGAACTTGCG Sequencing Constructs 1 
and 2 in pPW 
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Primer 
Name 

Sequence (5’ to 3’)  Description 

I3 CTAAGCTGTCGCACAAATGG Forward rp49 RT-PCR 
J3 ATCTCGCCGCAGTAAACG Reverse rp49 RT-PCR 
DTI-
rtpcr-for 

AGAAACAAGAAACATCCCCAGAATC Forward D. teis I-element 
RT-PCR 

DTI-
rtpcr-rev 

GTTGTTATGGCGAATGTTATAATGC Reverse D. teis I-element 
RT-PCR 

SPLINK-
GATC 
TOP 

GATCCCACTAGTGTCGACACCAGTCT
CTAATTTTTTTTTTCAAAAAAA 

Top strand of Splinkerette 
linker 

SPLINK-
CTAG 
TOP 

CTAGCCACTAGTGTCGACACCAGTCT
CTAATTTTTTTTTTCAAAAAAA 

Top strand of Splinkerette 
linker 

SPLINK-
BOT 

CGAAGAGTAACCGTTGCTAGGAGAGA
CCGTGGCTGAATGAGACTGGTGTCGA
CACTAGTGG 

Bottom strand of 
Splinkerette linker 

SPLNK#
1 

CGAAGAGTAACCGTTGCTAGGAGAGA
CC 

Splinkerette primer for 
PCR round 1 

SPLNK#
2 

GTGGCTGAATGAGACTGGTGTCGAC Splinkerette primer for 
PCR round 2 

3_P1 CACGGGTCATATGCGTGC Splinkerette primer 1 for 3’ 
of P-element 

3_P2 TTTGGAGCTGAGGGTGCG Splinkerette primer 2 for 3’ 
of P-element 

5_P1 TCGGCTGCTGCTCTAAACG Splinkerette primer 1 for 5’ 
of P-element 

5_P2 AGGACCTAACGCACAGTCAC Splinkerette primer 2 for 5’ 
of P-element 

3_I1b CCCTTATACAAACCAAGCAAGCC Splinkerette primer 1 for 3’ 
of I-element 

3_I2 TCTTAGGAAGCCCAACCCAG Splinkerette primer 2 for 3’ 
of I-element 

5_I1 ATTGGGATTGGTAAGATTTTGCGG Splinkerette primer 1 for 5’ 
of I-element 

5_I2 GCTTCAGCCCGAGTTATAGG Splinkerette primer 2 for 5’ 
of I-element 
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Chapter 3: Results 

3.1: Expression clones with D. teissieri constructs injected into D. melanogaster  

Three constructs were used in this thesis: (1) full I-element, (2) HA-tagged I-

element, and (3) HA-tagged ORF1.  Molly Jackson (2017) successfully recombined the 

PCR product for Construct 3 into a pDONR donor vector using the BP Clonase reaction 

and Gateway Clonase Technology and recovered the expected plasmids after 

transformation of the reactions into E. coli.  However, she was unable to recover 

plasmids for Constructs 1 and 2.  Likewise, for the BP Clonase reactions of Constructs 1 

and 2, I followed the transformation protocol supplied by NEB.   However, I saw small, 

irregularly shaped colonies on the agar plates that did not contain the plasmids (data not 

shown). Troubleshooting attempts consisted of changing the type of competent cells used 

(DH5-alpha Competent E. coli (High Efficiency) DH5 cells (NEB) to MAX 

Efficiency™ Stb2™ Competent Cells, and then back to DH5), varying incubation times 

(12 hours, 24 hours, 30 hours, or 40+ hours) and temperatures (30C or 37C), and trying 

different volumes of cells plated (20 l, 100 l, or 200 l), as recommended by the 

Gateway Clonase manual troubleshooting guide. The successful procedure was 

completed with DH5 cells and an incubation period of 40 hours at 30C with 200 l of 

sample. I transformed Jackson’s BP Clonase reaction products for Constructs 1 and 2 to 

create two entry clones (all three entry clones are shown in Figure 3.1). Purified plasmids 

of Constructs 1 and 2 in pDONR were confirmed by agarose gel electrophoresis (Figure 

3.2). I recombined the entry clones with the destination vector pPW, resulting in three 

expression clones, and the presence of each construct in pPW was confirmed by their size 
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using agarose gel electrophoresis (Figure 3.3 for Constructs 1 and 2; Figure 3.4 for 

Construct 3). Constructs 1 and 2 (data not shown) and Construct 3 (Jackson 2017) were 

validated by Sanger sequencing.  

 

3.2: nanosGAL4 induces expression of UAS-HA-ORF1p in ovaries  

The GAL4-UASp system (Brand & Perrimon, 1993; Rørth, 1998) was used to 

induce expression of the transgene of interest. Males (3–4-days old) homozygous for a 

germline-specific nanosGAL4 driver were crossed to 3–4-day old virgin transgenic 

females for the UASp-HA-ORF1p transgene (Construct 3). Three transgenic strains were 

used (119A, 67B, and 22B) in addition to w1118 as a negative control and UASp-HA-Tak1 

as a positive control. F1 females were collected, raised on yeast paste for 3 days, and 20 

ovaries were dissected in PBS (10x) per genotype. I used immunoblots to see if 

Construct 3 could induce expression in ovaries using the germline-specific driver 

nanosGAL4 (Van Doren, Williamson, & Lehmann, 1998). The pPW plasmid used for all 

three constructs contains an Upstream Activation Sequence (UASp) that, in the presence 

of GAL4, results in the induced expression of the transgene. Western blotting revealed 

that nanosGAL4 induces expression and that the reagents are working because I detected 

the positive control however, expression of HA-ORF1p (14B, 22B, 67B, 119A) was not 

detectable (data not shown). I hypothesized that the D. teissieri HA-ORF1 transcript 

(Construct 3) is being targeted by the D. melanogaster piRNA pathway, resulting in low 

abundance on the Western blot. I suppressed the D. melanogaster piRNA pathway in the 

transgenic flies by placing the HA-ORF1p transgene into an aub mutant background 

(aubHN2/CyO; HA-ORF1) and then crossing the resulting flies to an aubQC42/CyO; 
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nanosGAL4 fly, to result in aubQC42/aubHN2; HA-ORF1p /nanosGAL4 genotype. 

Suppressing the D. melanogaster piRNA pathway increases the protein abundance as 

determined on Western blots (Figure 3.5). Three HA-ORF1 transgenes (22B, 67B, and 

119A) show similar expression (data for 22B not shown), but aubQC42/ aubHN2; 119A 

/nanosGAL4 was selected to use for RNA immunoprecipitation. 

 

3.3: Detection of D. teissieri I-element transgene RNA in ovaries using RT-PCR 

I conducted RT-PCR to assess whether the D. teissieri I-element transgene is 

expressed in the D. melanogaster germline. Previous research showed that a D. teissieri 

I-element transgene transformed into a D. melanogaster reactive strain could transpose 

and, after accumulation of additional copies of the I-element, convert it into an inducer 

strain (Abad et al., 1989; Vaury et al., 1993). The results of this RT-PCR would suggest 

whether the I-element RNA is present, which would of course be required for activity of 

the I-element. Sibling crosses of three strains of Construct 1 (I-element) and three strains 

of Construct 2 (HA-I-element) were selected (I (1-19), I (5-3), I (11-2) and HA-I (3-3), 

HA-I (5-2), HA-I (10-1)). Transgenic males from these lines were crossed to nanosGAL4 

driver virgin females. Additionally, the reciprocal cross of transgenic females crossed to 

nanosGAL4 males was completed. Their F1 ovaries underwent RT-PCR to detect D. 

teissieri I-element RNA. Agarose gel electrophoresis revealed that both the full I-element 

and the HA-tagged I-element produce D. teissieri RNA when the I-element comes from 

the female parent and crossed to a nanosGAL4 male (Figure 3.6). When the I-element 

comes from the male parent and is crossed with a nanosGAL4 female, no RNA is 

detected (Figure 3.7). Therefore, the parent that contributes the I-element affects RNA 
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silencing of the I-element. The nanosGAL4 strain is an inducer strain, causing the hybrid 

dysgenic SF phenotype if males are crossed with wK females (Denise Clark, pers. 

comm.).  The SF phenotype has active TEs; therefore, when the nanos-GAL4 parent is a 

female, it is likely that the piRNA pathway is active in the F1 female, making her RSF, 

and thus the D. teissieri I-element is silenced. 

The same six sibling transgenic strains were also assessed without a nanosGAL4 

driver to see if the I-element is capable of recruiting a new promotor or is using its own. I 

did RT-PCR of the orange-eyed F1 females (same as above) without a nanosGAL4 driver 

and found that they appear to be producing RNA when the I-element comes from the 

female parent, suggesting that they are able to retrotranspose in the D. melanogaster 

female germline without the nanosGAL4 driver (Figure 3.8). Although there were the 

appropriate-sized bands with good yield in the I-element with-RT samples, there were 

also faint bands in the without-RT negative controls. This suggests that there was some 

genomic DNA contamination. Therefore, the DNase step needs to be repeated on the 

RNA samples before RT-PCR to ensure that the PCR specifically amplifies cDNA and 

not genomic DNA. Nonetheless, because the yield of PCR product with RT is much 

higher than without RT, this result suggests that these elements have their own intact 

promotor. 

Three strains of back-crossed Construct 1 (I-element) and three strains of back-

crossed Construct 2 (HA-I-element) transgenic males were selected (I (3-2), I (11-2), I 

(11-4), and HA-I (5-1), HA-I (8-4), HA-I (10-1)) to detect I-element RNA. Males from 

these six strains had been continuously crossed to wk (reactive) virgin females to maintain 

the original reactive strain genetic background, as suggested by Seleme (1999). These 
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transgenic males were crossed to wk virgin females and their F1 ovaries were subjected to 

RT-PCR. There were some faint bands in the I-element samples without reverse 

transcriptase added, meaning that I cannot form a conclusion about these samples, due to 

contamination (data not shown). Once again, the DNase step needs to be repeated prior to 

doing RT-PCR on these samples again. 

 

3.4: D. teissieri I-element undergoes retrotransposition 

To determine if the D. teissieri I-element is capable of transposing in the D. 

melanogaster germline, and if the addition of the HA tag has an effect on the 

transposition of the I-element, spPCR was used to: 1) locate the original P-element inserts 

and 2) screen for new I-element insertions. spPCR uses SPLINK linkers and PCR 

primers, in addition to designed primers for the P-element and I-element, to detect new 

insertions. The advantage of spPCR is that it not only allows detection of insertions, but 

the spPCR product contains genomic DNA flanking the insertion and this can be 

sequenced, thus provide the location of the insertion in the D. melanogaster genome. 

Second-generation males were crossed to wk (reactive) virgin females (as 

suggested by Seleme et al., 1999) and their F1 males were used for spPCR with P-

element primers. Backcrossing the transgenic males to wk virgin females every generation 

keeps the strain with only the original P-element transgene insertion(s) because the I-

element only transposes in the female germline. These P-element insertion locations were 

used as a comparison tool when assessing future generations in sibling crosses for new 

insertions using the I-element primers. The spPCR products from the original transgenes 

also served as a positive control when screening for I-element transpositions using this 
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method. Original P-element insertion sites were found for seven transgenic fly strains 

(Table 3.1).  

To detect new I-element insertions using spPCR, I established sibling strains by 

crossing first-generation flies to each other. To maintain sibling crosses, orange-eyed 

flies were collected and crossed in each generation. In the sibling lines, the D. teissieri I-

element is passed through the female germline every generation, and so it has an 

opportunity to transpose and possibly cause the accumulation of I-elements.  Male flies 

from generations 8, 12, 16, 18, and 25 were assessed for new I-element inserts using 

spPCR. After assessing several generations of sibling crosses, I found no new I-element 

insertions while using I-element primers up to generation 25 (G25) (data not shown).  

In an effort to detect rare transposition events, another approach was taken, as 

performed by Seleme et al. (1999), that allows for less laborious screening of more flies.  

Following crosses between I-element heterozygous males (3 for Construct 1 and 3 for 

Construct 2, (strains HA-I(10-1), HA-I(8-4), and HA-I(5-1), I(3-2), I(11-2), and I(11-4)) 

and wK females, I collected pools of ~20 white-eyed males. White-eyed males would not 

carry the original P-element transgene containing the I-element.  If they carried D. 

teissieri I-element sequences, they could only be from a transposed I-element.  Dr. 

Denise Clark performed the PCR on these pools of white-eyed males (totalling ~200 

males for each of the six strains).  D. teissieri I-element PCR primers were used to screen 

for new I-element insertions in the white-eyed males. The I-element primers amplified a 

new insert in one of the Construct 1 (I-element) pools (I(3-2)), suggesting that the I-

element is capable of retrotransposing. 
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3.5: Transgenics do not exhibit I-R hybrid dysgenesis 

To assess the I-R hybrid dysgenesis phenomenon, I counted hatched eggs versus 

unhatched eggs in a sterility test. SF daughters of dysgenic crosses lay a normal number 

of eggs in comparison to RSF daughters of non-dysgenic crosses but most of them fail to 

develop past the fourth cleavage division (Bucheton et al., 1984). Sterility testing of I-R 

hybrid dysgenic crosses revealed unexpected sterility (Figure 3.9). I combined the four 

strains of each genotype for this analysis as they are not significantly different from each 

other. As expected, the control for hybrid dysgenesis (w1118 inducer males crossed to wk 

reactive females) resulted in SF daughters (0.5% hatching). Also as expected, the 

reciprocal non-dysgenic cross resulted in fertile (RSF) daughters (94.7% hatching). 

However, when my generation 12 transgenics (carrying I-elements) were crossed to a 

reactive strain (wk), complete sterility was not observed in the F1. I-element transgenic 

flies with transgenic males and reactive females showed 15.5% of eggs hatching, and the 

same cross with HA-tagged I-element transgenic flies resulted in 16.6% of eggs hatching. 

These crosses, depicted in red, are I-R hybrid dysgenic crosses and should show reduced 

fertility (Vaury et al., 1993). In contrast, I-element transgenic females, when crossed to 

reactive males, showed 35.8% of eggs hatching, while the same cross with the HA-tagged 

I-element has 18.1% of eggs hatching. These crosses, shown in black in Figure 3.9, 

would be predicted to have a hatching percentage of 90% or higher, as shown in the 

control cross. The reactive strain (wk) was crossed to itself and resulted in only 17% of 

eggs hatching. I expected a very high egg-hatching percentage from this control cross and 

therefore cannot make a conclusive statement regarding the transgenic strains. Chi-

squared analysis suggests a significant difference (2 = 2408, d.f. = 1, p < 0.001, OR= 
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3.37E-04) between the IxR hybrid dysgenic control cross and its reciprocal RxI cross. 

There was no significant difference (2 = 9.79, d.f. = 1, p = 0.002, OR= 1.18) between my 

Construct 1 (I-element) transgenic flies and their reciprocal crosses however, the p value 

is close to being significant because the difference is negligible, thereby suggesting 

significance. There was a significant difference (2 = 102.5, d.f. = 1, p < 0.001, 

OR=0.597) between the Construct 2 (HA-I-element) transgenic flies and their reciprocal 

cross. The low egg-hatching tendencies observed in the transgenic IxR crosses during 

sterility testing told me that the D. teissieri I-element has not been successful in turning 

the reactive wk strain (that they were transformed into) into an inducing strain despite 

these significant chi-squared analysis results. Data can be found in Appendix 4. 

 

3.6: Immunoprecipitation of HA-ORF1p  

I subjected aubQC42/aubHN2; HA-ORF1(119A)/nanosGAL4 ovaries to RNA-

immunoprecipitation (RIP) to isolate ORF1p-bound RNAs. More specifically, my goal 

was to identify these RNAs by sequencing and determine whether HA-ORF1 RNA is 

binding to the D. teissieri ORF1p (i.e. in cis) and/or other RNAs (i.e. in trans) while in 

the D. melanogaster germline. Based on the results in Section 3.2, I decided to use HA-

ORF1(119A) for expressing HA-ORF1p for immunoprecipitation (IP) because it showed 

induced expression on a Western blot in the presence of nanosGAL4 and when the 

piRNA pathway is suppressed. This RIP experiment required several troubleshooting 

attempts. Here, I describe the important experimental trials that allowed development of 

this protocol to advance. An overview of the process and the trials is shown in Figure 

3.12. 



42 

 

For my first IP attempt, I conducted the IP protocol with ovary extracts from two 

genotypes: aubQC42/aubHN2; HA-ORF1(119A)/ nanosGAL4 for HA-ORF1p isolation and 

aubQC42/aubHN2; nanosGAL4 as a HA-ORF1p negative control. A Western blot showed 

that (119A) HA-ORF1p was not isolated. I did not detect HA-immunoreactive bands in 

either the immunoprecipitated or the input samples from this trial (data not shown). This 

result suggested that I am losing HA-ORF1p somewhere before the IP process.  

In the second IP trial, I collected small aliquots of samples as I went through the 

IP process so that I could determine when I was losing HA-ORF1p. I detected HA-

ORF1p in the homogenized lysate of ovaries and after the ovaries were pre-cleared with 

beads; however, there was noticeable loss of HA-immunoreactive protein (half) from the 

homogenized lysate to the pre-cleared lysate (data not shown), suggesting that the HA-

ORF1p protein was associated with insoluble debris or otherwise incompletely liberated 

from the tissues. The third IP trial demonstrated that using Dounce homogenizers is 

superior to the blue plastic pestles typically used for successful genomic DNA 

extractions. The Dounce homogenized lysates yielded significantly more total protein on 

the Western blot (data not shown). The pre-cleared lysates had significantly more HA-

ORF1p, meaning that using the Dounce homogenizers was optimal. In addition, it was 

suggested that adding more protease inhibitor and RNase inhibitor while the samples 

incubate overnight with the anti-HA antibody may reduce protein degradation. 

Unfortunately, the eluates from this trial did not yield detectable HA-ORF1p. Because I 

was only adding a small fraction of my IP samples to the Western blot, I wondered if the 

HA-ORF1p might be present, but simply below the limits of detection. I added the 

remainder of each IP Trial 3 sample (4/5th), and again was unable to detect HA-
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immunoreactive bands confirming that the protein was either being degraded at some 

point in the IP process, or that there was still not enough to detect by Western blot. 

In IP trial 4, I collected the supernatant after the antibody incubation, bead 

washes, and the bead slurries, and applied them to a Western blot. I could detect a small 

amount of HA-ORF1p in the supernatant prior to the beads being washed, but no HA-

ORF1p was detectable in the bead washes. Furthermore, HA-ORF1p was abundant in the 

agarose bead slurry, suggesting that HA-ORF1p was still stuck to the agarose beads after 

a relatively gentle elution in this protocol. This result suggested that I needed a more 

aggressive elution temperature than room temperature to remove HA-ORF1p from the 

agarose beads. Another factor that can affect yield in immunoprecipitation is the amount 

of primary antibody used.  Therefore, in IP trial 5, rather than using one recommended 

anti-HA antibody concentration (Roche), I decided to do a series of concentrations to 

optimize immunoprecipitation. I continued to collect more samples throughout the IP 

process to monitor the presence of HA-ORF1p at each step. The Western blot of Trial 5 

samples showed a ~52 kD HA-ORF1p band in the material immunoprecipitated using 5 

g/mL primary antibody (but not using 0.5 or 1.5 g/mL primary antibody), as well as a 

higher molecular weight band (Figure 3.10). Increasing the antibody concentration to 5 

g/mL resulted in the strongest detection of HA-ORF1p. The higher molecular weight 

band, seen in the aubQC42/aubHN2; HA-ORF1(119A)/ nanosGAL4 sample, is a result of not 

enough DTT being added to the lysis buffer, resulting in detection of the rat IgG light 

chain of the anti-HA antibody in the eluted sample by the light-chain-specific secondary 

antibody. I needed triplicates of all my successful IP samples to send them for sequencing 

(RIP-seq). Therefore, I needed to replicate the immunoprecipitation two more times.  
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Trial 6 followed the same successful protocol of IP trial 5; however, I chose 

lysates from previous preparations that had lower concentrations of protein. This mistake 

resulted in no detectable HA-ORF1p on blots of immunoprecipitated material. Trial 7 and 

8 were done using identical protocols to IP trial 5 except for eluting at 37C on a platform 

shaker as opposed to at room temperature shaking on a vortex foam platform. Trial 7 

yielded an HA-ORF1p band at ~52 kD, meaning that the IP was successful for the second 

time (Figure 3.11) however, I did not detect HA-ORF1p in the immunoprecipitates from 

Trial 8. The troubleshooting results are summarized in Figure 3.12. 
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Figure 3.1: Constructs in pDONR vector 

Construct 1 (I-element) and Construct 2 (HA-I-element) were successfully integrated into 

the pDONR vector using a BP Clonase reaction to create a total of three entry clones 

(including Molly Jackson’s Construct 3 in pDONR).  Generated by SnapGene software 

(GSL Biotech; San Diego, CA, USA). 
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Figure 3.2: Constructs 1 and 2 were successfully integrated into pDONR 

Ethidium bromide-stained agarose gel of Construct 1 (I-element) and Construct 2 (HA-I-

element) entry clones that have undergone a successful BP Clonase reaction into the 

pDONR vector and E. coli transformation. The I-element is 5.4 kb and pDONR is 2.4 kb, 

resulting in a band of ~8 kb when recombined. Construct 1 (Con 1-1 and Con 1-2) are 

separate colonies that were purified and applied to the gel. Only Con 1-1 was selected to 

undergo a LR Clonase reaction. Construct 2 (Con 2) only had one colony purified and 

was selected to move on to the LR Clonase reaction. “10x” means a 1:10 dilution of the 

same volume as loaded in the neighboring lane.  The “–“ represents a negative control 

(no DNA). Ladder is the Supercoiled DNA Ladder (NEB). 

-8 kb

-5 kb

-6 kb

-10 kb

-Con 2 (10x)Con 2LadderCon 1-2 (10x)Con 1-2Con 1-1 (10x)Con 1-1
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Figure 3.3: Constructs 1 and 2 integrated into pPW expression vector 

Agarose gel confirmed that Construct 1 (I-element) and Construct 2 (HA-I-element) were 

successfully inserted into the pPW vector, creating expression clones. The inserts for 

Constructs 1 and 2 are ~5.4 kb in size and pPW is ~8.9 kb; therefore, successful 

constructs are ~14.3 kb. Construct 1 (Con 1-1 and Con 1-2) are separate colonies that 

were purified and applied to the gel. Con 2-1 and Con 2-2 are separate colonies that were 

purified and applied to the gel. The “–“ represents a negative control (no DNA). Ladder 

is the Supercoiled DNA Ladder (NEB). 

  

-5 kb

-10 kb

Con 2-1 Con 2-1 (10x) Con 2-2 Con 2-2 (10x) Ladder Con 1-1 Con 1-1 (10x) Con 1-2 Con 1-2 (10x) -
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Figure 3.4: Construct 3 integrated into pPW 

Agarose gel confirmed that the positive control of Construct 3 (HA-ORF1p) was 

successfully transformed into the pPW vector, creating an expression clone. The insert for 

Construct 3 is ~1.3 kb and pPW is ~8.9 kb; therefore, when HA-ORF1p has successfully 

transformed into pPW, the supercoiled DNA band on the gel is ~10.2 kb (the other slower 

running band is the same DNA in relaxed circular form). Construct 3-1 and 3-2 are 

separate colonies that were purified and added to the gel. The “–“ represents a negative 

control (no DNA).  Ladder is the Supercoiled DNA Ladder (NEB). 

  

-5 kb

-10 kb

-Con 3-2Con 3-2 (10x)LadderCon 3-1 (10x)Con 3-1
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Figure 3.5: HA-ORF1p protein expression driver by nanosGAL4  

When HA-ORF1 expression was induced by a nanosGAL4 driver (HA-

ORF1(119A)/nanosGAL4 and HA-ORF1(67B)/nanosGAL4), there was no expression 

detected (lanes 3 and 6). There was also no HA-ORF1p detected in aub heterozygotes 

(aub/CyO;119A/nanosGAL4 and aub/CyO;67B/nanosGAL4) (lanes 4 and 7). HA-ORF1p 

was only detected in aub homozygotes (aub/aub;119A/nanosGAL4 and 

aub/aub;67B/nanosGAL4) (lanes 5 and 8). The “+” represents the positive control HA-

Tak1/nanosGAL4 and the “–“ represents the negative control w1118.  
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Figure 3.6: I-element RNA is detectable by RT-PCR when element comes from 

mother 

Ethidium bromide-stained agarose gel revealed bands at ~130 bp when I-element primers 

were used in the presence of reverse transcriptase (RT). The “+” represents the positive 

control of genomic DNA template of G25 HA-I 5-1 sibling cross males and the “– “ 

represents the negative control (no DNA template added to the PCR).  Ladder is 100 bp 

DNA Ladder (NEB). 
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Figure 3.7: I-element RNA detection using RT-PCR when element comes from 

father   

No I-element RNA was detected in F1 females of males (containing I-elements) crossed 

to nanosGAL4 driver females.  The positive control for RNA in the sample, rp49, is 

detected as a ~211 bp product. The I-element primer mix did work in this experiment, 

shown by the “+” lane which represents the positive control of genomic DNA template of 

G25 HA-I 5-1 sibling cross males. The “–“ represents a negative control (no DNA). 

Ladder is 100 bp DNA Ladder (NEB). 
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Figure 3.8: GAL4 driver not required for I-element RNA production 

Agarose gel of RT-PCR products from the orange-eyed F1 females without expression 

being induced by a nanosGAL4 driver. When I-element cDNA is made (with RT), there 

are strong bands at ~130 bp; however, there is a faint band in the negative control 

(without RT) due to incomplete DNase digestion. The “+” represents the positive control 

of genomic DNA template of G25 HA-I 5-1 sibling cross males. The “–“ represents a 

negative control (no DNA). Ladder is 100 bp DNA Ladder (NEB).  
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Figure 3.9: Flies transgenic for I-element do not suggest IxR hybrid dysgenesis 

In black are non-dysgenic crosses. The positive control for I-R hybrid dysgenesis was 

w118 (inducer) males crossed to wk (reactive) females. In red are dysgenic crosses: 

Construct 1 (I-element) transgenic flies with inducer males and reactive females and the 

same cross with Construct 2 (HA-tagged I-element) transgenic flies. Construct 1 strains 

used: I(3-2), I(5-3), I(4-1), I(11-4). Construct 2 strains used: HA-I(1-4), HA-I (5-2), HA-

I(8-5), HA-I(10-1). The control to represent a non-dysgenic cross was w118 (inducer) 

females crossed to wk (reactive) males. The grey bar shows the egg hatching for wk. Error 

bars represent ± 1 standard deviation. Data shown in Appendix 4. 
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Figure 3.10: Trial 5 immunoprecipitation of HA-ORF1p 

~52 kD HA-ORF1p can be immunoprecipitated from ovary homogenates using anti-HA 

at 5 g/mL. The Ponceau S stained membrane shows no detectable protein in the 

immunoprecipitated samples, which is expected. The high molecular weight band at 

102 kD represents a background band seen when 5 g/mL of rat anti-HA primary 

antibody is applied to the sample.  The “+” represents the positive control of HA-

Tak1/nanosGAL4 and the “–“ symbol represents the negative control, which contained 

w1118 ovaries.  
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Figure 3.11: IP trial 7 Western blot of HA-ORF1p  

Trial 7 IP samples resulted in isolated HA-ORF1p at ~52 kD. The input was detected at 

~50 kD (aubQC42/aubHN2; HA-ORF1(119A)/ nanosGAL4). Using 5 l/mL of antibody 

results in a large background band at ~102 kD, seen in the at the top of each 

immunoprecipitated sample. The positive control for this experiment was on a separate 

blot that underwent the same condition (HA-Tak1/nanosGAL4) (not shown), and the “–“ 

symbol represents the genotypes to the left but with Rat IgG. 
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Figure 3.12: Overview of IP troubleshooting attempts 

Several troubleshooting attempts were made to optimize HA-ORF1p in eluted samples of 

immunoprecipitation (IP) are outlined. 
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Table 3.1: P-element insertions found in transcribed and untranscribed regions of 

the genome 

Insertion sites of four I-element and three HA-I-element P-element inserts were found 

using spPCR.  
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Chapter 4: Discussion 

The goal of this study was to determine the functional capabilities of a D. teissieri 

I-element in the D. melanogaster female germline in vivo. Furthermore, I was interested 

in determining if the HA-tagged ORF1p from D. teissieri could bind RNA in vivo, and if 

so, if it was binding its own RNA in cis and/or other cellular RNAs in trans. These goals 

contribute to the larger goal of understanding the mechanism of retroduplication in vivo. 

 

Three constructs successfully injected into D. melanogaster 

Three transgenic lines of Drosophila teissieri I-elements were created using 

Gateway Clonase Technology. Three expression clones with various versions of the D. 

teissieri I-element were injected into D. melanogaster flies. Constructs 1 (full I-element) 

and Construct 2 (HA-I-element) from D. teissieri were injected into a wk (reactive) strain 

of D. melanogaster and Construct 3 (HA-ORF1p) was injected into the ywki D. 

melanogaster strain using the P-element method. I chose to use the D. teissieri I-element, 

rather than the endogenous D. melanogaster I-element, because it is theoretically less 

likely to be targeted by the D. melanogaster piRNA pathway in comparison to the native 

element, which potentially allows for more opportunities for retrogenes to arise 

(Brennecke, 2008).  

 

Possible retrotransposition, but no I-R hybrid dysgenesis 

To determine whether the D. teissieri full I-element and the HA-tagged I-element 

are functional and able to transpose in the D. melanogaster germline, I subjected 

Construct 1 and 2 transgenic lines to RT-PCR and confirmed that I-element RNA is being 
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produced when the I-element comes from the mother, suggesting that the I-elements are 

active and should be able to transpose. My results from RT-PCR also suggest that the I-

element is potentially able to produce RNA without the expression being induced by a 

GAL4 driver. There is a highly conserved region of the I-element seen in both D. teissieri 

and D. melanogaster prior to the ORF1 domain (see Appendix 1) (Abad et al., 1989; 

Fawcett et al., 1986), which suggests that this region must be important for I-element 

activity. This region could be a conserved internal promotor for the I-element.  

I determined original P-element insertion sites in seven transgenic lines of 

Construct 1 (I-element) and Construct 2 (HA-I-element) sibling crosses using spPCR 

(Table 3.1). The P-element mediated insertion method results in random insertions; 

mapping these insertions with spPCR is important for attempts at finding new I-element 

insertions at a new location. For example, Construct 2 strain HA-I (10-1) randomly 

inserted into chromosome 3R in a transcribed region of the alpha-Est10 gene, and RT-

PCR of this strain showed that RNA is created without a nanosGAL4 driver (data not 

shown). This result suggests that this HA-I element has either made use of its conserved 

promotor or has been transcribed by read-through from the gene into which it inserted. 

Since the I-element is able to produce RNA and is therefore transcribed, I assessed 

generation 25 for new I-element insertion sites using spPCR; however, no new insertions 

were found. Vaury et al. (1993) has suggested that the D. teissieri I-element can 

transpose in the D. melanogaster germline in vivo; however, the number of D. teissieri I-

elements found in transformed lines (that have gone from reactive to inducer strains over 

many generations) is smaller than what is typically seen in natural D. melanogaster 

inducer strains. Dr. Denise Clark screened these transgenic lines by genomic DNA PCR 
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and found one new I-element insert in 1200 flies using I-element (strain I (3-2)); but this 

insertion needs to be sequenced for confirmation. Therefore, it is possible that these D. 

teissieri I-elements need more time to actively transpose in vivo to create new insertions 

in the D. melanogaster germline. An alternative reason for lack of transposition may be 

that the transposition is so rare that I missed it in the spPCR screens. Another possibility 

is that the restriction enzymes did not cut near enough to the inserts to be able to get a 

PCR product.  NEB claims that LongAmp can amplify products up to 30 kb; if the 

restriction enzymes were cutting a long way away, perhaps a longer extension time would 

have yielded products. 

Generations 8 (Figure 3.9) and 25 (data not shown) of Constructs 1 (I-element) 

and Construct 2 (HA-I-element) transgenic lines underwent sterility testing to assess for 

I-R hybrid dysgenesis.  The results of this experiment were inconclusive due to the 

control wk (reactive) strain showing only 17% fertility when crossed to itself. Crossing a 

reactive strain to itself should theoretically result in a high fertility; because of this low 

fertility in the control crosses I cannot conclude that the transgenic strains have become 

inducer strains. Seleme et al. (1999) studied an HA-tagged D. melanogaster I-element 

and its I-element counterpart and showed similar hatching percentages in both lines, 

meaning that the HA epitope tag does not affect the capacity of the I-element to induce 

SF sterility. Perhaps using a “strong” reactive stock such as Cha-(R) would have resulted 

in more fertile daughters (Abad et al., 1989). Additionally, more than one I-element from 

D. teissieri may be necessary to induce hybrid dysgenesis in D. melanogaster (Vaury et 

al., 2017).  
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Localization of HA-ORF1p in vivo 

Dr. Denise Clark and Shahrzad Rahmanian, a former undergraduate student, used 

transgenic Construct 3 flies to examine HA-ORF1p expression in situ using 

immunofluorescence. Their work can be found in Appendix 7. They wanted to assess the 

localization of ORF1p in the female germline. Dr. Clark and Ms. Rahmanian induced 

expression of Construct 3 (HA-ORF1p) using the nanosGAL4 driver. They found that, 

when the piRNA pathway is suppressed, the “expression is in early stage egg chamber, 

through at least stage 10. It is distributed throughout nurse cells and the oocyte, with high 

concentration in the posterior region of the oocyte, and then localization becoming more 

anterior around stage 10” (see Appendix 7). Expression of D. teissieri HA-ORF1p was 

examined in the genetic background of an inducer strain by Western blot and was not 

detected by immunofluorescence (see Section 3.2). Instead, they examined HA-ORF1p 

expression in a hybrid dysgenic SF background and in an aub mutant background, where 

the expression of many transposable elements is derepressed. The resulting distribution of 

HA-ORF1p was the same in the SF background and in the aub mutant background. In 

both cases, HA-ORF1p became highly concentrated in oocytes in early-stage 

egg chambers. Therefore, D. teissieri HA-ORF1p can localize to oocytes in the absence 

of a full D. teissieri I-element and ORF2p. 

HA-ORF1p immunoprecipitation successful but RNA not yet sequenced 

Western blot analysis suggested weak expression of HA-ORF1p (Construct 3) in 

three transgenic lines when expression was induced by a GAL4 driver. I concluded that 

Construct 3 was being targeted by the piRNA pathway because when Construct 3 is 

placed in a genetic background that lacks a piRNA pathway (aub/aub), the protein is 
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more easily detected on immunoblots. Moving forward, I consistently used aub/aub to 

suppress the piRNA pathway and promote retrotransposition. I selected one genotype 

(aub/aub;119A/nanosGAL4) to produce ovary homogenates, from which HA-ORF1p was 

isolated by immunoprecipitation. Using more than one HA epitope-tag would have likely 

improved detection (Ranawakage et al., 2019), but may have also interfered with RNA 

binding or the formation of RNP complexes in vivo. 

There is little published research on RNA binding in the female germline in vivo, 

and it remains poorly understood. Mandal et al. (2013) used mammalian cultured cells 

and, with a limited survey, determined that cellular RNAs that are found as processed 

pseudogenes are bound in trans by ORF1p. Unfortunately, the specificity of RNA 

binding in these experiments was low and there was no detectable pattern to the ORF1p 

bound RNAs. The tools I have developed here will help elucidate the RNAs bound by 

ORF1p in the germline, where retrogenes arise in vivo.  

 

Perspectives and future work 

I suggest future attempts at determining ORF1p-bound RNAs should use the full 

I-element, with the addition of multiple HA tags, as the main transgenic strain in the D. 

melanogaster germline. The loss of ORF2p’s activity could have an unknown effect on 

RNA binding and or stability of the RNPs in this study and its absence could explain the 

low yields by IP. The results of the immunolocalization (Appendix 7) show that in a wk 

genetic background, the D. teissieri  HA-tagged I-element (Construct 2) is expressed and 

localized in the ovaries in a qualitatively (speckled) different way than HA-ORF1 

(Construct 3) when it is expressed without the full I-element.  
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Very few retrotransposon lineages have been individually assessed for 

evolutionary clues to the origin of the non-LTR elements, which is something that the 

research community needs to explore. According to a phylogenetic analysis done by 

Malik et al (1999), the clade which houses the I-element-carrying species is the least 

defined of all non-LTR retrotransposons; with every new genome sequencing project, 

researchers are discovering new non-LTR retrotransposons often (Malik et al., 1999). 

According to Moran et al. (1996), L1 transposition has caused genetic diseases in 

several mammals, and can thus be classified as mutagenic. The human L1-ORF1 contains 

a leucine zipper motif and has been associated with various forms of cancer (Goodier, 

2016). Retrotransposon control is “relaxed”  in cells such as neurons, stem cells, and in 

certain diseases such as cancer (Ranawakage et al., 2019), making them more likely to 

have an increase in retrotransposition activity. Although L1 transposition in mammals is 

low in frequency, Moran et al. (1996) showed that two separately engineered L1 elements 

undergo retrotransposition at a high frequency in cultured mammalian cells when full 

length ORF1 and ORF2 are present. Considering that retrotransposons comprise up to 

45% of the human genome (Anwar et al., 2017), attempting to determine ORF1p’s 

binding preferences will help aid in the search of a treatment for these cancers. Further 

exploration of the RNA-binding preferences of ORF1p will give researchers insight on 

the types of effects that arise by the resulting mutations of TE and retrogene insertions, 

thereby providing the ability to exploit potential genetic testing options for humans 

(Moran et al., 1996).  

The research conducted in this thesis expands our knowledge of how and when 

the products of the I-element interact during the mobilization process. Analyzing the I-
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element in vivo made it possible to accurately study I-element retrotransposition and 

ORF1p RNA-binding activity. 
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Appendix 

Appendix 1. Multiple sequence alignment comparison of Drosophila I-elements 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 
 
Figure A1.1. CLUSTAL (Larkin et al. 2007) multiple sequence alignment of 
D.melanogaster I-element sequence from Fawcett et al. (1986) (Dmel; Genbank 
Accession M14954), the published D. teissieri I-element sequence from Abad et al. 
(1989) (Dtpub; Genbank Accession M28878), and Dr. Denise Clark’s D. teissieri I-
element sequence (unpublished) (DtDC).  The red arrow shows the location of the ORF1 
start codon. 
 
  



 

 

 
Appendix 2. SDS-PAGE solutions and methods 
 
4X Lower Gel Buffer (resolving gel buffer with SDS) 
1.5 M Tris-Cl, pH 8.8, 0.4% SDS 
36.3 g Tris-base 
Add ~160 ml ddH2O 
Adjust to pH 8.8 with HCl 
Add 8 mL 10% SDS 
Make up to 200 mL final volume with ddH2O filter 

 
4X Upper Gel Buffer (stacking gel buffer with SDS) 
0.5 M Tris-Cl, pH 6.8, 0.4% SDS 
3.0 g Tris-base 
Add ~160 ml ddH2O 
Adjust to pH 6.8 with HCl 
Add 8 mL 10% SDS 
Make up to 200 mL final volume with ddH2O filter 
 
Electrophoresis buffer 
12.1 g Tris-Base 
57.6 g glycine 
4.0   g SDS 
H2O to 4.0 L 
Do not need to adjust pH 
 
Gel casting parts: stand, spacers, plates and combs 
Electrophoresis unit 
Power supply 
 

1. Clean and set up gel casting apparatus 
 
9% Separating gel (for two gels) 

4.4 mL ddH2O 

3 mL 30 % acrylamide  
2.5 mL 4X lower gel buffer  
Mix and degas for 5 minutes 
Add 100 l 10% APS  
5 l TEMED  

2. Mix and pour gel immediately 
3. Overlay gel with ddH2O and allow to set for at least 30 minutes 

 
Stacking gel (for two gels) 

3.0 mL ddH2O 

0.75 mL 30% acrylamide 
1.25 mL 4X upper gel buffer 



 

 

50 l APS 
2.5 l TEMED 

 

4. Pour off water above separating gel 
5. Immediately pour in the stacking gel 
6. Insert combs and mark on the glass where the bottom of the wells are 
7. Allow to set for 15 minutes 
8. Remove combs and fill wells with 1X upper gel buffer 
9. Assemble gels on electrophoresis apparatus, fill upper wells and inside chamber 

with electrophoresis buffer  
10. Load prepared samples  
11. Fill the lower buffer chamber with electrophoresis buffer until the bottom is 

submerged 
12. Run gel at 75V for ~15-20 minutes 
13. Turn up to 125V and run for ~1hour 

 
Appendix 3. Reagents for immunodetection of Western blots 

 
Aurora Blocking Reagent (600mL) 

1.2g of Aurora Block powder 
600mL 1x PBS (60mL of 10x PBS + 540mL dH2O) 
Heat and stir to 65-70 degrees 
Cool to room temperature on bench 
Add 600 l of Tween20 working stock 

 
  



 

 

Appendix 4. Sterility-testing data 
 
Table A4.1: Assessing presence of hybrid dysgenesis in Construct 1 and Construct 2 flies 
by comparing hatched eggs to unhatched eggs  
 

Cross  Cross type 
Hatched 
Eggs 

Unhatched 
Eggs  Total 

I 3‐2 F x w^k M  I‐element♀ x R ♂  433  397  830 

I 5‐3 F x w^k M  I‐element♀ x R ♂  304  187  491 

I 4‐1 F x w^k M  I‐element♀ x R ♂  348  272  620 

I 11‐4 F x w^k M  I‐element♀ x R ♂  513  371  884 

I 3‐2 M x w^k F  I element♂ x R ♀  303  287  590 

I 5‐3 M x w^k F  I element♂ x R ♀  449  549  998 

I 4‐1 M x w^k F  I element♂ x R ♀  558  461  1019 

I 11‐4 M x w^k F  I element♂ x R ♀  343  197  540 

w^k F x 5905 M  I ♂ x R ♀  11  1839  1850 

w^k M x 5905 F  I ♀ x R ♂  765  43  808 

w^k F x w^k M  R x R  562  183  745 

HA‐I 1‐4 F x w^k M  HA I‐element♀ x R ♂  220  452  672 

HA‐I 5‐2 F x w^k M  HA I‐element♀ x R ♂  531  375  906 

HA‐I 8‐5 F x w^k M  HA I‐element♀ x R ♂  404  298  702 

HA‐I 10‐1 F x w^k M  HA I‐element♀ x R ♂  506  360  866 

HA‐I 1‐4 M x w^k F 

HA I‐element ♂ x R 

♀  597  409  1006 

HA‐I 5‐2 M x w^k F 

HA I‐element ♂ x R 

♀  534  237  771 

HA‐I 8‐5 M x w^k F 

HA I‐element ♂ x R 

♀  564  219  783 

HA‐I 10‐1 M x w^k F 

HA I‐element ♂ x R 

♀  454  282  736 
 
 
Table A4.2: Total percentage (%) of hatched eggs for each cross assessed for hybrid 
dysgenesis  
 

Cross type  Hatched Eggs (%) 

I‐element♀ x R ♂  35.79 

HA I‐element♀ x R ♂  18.13 

I element♂ x R ♀  15.47 

HA I‐element ♂ x R ♀  16.64 



 

 

I ♂ x R ♀  0.595 

I ♀ x R ♂  94.67 

R x R  17.01 
 
  



 

 

Table A4.3: Chi-square analysis of each cross comparison for presence of hybrid 
dysgenesis 
 

Cross Comparison Chi-squared value d.f. P-value OR 

I ♂ x R ♀   2408 1 0.00E+00 3.37E-4 

I ♀ x R ♂       
 

Cross Comparison Chi-squared value d.f. P-value OR 

I‐element ♂ x R ♀   9.79 1 1.75E-3 1.18 

I‐element ♀ x R ♂       
 

Cross Comparison Chi-squared value d.f. P-value OR 

HA‐I‐element ♂ x R ♀   102.5 1 4.37E-24 0.597 

HA‐I‐element ♀ x R ♂       
 
 
  



 

 

Appendix 5. Immunoprecipitation (IP) protocol 
 

Immunoprecipitation Protocol 
 

Solutions and Materials: 
N2 (l) for flash freeze  1x PBS 
Ice    Dounce homogenizers 
Low-binding microtubes  
Lysis buffer  
100 mM KCl 
5 mM MgCl2 
10 mM HEPES, ph 7.0 
0.5% NP-40 
0.5 mM DTT 
Added before use: 
40 U/l RNasin inhibitor  
25 l/ml protease inhibitor  
RNP Elution buffer  
1% SDS 
50 mM NaCl 
50 mM Tris-HCL, pH 7.0 
5 mM EDTA 
Added before use: 
1.25 l of 40 U/ml RNase inhibitor to 5 mL aliquot 
2 l of 25 l/ml protease inhibitor to 5 ml aliquot 
________________________________________________________________________ 
1. Dissection 

 Collect 200+ 1-2 day old females (two genotypes for two bead types) and place in 
a vial with yeast paste for ~2 days 

 You need: 
100+ Control: 8517/4968;nanosGAL4 
100+ Experimental: 8517/4968;119A/nanosGAL4 

 To a 5 mL aliquot of lysis buffer, add 1.25 l of RNase inhibitor (40 U/l) and 2 
l protease inhibitor cocktail (10 l/ml)  

 Dissect ovaries from above females in insect tissue culture media  
 Briefly wash ovaries in 250 l 1xPBS by placing them in a 1.5 mL tube and 

inverting 3-4x 
 Remove all 1xPBS with a pipette without disturbing the ovaries 
 Add 100 l of ice-cold lysis buffer (if there’s 50 in each tube) to the ovaries and 

keep on ice 

2. Lysis 
 Add ice-cold lysis buffer to a final volume of 200 l in each tube 
 Homogenize ovaries with dounce homogenizers 



 

 

 Incubate samples on ice for 20’ with intermittent mixing (2-3 inversions) to lyse 
cells 

 Centrifuge at 12,000g for 10 minutes at 4⁰C 
 Collect the supernatant in a new pre-chilled 1.5 mL tube without disturbing the 

pellet 
 Flash freeze with liquid nitrogen and store at -70⁰C  

3. Preparing beads 
 Add 2.5 l of RNasin inhibitor and 4 l of protease inhibitor to 10 mL aliquot of 

lysis buffer 
 Add 300 l of lysis buffer to 100 l of agarose beads and mix by inverting 2-3x 
 Centrifuge at 200g (210 rcf) for 5 seconds at room temperature 
 Incubate tubes on ice for 2 minutes 
 Remove the lysis buffer without disturbing the resin 
 Repeat the wash two more times for a total of three washes 

4. Pre-clearing lysates with Protein G agarose beads  
 Add 25 l (for 200 l of lysate) of Protein G agarose bead slurry to each lysate 
 Incubate for 60 minutes at 4⁰C with gentle agitation  
 Centrifuge at 1000g at 4⁰C for 2 minutes 
 Move the supernatant to a new pre-chilled tube 
 Save 1/10th (~20 l) of the pre-cleared lysates to use as input and flash freeze 

before storing at -70⁰C 
 Bring final volume to 500 l by adding ice-cold lysis buffer  

 
5. Binding antibodies to pre-treated lysates  

 Divide each 500 l pre-treated lysate (i.e. control and experimental lysates listed 
in step 1) in two tubes  

 Add 6.25 l rat anti-HA High Affinity to the supernatant to a final concentration 
of 5 g/mL to one tube from each lysate 

 Add 6.25 l Rat IgG (negative control for non-specific IP) to the other tube from 
each lysate 

 Incubate for 12 hours at 4⁰C with gentle shaking. After 6 hours of incubation, 
refresh the protease and RNase inhibitor. 

6. Preparing beads 
 Add 150 l of cold lysis buffer to 50 l of agarose beads and mix by inverting 3-

4x 
 Centrifuge at 200g (210 rcf) for 5 seconds at room temperature 
 Incubate tubes on ice for 2 minutes 
 Remove the lysis buffer without disturbing the resin 
 Repeat the wash two more times for a total of three washes 

7. Immunoprecipitation 
 Add 12.5 l of agarose beads per tube with the 250 l of pre-treated antibody-

bound lysate 



 

 

 Mix with gentle shaking for 2 hours at 4⁰C 
 Centrifuge at 1000g for 1 minute at 4⁰C 
 Incubate on ice for 2 minutes to settle beads 
 Discard the remaining supernatant without disturbing beads 
 Add 250 l of ice cold lysis buffer and mix with the beads gently by inverting 

several times 
 Centrifuge at 1000g for 1 minute at 4⁰C 
 Incubate on ice for 2’ to settle the beads and discard the supernatant  
 Wash an additional two times with lysis buffer for a total of three washes 
 Remove lysis buffer and add 50 μl elution buffer 
 Incubate the tube for 20 minutes with gentle shaking on a platform shaker at 36°C 
 Collect the supernatant which contains the HA-I-RNPs by spinning at 1000g for 1 

minute at room temperature (so the SDS in the elution buffer doesn’t precipitate)  
 Store in aliquots at −70 °C if the RNPs are not to be used immediately to visualize 

on a Western blot 

 

  



 

 

Appendix 6. Immunolocalization of HA-Orf1p in ovaries  

Written by Dr. Denise Clark and Shahrzad Rahmanian 
MATERIALS AND METHODS  

Drosophila melanogaster strains and culture  

Strains obtained from the Bloomington Drosophila Stock Center were w1118; 

P{GAL4::VP16nos.UTR}CG6325MVD1 (#4937), w1118; aubQC42 cn1 bw1/CyO, P{sevRas1.V

12}FK1 (#4968), aubHN2 cn1 bw1/CyO (#8517), and w1118 (#5905).  The reactive strain w-

K (Ytterborn 1985) was kindly provided by S. Jensen.  Strains made in this study include 

two transgenic lines for P{w+mC Dtei\Orf1UASp.Tag:HA=HA-Orf1}, with an insertion on 

chromosome 2 (53A and 98A, respectively).  These were produced by injection 

of plasmid into y w; Ki P{ry+t7.2=Delta2-3}99B embryos, heterozygous for Delta2-

3.  Surviving adults were crossed to w1118, selecting against Ki and mosaic eyes in the 

next generation.  Two transgenic lines for an insertion of the full D. teissieri I-

element with HA-tagged Orf1 in P{w+mC Dtei\I-elementUASp\Orf1Tag:HA=HA-I} (HA-I(8-

4) and HA-I(10-1), respectively) were produced by co-injecting plasmid and helper 

plasmid P{π25.7wcΔ2-3}, a variant of P{π25.7wc} (Karess and Rubin 1984), into w-

K embryos and repeated backcrossing of males to w-K virgins, preserving the w-

K reactive genetic background.  Embryo injections for transformation were done 

by Genetivision, Houston, TX.  Flies were cultured on either standard cornmeal–

molasses–agar medium or Formula 4-24 plain instant medium (Carolina Biological 

Supply Company, Burlington, N.C.).  Culture temperature was 25 °C and 60% relative 

humidity with a 12-hour light-dark cycle. 

Immunostaining   



 

 

P{w+mC Dtei\Orf1UASp.Tag:HA}; P{GAL4::VP16-nos.UTR}CG6325MVD1 (herein referred to 

as HA-Orf1; nos-GAL4), nos-GAL4, w-K and HA-I/+ males were crossed to w-

K virgins.  w*; aubQC42 cn1 bw1/CyO; nos-GAL4 males were crossed to w*; 

aubHN2 cn1 bw1/CyO; UAS-HA-Orf1(119A) virgins.  Newly-eclosed non-Cy females were 

collected at 9 and 10 days and ovaries were dissected at 11 days.  Immunostaining was 

done essentially as previously described (O’Neill and Clark 2016) using rat anti-HA 

(3F10; Roche; 1:500) and goat anti-rat IgG Alexa 594 (Thermofisher; 1:500) and DAPI 

(Sigma) at 1 μg/mL.  Images were acquired using a Leica SP8 confocal microscope under 

identical settings.  Fiji was used for production of maximum projections, composites, and 

scale bars, using identical settings for all images (Schindelin et al. 2012).  

RESULTS  

Orf1p expression in the context of a full D. teissieri I-element  

Abad et al. (1989) cloned a D. teissieri I-element and transformed it into D. 

melanogaster.  They found it could transpose and cause hybrid dysgenesis (Abad et 

al. 1989).  To explore the localization and activity of a D. teissieri element further, with 

focus on the properties of Orf1, we inserted a hemagglutinin (HA) tag in the N-terminal 

region of Orf1 in the context of our full I-element and transformed it into the D. 

melanogaster reactive strain w-K (Ytterborn 1985) so that we could 

examine its expression without piRNA suppression.  This would allow us to determine 

if our D. teissieri I-element is capable of expression and, if so, the localization of 

Orf1p in the female germline.  Ovaries from two independent insertions of the transgene 

were examined (Figure A6.1).  For both insertions, expression is in early stage egg 

chambers, through to at least stage 10.  It is distributed throughout nurse cells and oocyte, 



 

 

with high concentration in the posterior region of the oocyte, and 

then localization becoming more anterior around stage10.  

  

Orf1p expression in SF and aub mutant females  

Expression of D. teissieri HA-Orf1p was also examined without the context of its 

native I-element.  We were unable to detect expression of HA-Orf1p in the genetic 

background of an inducer strain by western blot (see Section 3.2 of L. Miller’s 

thesis).  Therefore, we examined its expression in a hybrid dysgenic SF background 

where expression of endogenous I elements is derepressed (Chaboissier et al. 1990; 

Seleme et al. 2005) and in an aub mutant background where expression of many 

transposable elements is derepressed (Vagin et al. 2006).  Since, by design, there was no 

I-element promotor to drive expression of HA-Orf1p, we induced expression using the 

nanosGAL4 driver P{GAL4::VP16-nos.UTR}CG6325MVD1 (Van Doren et al. 1998) which 

expresses GAL4 highly in germarium, low in early stage egg chambers, and then more 

highly again starting around stage 5 (Hudson and Cooley 2014).  The distribution of HA-

Orf1p was the same in the SF background (Figure A6.2) and in the aub mutant 

background (Figure A6.3).  In both cases, HA-Orf1p became highly concentrated in 

oocytes in early stage egg chambers.  Consistent with the GAL4 driver, expression 

reappears around stages 5-6 in nurse cells.  Localization in the anterior region of stage 10 

oocytes was not detected.  

  

DISCUSSION  



 

 

An HA-tagged D. melanogaster Orf1p in a full I-element, in the genetic 

background of a reactive strain, is expressed throughout oogenesis in nurse cells, where it 

concentrates in the posterior pole of oocytes to mid-oogenesis, and then it 

distributes in the anterior region of oocytes (Seleme et al. 1999, 

2005).  The native Dmel\Orf1p is similarly localized in an SF background (Brennecke et 

al. 2008).  The mechanism of this localization of Orf1p to the oocyte was 

proposed (Seleme et al. 1999), and transport of D. melanogaster I-element 

RNA to the oocyte was shown (Wang et al. 2018) to be mediated by microtubules which 

mediate transport from nurse cells to oocyte (reviewed in Mahajan-Miklos and Cooley 

1994).  We found a similar localization of D. teissieri Orf1p.  Since it was expressed in a 

genetic background devoid of functional D. melanogaster I elements, it appears 

that Dtei\Orf1p, and presumably Dtei\Orf2p, are forming ribonucleoprotein 

particles in cis with D. teissieri I-element RNA and are transported to the oocyte.  

HA-Orf1p was also expressed from a transgene containing only its coding 

region under control of nos-GAL4 in a genetic background with derepressed endogenous 

I elements (SF background) or widespread derepressed 

transposons (aub mutant).  We also found HA-Orf1p was similarly concentrated in 

oocytes of early stage egg chambers.  Seleme et al. (2005) did a deletion analysis of a D. 

melanogaster I-element to map the cis-sequences required for the characteristic oocyte 

localization pattern of Orf1p.  They found that, while translation of Orf2p is not required 

for Orf1p localization to the oocyte, a 552 bp region within Orf2 is required in cis for 

Orf1p localization.  In contrast, we observed Orf1p oocyte localization in the absence 

of Orf2 sequences.  However, this difference with our results can be explained by the 



 

 

differences in endogenous I-elements in the genetic background.  Whereas we looked at 

HA-Orf1p in a genetic background that would have endogenous I-element 

expression, Seleme et al. (2005) looked at HA-Orf1p a genetic background of a reactive 

strain, presumably with no other I-element expression.  Without additional 

experiments, we cannot rule out the possibility that differences in sequence of Orf1p from 

the two species, or other aspects of genetic background, might explain the oocyte 

localization of D. teissieri HA-Orf1p to oocytes.  However, our observations are 

consistent with transportation of D. teissieri HA-Orf1p to the oocyte by the microtubule 

network, perhaps by forming heterologous ribonucleoprotein complexes in trans with D. 

melanogaster I-element RNAs and Orf2p expressed in the SF and aub mutant 

backgrounds.  Furthermore, the finding that Dtei/Orf1p expressed in an aub mutant 

background shows a similar oocyte localization as endogenous Orf1p in D. 

melanogaster supports the concept that the Dtei/Orf1p RNA-

binding activity identified by RNA immunoprecipitation will have relevance to its in 

vivo function.  

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A6.1 - Orf1p expression in the context of a full D. teissieri I-element  

Two independent insertions of a transgene containing a full D. teissieri I-element in a w-

K genetic background show HA-Orf1p is present from stages 1 through at least10 egg 

chambers.  Maximum projections of DAPI and anti-HA staining are shown in the left and 

middle columns, respectively, and the merged image is shown in the right 

column.  Ovarioles are shown from different individuals of transgenic line A, B) HA-I8-

4; C, D) HA-I10-1; and E) non-transgenic w-K.  Arrow indicates stage 1 egg chamber 

with relatively diffuse HA-Orf1p distribution, whereas later stages show localization to 

posterior pole.  Arrowheads indicate HA-Orf1p localized anteriorly in ~stage 10 

oocyte.  Scale bar 100 μm.  



 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A6.2 - Orf1p expression in I-R hybrid dysgenic SF females  

Two independent insertions of a transgene containing D. teissieri HA-Orf1p in a 

SF genetic background, driven by nos-GAL4 show immunolocalization of HA-

Orf1p from stages 2 through 10 egg chambers.  Maximum projections of DAPI and anti-

HA staining are shown in the left and middle columns, respectively, and the merged 

image is shown in the right column.  Ovarioles are shown from different 

individuals carrying HA-Orf1p insertion A, B) 53A; C, D) 98A; and E) no HA-Orf1p 

insertion.  Scale bar 100 μm. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 - Orf1p expression in aub mutant females  

D. teissieri HA-Orf1p expression in an aub mutant background, driven by nos-

GAL4, show immunolocalization of HA-Orf1p in oocytes.  Some compound egg 

chambers, as seen occasionally in aub mutants (Atikukke et al. 2014) show two 

oocytes.  Maximum projections of DAPI and anti-HA staining are shown in the left and 

middle columns, respectively, and the merged image is shown in the right 

column.  Ovarioles are shown from different individuals carrying HA-Orf1p insertion A, 

B) 119A and C) no HA-Orf1p insertion.  Scale bar 100 μm.  



 

 

REFERENCES 
 

2X SDS-PAGE gel-loading buffer. (2007). In Cold Spring Harbor Protocols (Vol. 2007, 

p. pdb.rec9191-pdb.rec9191). Cold Spring Harbor Laboratory. 

https://doi.org/10.1101/pdb.rec9191 

Abad, P., Vaury, C., Pélisson, A., Chaboissier, M. C., Busseau, I., & Bucheton, A. 

(1989). A long interspersed repetitive element--the I factor of Drosophila teissieri--is 

able to transpose in different Drosophila species. Proceedings of the National 

Academy of Sciences of the United States of America, 86(22), 8887–8891. 

https://doi.org/10.1073/pnas.86.22.8887 

Baltimore, D. (1985). Retroviruses and Retrotransposons: The role of reverse 

transcription in shaping the eukaryotic genome. Cell, 40(3), 481–482. 

https://doi.org/10.1016/0092-8674(85)90190-4 

Brand, A. H., & Perrimon, N. (1993). Targeted gene expression as a means of altering 

cell fates and generating dominant phenotypes. Development (Cambridge, England), 

118(2), 401–415. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/8223268 

Bucheton, A., Simonelig, M., Vaury, C., & Crozatier, M. (1986). Sequences similar to 

the I transposable element involved in I-R hybrid dysgenesis in D. melanogaster 

occur in other Drosophila species. Nature, 322(6080), 650–652. 

https://doi.org/10.1038/322650a0 

Busseau, I., Chaboissier, M.-C., & Bucheton, A. (1994). I factors in Drosophila 

melanogaster: transposition under control 1. Genetica, 93, 101–116. Retrieved from 

https://link.springer.com/content/pdf/10.1007%2FBF01435243.pdf 

Cusack, B. P., & Wolfe, K. H. (2007). Not born equal: Increased rate asymmetry in 



 

 

relocated and retrotransposed rodent gene duplicates. Molecular Biology and 

Evolution, 24(3), 679–686. https://doi.org/10.1093/molbev/msl199 

Dawson, A., Hartswood, E., Paterson, T., & Finnegan, D. J. (1997). A LINE-like 

transposable element in Drosophila, the I factor, encodes a protein with properties 

similar to those of retroviral nucleocapsids. EMBO Journal, 16(14), 4448–4455. 

https://doi.org/10.1093/emboj/16.14.4448 

Fawcett, D. H., Lister, C. K., Kellett, E., & Finnegan, D. J. (1986). Transposable 

elements controlling I-R hybrid dysgenesis in D. melanogaster are similar to 

mammalian LINEs. Cell, 47(6), 1007–1015. https://doi.org/10.1016/0092-

8674(86)90815-9 

Feng, Q., Moran, J. V, Kazazian, H. H., & Boeke, J. D. (1996). Human L1 

Retrotransposon Encodes a Conserved Endonuclease Required for 

Retrotransposition. Cell, 87, 905–916. Retrieved from 

http://www.cell.com/cell/pdf/S0092-8674(00)81997-2.pdf 

Goodier, J. L. (2016). Restricting retrotransposons: A review. Mobile DNA, 7(1). 

https://doi.org/10.1186/s13100-016-0070-z 

Guzzardo, P. M., Muerdter, F., & Hannon, G. J. (2013). The piRNA pathway in flies: 

Highlights and future directions. Current Opinion in Genetics and Development, 

23(1), 44–52. https://doi.org/10.1016/j.gde.2012.12.003 

Han, J. S. (2010). Non-long terminal repeat (non-LTR) retrotransposons: mechanisms, 

recent developments, and unanswered questions. Han Mobile DNA, 1. Retrieved 

from http://www.mobilednajournal.com/content/1/1/15 

Hohjohl, H., & Fsingerl, M. (1996). Cytoplasmic ribonucleoprotein complexes 



 

 

containing human LINE-1 protein and RNA. The EMBO Journal, 15(3), 630–639. 

Retrieved from 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC449981/pdf/emboj00003-0188.pdf 

Huang, A. M., Rehm, E. J., & Rubin, G. M. (2009). Quick preparation of genomic DNA 

from Drosophila. Cold Spring Harbor Protocols, 4(4), 18–20. 

https://doi.org/10.1101/pdb.prot5198 

Hudson, A. M., & Cooley, L. (2014). Methods for studying oogenesis. Methods, 68(1), 

207–217. https://doi.org/10.1016/j.ymeth.2014.01.005 

Immunoprecipitation (IP) protocol | Abcam. (2020). Retrieved July 5, 2020, from 

https://www.abcam.com/protocols/immunoprecipitation-protocol-1#references) 

Ivancevic, A. M., Kortschak, R. D., Bertozzi, T., & Adelson, D. L. (2016). LINES 

between species: Evolutionary dynamics of LINE-1 retrotransposons across the 

eukaryotic tree of life. Genome Biology and Evolution, 8(11). Retrieved from 

http://biorxiv.org/content/early/2016/04/28/050880 

Jackson, M. (2017). Construction of transgenic flies expressing an I element. Honours 

Thesis - UNB. 

Ji, Y., & Tulin, A. V. (2016). Poly(ADP-Ribosyl)ation of hnRNP A1 Protein Controls 

Translational Repression in Drosophila. Molecular and Cellular Biology, 36(19), 

2476–2486. https://doi.org/10.1128/mcb.00207-16 

Kaessmann, H. (2010a). Origins, evolution, and phenotypic impact of new genes. 

Genome Research, 20(10), 1313–1326. https://doi.org/10.1101/gr.101386.109 

Kaessmann, H. (2010b). Origins, evolution, and phenotypic impact of new genes. 

Genome Research, 20(10), 1313–1326. https://doi.org/10.1101/gr.101386.109 



 

 

Kaessmann, H., Vinckenbosch, N., & Long, M. (2009). RNA-based gene duplication: 

mechanistic and evolutionary insights. Nature Reviews. Genetics, 10(1), 19–31. 

https://doi.org/10.1038/nrg2487 

Karess, R. E., & Rubin, G. M. (1984). Analysis of P transposable element functions in 

Drosophila. Cell, 38(1), 135–146. Retrieved from 

https://www.janelia.org/sites/default/files/Labs/Rubin Lab/Cell%2C Volume 38%2C 

Issue 1%2C 135-146%2C 1 August 1984.pdf 

Kidwell, M. G. (1983). Evolution of hybrid dysgenesis determinants in Drosophila 

melanogaster. Proceedings of the National Academy of Sciences of the United States 

of America, 80(6), 1655–1659. https://doi.org/10.1073/pnas.80.6.1655 

Lander, E. S., Linton, L. M., Birren, B., Nusbaum, C., Zody, M. C., Baldwin, J., … 

Morgan, M. J. (2001). Initial sequencing and analysis of the human genome. Nature, 

409(6822), 860–921. https://doi.org/10.1038/35057062 

Long, M., Betr?n, E., Thornton, K., & Wang, W. (2003). The origin of new genes: 

glimpses from the young and old. Nature Reviews Genetics, 4(11), 865–875. 

https://doi.org/10.1038/nrg1204 

Malik, H. S., Burke, W. D., & Eickbush, T. H. (1999). The age and evolution of non-LTR 

retrotransposable elements. Molecular Biology and Evolution, 16(6), 793–805. 

https://doi.org/10.1093/oxfordjournals.molbev.a026164 

Mandal, P. K., Ewing, A. D., Hancks, D. C., & Kazazian, H. H. (2013). Enrichment of 

processed pseudogene transcripts in L1-ribonucleoprotein particles. Human 

Molecular Genetics, 22(18), 3730–3748. https://doi.org/10.1093/hmg/ddt225 

Mandal, P. K., & Kazazian, H. H. (2016). Purifi cation of L1-Ribonucleoprotein Particles 



 

 

(L1-RNPs) from Cultured Human Cells. Methods in Molecular Biology, 

1400(Transposons and Retrotransposons: Methods and Protocols), 299–310. 

https://doi.org/10.1007/978-1-4939-3372-3 

Martin, S. L. (1991). Ribonucleoprotein particles with LINE-1 RNA in mouse embryonal 

carcinoma cells. Molecular and Cellular Biology, 11(9), 4804–4807. 

https://doi.org/10.1128/mcb.11.9.4804 

Moran, J. V, Holmes, S. E., Naas, T. P., DeBerardinis, R. J., Boeke, J. D., Kazazian, H. 

H., … Hayashizaki, Y. (1996). High frequency retrotransposition in cultured 

mammalian cells. Cell, 87(5), 917–927. https://doi.org/10.1016/S0092-

8674(00)81998-4 

Murphy, T. (2020). The Drosophila Gateway TM Vector Collection By-product, (410), 

21218. 

Orsi, G. A., Joyce, E. F., Couble, P., McKim, K. S., & Loppin, B. (2010). Drosophila I-R 

hybrid dysgenesis is associated with catastrophic meiosis and abnormal zygote 

formation. Journal of Cell Science. https://doi.org/10.1242/jcs.073890 

Pearson, K. (1900). On the criterion that a given system of deviations from the probable 

in the case of a correlated system of variables. Philosophical Magazine. Retrieved 

from https://sci-hub.tw/10.1080/14786440009463897 

Potter, C. J., & Luo, L. (2010). Splinkerette PCR for Mapping Transposable Elements in 

Drosophila. PLoS ONE, 5(4). https://doi.org/10.1371/journal.pone.0010168 

Ranawakage, D. C., Takada, T., & Kamachi, Y. (2019). HiBiT-qIP, HiBiT-based 

quantitative immunoprecipitation, facilitates the determination of antibody affinity 

under immunoprecipitation conditions. Scientific Reports, 9(1), 1–16. 



 

 

https://doi.org/10.1038/s41598-019-43319-y 

Richardson, S. R., Salvador-Palomeque, C., & Faulkner, G. J. (2014). Diversity through 

duplication: Whole-genome sequencing reveals novel gene retrocopies in the human 

population. BioEssays, 36(5), 475–481. https://doi.org/10.1002/bies.201300181 

Rørth, P. (1998). Gal4 in the Drosophila female germline. Mechanisms of Development, 

78(1), 113–118. https://doi.org/10.1016/S0925-4773(98)00157-9 

Seleme, M. D. C., Busseau, I., Malinsky, S., Bucheton, A., & Teninges, D. (1999). High-

frequency retrotransposition of a marked I factor in Drosophila melanogaster 

correlates with a dynamic expression pattern of the ORF1 protein in the cytoplasm 

of oocytes. Genetics, 151(2), 761–771. 

Seleme, M. del C., Disson, O., Robin, S., Brun, C., Teninges, D., & Bucheton, A. (2005). 

In vivo RNA localization of I factor, a non-LTR retrotransposon, requires a cis-

acting signal in ORF2 and ORF1 protein. Nucleic Acids Research, 33(2), 776–785. 

https://doi.org/10.1093/nar/gki221 

Shimosako, N., Hadjieconomou, D., & Salecker, I. (2007). Flybow to Dissect Circuit 

Assembly in the Drosophila Brain, 1082(January 2014), 103. 

https://doi.org/10.1007/978-1-62703-655-9 

Stronach, B., Lennox, A. L., & Garlena, R. A. (2014). Domain specificity of MAP3K 

family members, MLK and Tak1, for JNK signaling in Drosophila. Genetics, 

197(2), 497–513. https://doi.org/10.1534/genetics.113.160937 

Van Doren, M., Williamson, A. L., & Lehmann, R. (1998). Regulation of zygotic gene 

expression in Drosophila primordial germ cells. Curr Biol, 8(4), 243–246. 

https://doi.org/S0960-9822(98)70091-0 [pii] 



 

 

Vaury, C., Pelisson, A., Abad, P., & Bucheton, A. (2017). Properties of transgenic strains 

of  Drosophila melanogaster containing I transposable elements from  Drosophila 

teissieri. Genet Res., Camb, 61(3), 81–90. 

https://doi.org/10.1017/S0016672300031177 

Vaury, C., Pélisson, A., Abad, P., & Bucheton, A. (1993). Properties of transgenic strains 

of Drosophila melanogaster containing I transposable elements from Drosophila 

teissieri. Genetical Research, 61(2), 81–90. 

https://doi.org/10.1017/S0016672300031177 

  



 

 

Curriculum Vitae 
Lauren Marie Miller 
 
Diploma of University Teaching 
January 2017–February 2017, University of New Brunswick 
 
Bachelor of Science, Behavioural Neuroscience 
September 2011–May 2016, Memorial University of Newfoundland 
 
Publications:  
 
Miller, L., Jackson, M., & Clark, D. Activity of a Drosophila teissieri I-element 
retrotransposon in Drosophila melanogaster. (Manuscript in preparation) 
 
Conference Presentations: 
  
Miller, L., Jackson, M., & Clark, D. Activity of a Drosophila teissieri I-element 
retrotransposon in Drosophila melanogaster. Poster presentation at the CanFly 
Conference, Toronto, May 2019 
 
Miller, L., & Clark, D. The role of the retrotransposon I-element protein ORF1p in 
Drosophila: RNA binding in the female germline. Verbal presentation at the University 
of New Brunswick’s Graduate Research Conference, Fredericton, March 2019 
 
Miller, L., & Clark, D. The role of the retrotransposon I-element protein ORF1p in 
Drosophila: RNA binding in the female germline. Verbal presentation at Concordia 
University’s Chemistry and Biochemistry Graduate Research Conference, Montreal, 
November 2018 
 
Miller, L., & Clark, D. The role of the retrotransposon I-element protein ORF1p in 
Drosophila: RNA binding in the female germline. Verbal presentation at the University 
of New Brunswick’s Graduate Research Conference, Fredericton, March 2018 
 
Miller, L., & Clark, D. The role of the retrotransposon I-element protein ORF1p in 
Drosophila: RNA binding in the female germline. Proposal presentation to the 
Department of Biology at the University of New Brunswick, Fredericton, September 
2017 


