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Wolbachia contigs in introns by the total intron size). I find that there are a higher percentage of 

Wolbachia fragments within introns (27.6–34.5%) than within the intergenic regions (23.5-

24.6%), suggesting a potential bias towards insertion into genes (Table 2).   

F element 

scaffolds 

% Wolbachia within 

Intergenic regions 

Total 

Intergenic 

size 

% Wolbachia 

within Intron 

regions 

Total intron 

size 

Improved2_13034 24.58% 390,102 34.47% 63,883 

Improved_13034* 23.88% 255,228  27.56% 50,111 

Improved_13010 23.47% 504,195 33.89% 78,037 
Table 2: Wolbachia distribution in the D. ananassae F element intergenic and intron regions. 
*Improved_13034 contained an annotated ankyrin gene. I omitted the Wolbachia regions that overlap with 
the Ankyrin gene from my analysis because the D. ananassae Ankyrin gene will show significant matches 
to the Wolbachia ankyrin gene because of the conserved domains that are found in both genes. 

Five transposase protein-coding gene fragments were found in the scaffolds improved_13034 

and improved2_13034. However, the transposase fragments in improved_13034 are clustered 

close enough together that it is possible that they could be fragments of the same transposase 

gene, resulting from a single integration events (Figure 11B). This hypothesis is supported by the 

fact that all five matches within this cluster have the same GenBank identifiers. On the other 

hand, even though all the transposase fragments are clustered within the lgs gene, some of these 

transposase fragments are located in different introns (Figure 11A). Furthermore, of the five 

transposase fragments, only two fragments have the same GenBank identifier. Hence there are 

likely multiple transposase insertions into the lgs gene. 



Figure 11: A closer study of the Wolbachia 
F element. A.) The transposase gene fragments
lgs gene, but all of the transposase 
scaffold Improved2_13034. B.) Although less dispersed, all of the 
in scaffold Improved_13034 are found in a single gen

Transposase overlap with Unknown Repeats

In addition to clustering within the intron region of two expanded 

element annotated genes, not surprisingly 

transposase also overlap with transposons identified by RepeatMasker. However, while all of the 

transposase fragments in scaffold improved2_13034 overlap with U

transposase in a different scaffold improved_13034 overlap
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Wolbachia protein-coding genes encoding transposase
gene fragments are distributed throughout the introns of the expanded 

 gene fragments in D. ananassae are located within this one gene on 
scaffold Improved2_13034. B.) Although less dispersed, all of the Wolbachia transposase
in scaffold Improved_13034 are found in a single gene (CG31998).  

Transposase overlap with Unknown Repeats 

In addition to clustering within the intron region of two expanded D. ananassae

not surprisingly the Wolbachia protein-coding genes that encode for 

ith transposons identified by RepeatMasker. However, while all of the 

d improved2_13034 overlap with Unknown repeats, all of the 

scaffold improved_13034 overlaps with DNA transposons.
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Figure 12: Genome Browser view of Wolbachia (wAna) contigs and proteins that overlap with Unknown 
repeats identified by RepeatMasker.  65 out of 117 Wolbachia protein-coding genes overlap with 
Unknown repeats. 

In addition to the Wolbachia transposase that overlaps with Unknown repeats identified 

by RepeatMasker, other Wolbachia protein-coding gene fragments also overlap with Unknown 

repeats as well. Of the three scaffolds, 65 Wolbachia protein-coding genes out of 117 overlap 

with Unknown repeats in improved2_13034, None of the Wolbachia protein-coding genes out of 

10 overlap with Unknown repeats in improved_13034, and 11 of the Wolbachia protein-coding 

genes out of 47 overlap improved_13010 (see Figure 12 for an example). Of these overlaps with 

Unknown repeats, the wAna genes found in each region vary in each of the scaffolds, although 

gag and pol seem to be frequently present (2 out of 65, 0 out of 0, and 6 out of 11, respectively).  

Wolbachia overlaps with RepeatMasker 

To see the extent of Wolbachia fragments that overlap with transposons identified by 

RepeatMasker, I calculated the total size of all Wolbachia that overlap with RepeatMasker in 

each of the contigs, as well as the protein-coding genes and their gene fragments (Table 3). The 

results shows that 25.1% (247068/984715) of the repeats identified by RepeatMasker overlaps 

with Wolbachia contigs. 3.1% (30488/984715) of the repeats identified by RepeatMasker 

overlaps with Wolbachia protein-coding genes. 

Wolbachia Contigs 
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Scaffold Wolbachia protein-coding 

genes that overlap with 

RepeatMasker 

Wolbachia contigs 

that overlap with 

RepeatMasker 

Transposons 

identified by 

RepeatMasker 

Improved2_13034 17,555 98,238 400,854 

Improved_13034 3,159 55,688 222,305 

Improved_13010 9,774 93,142 361,556 

Total 30,488 247,068 984,715 

Table 3: Measuring the extent of the total expansion in repeats is due to the Wolbachia invasion. The size 
of each whole scaffold is 467,128bp, 315,470bp, and 597,243bp, respectively. 

A more detailed examination of the overlap between the Wolbachia contigs and transposons 

identified by RepeatMasker shows that the Wolbachia fragments most frequently overlap with 

LTR retrotransposons, followed by Unknown repeats, LINEs, and a small number of DNA 

transposons (Figure 13). Interestingly, only improved2_13034 and improved_13034 had a 

Wolbachia protein-coding gene that aligned with a DNA transposon.  

 

Figure 13: Distribution of Wolbachia protein-coding gene fragments which overlap with transposons and 
other repeats identified by RepeatMasker. The Wolbachia protein-coding gene fragments most frequently 
overlap with LTR (35%, 63%, 63%), Unknown (56%, 34%, 0%), and LINE (8%, 3%, 31%) transposons. 
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Conclusions 

The D. ananassae F element is unusual because it has very high repeat density compared 

to the D. melanogaster F element. This high repeat density leads to many misassemblies and 

gaps in the D. ananassae F element assembly. As part of this study, GEP students and I have 

substantially improved the quality of three F element scaffolds from the D. ananassae F element 

assembly. The sequence improvement process involved resolving misassemblies (e.g. 

inconsistent mate pairs) and producing additional sequencing data for low quality regions and 

gaps (Figure 2). For regions that are difficult to sequence, I used multiple PCR techniques to 

generate PCR products for sequencing (Figure 3). As part of the sequence improvement protocol, 

GEP students and I used either restriction digests or PacBio reads to confirm the final 

assemblies, which gives us much stronger confidence in the F element assemblies. Collectively, 

we were able to assemble and improve ~1.4 Mb of the D. ananassae F element. I then used these 

improved sequences to investigate the expansion of the D. ananassae F element.  

Because preliminary analysis shows that many regions of the D. ananassae F element 

have strong sequence similarity to Wolbachia (wAna) contigs and protein-coding genes, I 

performed a more detailed investigation of the wAna genome. My analysis of the wAna protein 

coding-genes shows that wRi is a closer informant to wAna than wMel (Figure 5). This 

observation was unexpected because the wAna was assembled using wMel as the reference 

genome (Salzberg et al, 2005). My results suggest that using wRi as the reference genome might 

improve the overall quality of the wAna assembly.  

Because my analysis shows that many of the regions in D. ananassae F element that 

show similarity to protein-coding genes in wAna are hypothetical proteins, I decided to try to 
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annotate these wAna hypothetical protein-coding genes based on similarity to annotated genes in 

wRi and wMel. Using this procedure, I have successfully classified approximately ~30% of the 

annotated wAna hypothetical proteins. From these classifications, I noted that a substantial 

number (34/133) of the newly annotated wAna protein-coding genes were transposase. The 

findings suggest that wAna has a much higher density of transposase genes than other protein-

coding genes. In addition, I also find that most of the protein-coding genes in wAna are annotated 

as transposase, gag, and pol proteins.  

After investigating the rest of the wAna genes, I noticed that the next largest group of 

wAna genes are the IS elements. Examination of the locations of the IS elements in wAna shows 

that they are roughly evenly distributed throughout the entire genome. However, I did observe 

several contigs in which there were more (i.e. greater than two) IS elements present. Many of 

these IS elements are clustered together in the wAna genome.  

My analysis of the D. ananassae F element scaffolds did not show any regions with 

similarity to IS elements, but there are many matches to transposases (which is one of the core 

components of the IS element). These transposase matches tend to be clustered together either 

within a single intron (i.e. CG31998) or within multiple introns of the same gene (i.e. lgs). This 

difference in the distribution of transposases within the two genes suggests that some D. 

ananassae F element genes might be more susceptible to multiple rounds of lateral transfer of 

the wAna genome than others. F element genes that experienced multiple rounds of lateral gene 

transfer would likely have larger introns and coding spans.  

Further analysis of the D. ananassae F element shows that the wAna protein-coding 

genes are more likely to be found in the intronic regions (32% of the intronic regions) than the 
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intergenic regions (24% of the intergenic regions). This suggests there might be a general 

preference for Wolbachia to transfer into intronic regions. However, due to the small sample size 

of only 2 genes with transposase and only ~1.4 Mb of the ~20 Mb in D. ananassae F element, 

analysis of additional scaffolds and expanded genes are needed to support this conclusion.  

Additionally, my analysis also shows that ~25% of the transposons identified by 

RepeatMasker overlap with wAna contigs on the three D. ananassae F element scaffolds. A large 

portion of the Wolbachia overlap with Unknown repeats identified by RepeatMasker, consistent 

with the hypothesis that Wolbachia contributes to the expansion of the D. ananassae F element 

and the lower gene density compared to D. melanogaster (Figure 9). However, my analysis also 

shows that a substantial percentage (35%, 63%, and 63% in improved2_13034, 

improved_13010, improved_13034) of the wAna contigs overlap with LTR retrotransposons 

identified by RepeatMasker (Figure 13). This could indicate that some of the wAna contig might 

contain a novel class of repeats that has not yet been characterized. Alternatively, this 

observation could indicate that the wAna assembly might be contaminated with LTR transposons 

that are found in D. ananassae. We will need to analyze additional F element scaffolds in order 

to determine which of the two hypotheses is correct. 

In addition to improving the overall wAna assembly by using wRi as well as analyzing 

additional F element scaffolds, further work will classify the remaining 194 conserved 

hypothetical proteins and 259 hypothetical proteins to complete the annotation of the wAna 

assembly. Additionally, because of the recent concern regarding the prior detection of Wolbachia 

DNA in the D. ananassae genome (Klasson et al, 2014), we will need to perform polytene 

squashes and in situ hybridization experiments to verify the integration of Wolbachia into the D. 

ananassae F element.  
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Other future experiments include the analysis of wAna protein coding genes that are 

overrepresented in the D. ananassae F element to determine how well conserved are they in the 

other Wolbachia species. To do so, I would first measure the rate of evolution by performing a 

Ka/Ks analysis. Then, in order to identify the conserved regions that might be under selective 

pressure, I would align all the different copies of the same Wolbachia gene on the D. ananassae 

F element against each other using ClustalW2. These conserved regions might correspond to 

signals that enable D. ananassae and D. melanogaster F element genes to be expressed within a 

heterochromatic environment.  

We originally became interested in studying the D. melanogaster F element because we 

suspected that it must utilize different mechanisms for regulating gene expression than the other 

D. melanogaster autosomes. Given that the same set of genes are found on both the D. 

melanogaster and D. ananassae F elements despite the large difference in repeat density (30% 

versus 80% repeat), the aberrant signals and mechanisms that allow proper expression of D. 

melanogaster F element genes might be stronger on the D. ananassae F element. This hypothesis 

is supported by the results of a recent study that showed that the coding exons of twelve D. 

ananassae F element genes have very similar properties compared to the orthologous genes in D. 

melanogaster (Thomas Quisenberry, Senior Thesis, WU 2015). 

Collectively, our study of the unusual characteristics of the D. ananassae F element will 

improve our understanding of the mechanisms that regulate gene expression in heterochromatic 

regions. These insights will contribute to our understanding of common human diseases that are 

caused by the misregulation of gene expression, including cancer (Lee and Young, 2013). 
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