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Abstract  

 The Muller F element is a 1.3 Mb dot chromosome found in Drosophila melanogaster 

that is almost entirely heterochromatic, yet has actively transcribed genes. This paradoxical 

chromosome can be studied through comparative genomic analyses. Contig14 is a 32.5 kb region 

of the fourth chromosome (Muller F element) of Drosophila eugracilis. Various bioinformatics 

research tools were used to create putative gene models, locate transcription start sites (TSSs), 

and further annotate Contig14. Contig14 has a repeat density of 18%. Several ab initio gene 

predictors used indicated four genes were likely present. An orthologue for each gene was 

identified in Drosophila melanogaster and gene models were generated based on similarities 

between the species’, as well as using RNA-seq and TopHat data for D. eugracilis. The 

orthologues of CG11155, pho, Kif3C, and CG32017 are present in Contig14. All isoforms of 

these genes were identified, as well as an extra isoform for Kif3C not found in D. melanogaster. 

TSSs were located for Kif3C and pho, and core promoter motifs were identified. Wide or narrow 

TSS search regions were defined for Kif3C and pho. The information in this report can be used in 

conjunction with similar studies to further analyze the expression of heterochromatic genes on 

the F element of Drosophila. 

Introduction 

 DNA in eukaryotic cells is found broadly in one of two packaging formations: 

euchromatin or heterochromatin. Euchromatin encompasses loosely packaged genes, accessible 
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for transcription, with only a few repeats. On the other hand, heterochromatin is typically 

associated with transcriptionally inactive domains and has a high repeat density.  

 The species Drosophila melanogaster has a small dot chromosome (the Muller F 

element) containing approximately 80 actively transcribed genes, but by most measures the 

chromosome is entirely heterochromatic. The dot chromosome illustrates an unusual scenario of 

heterochromatic genes being expressed at the same level as euchromatic genes from other 

chromosomes. The D. eugracilis genome has recently been sequenced and still requires 

annotating to in order for it to be used in a comparative study with Drosophila melanogaster 

(and other evolutionary neighboring species), to study the mechanisms of heterochromatic gene 

expression, by searching for conserved regulatory motifs. 

 Contig14, a 32.5 kb section of the D. eugracilis F element, was annotated to identify 

genes orthologous to those in D. melanogaster and to locate possible transcription start sites 

(TSSs) (Figure 1). Contig14 exhibited four distinct features that each corresponded to a gene.  

Figure 1: Full Contig14 view in D. eugracilis browser: The full 32.5kb contig is pictured, with blastx alignment with D. melanogaster 
proteins, ab initio gene predictors, RNA-seq reads, conservation, and RepeatMasker. Features 1-4 are identified by the colored boxes.   
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Feature 1 

Overview/Orthologues Search 

 Feature 1 is a ~9 kb feature with distinct peaks of RNA-seq data that suggest exons of a 

gene (Figure 2). All of the ab initio gene predictors predict a single gene over this region except 

for Geneid, which splits up the region into two separate genes. The N-SCAN (12 exons) 

prediction aligns best with the RNA-seq data. In the middle of the feature is a large amount of 

RNA-seq data that does not correspond to a conserved region from the blastx results nor to a 

predicted exon from the gene predictors. This distinct region is marked in Repeat Masker, 

indicating that is a repeat element that is present in other places in the Drosophila eugracilis 

genome. Therefore, this region can be largely discounted after annotating any gene in the region.  

Figure 2: UCSC Genome Browser View of Feature 1: The top tracks that show gene names are blastx results aligning the D. 
eugracilis contig with D. melanogaster genes. The next set of tracks are ab initio gene predictors that predict likely genes by 
predicting introns and exons. The last set of tracks are RNA-seq data for this feature, the areas that are most conserved through 
neighboring Drosophila species, and RepeatMasker, which marks repetitive elements in the genome.  
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The predicted polypeptide sequence from the N-SCAN prediction was used to find the 

orthologous gene in Drosophila melanogaster. A blastp search was conducted using this 

predicted sequence (query), comparing it against all annotated proteins in D. melanogaster 

(subject). The results from the blastp search indicate that the gene CG11155 (FlyBase ID =  

FBgn0039927) is the orthologous gene in D. melanogaster. All of CG11155’s isoforms  

 

 

 

 

 

 

 

 

 

 

 

Figure 3: blastp results from 
FlyBase: The predicted amino acid 
sequence from Feature 1 was 
compared to all annotated proteins of 
D. melanogaster via blastp on 
FlyBase. The top results indicate that 
CG11155 is the orthologous gene.  

Figure 4: blastp alignment from FlyBase: 
The alignment of the predicted amino acid 
sequence of Feature 1 (query) with the D. 
melanogaster protein CG11155-PD 
(subject). Green box highlights header 
region where it indicates that CG11155 is 
found on the fourth chromosome of D. 
melanogaster. 
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(CG11155-PA, CG11155-PB, and CG11155-PD) have the lowest E-values. There is a significant 

difference between CG11155 isoform E-values and the next closest set of E-values (Ekar) 

(Figure 3). CG11155-PB has a slightly higher E score, which makes sense because it is smaller 

than the A and D isoforms. The alignment between the predicted polypeptide sequence and 

CG11155-PD provides more evidence that Feature 1 is an orthologue of CG11155. In addition, 

CG11155 is found on the fourth chromosome of D. melanogaster and Contig14 is a section of D. 

eugracilis’ fourth chromosome, so the genes are also in orthologous regions (Figure 4).  

Little research has been done on CG11155. While CG11155’s exact function is unknown, 

the gene is in the non-NDMA ionotropic glutamate receptor gene family. As mentioned 

previously, CG11155 has three isoforms: A, B, and D. Each isoform has 14 exons. All three 

share the same first 11 exons. The A and D isoforms have identical coding sequences throughout 

but differ in the 3’ untranslated region (3’ UTR). The B isoform has two different exons 

compared to A and D and is shorter in its transcript length (Figure 5). Specifically, the B isoform 

has its twelfth exon in between the eleventh and twelfth exons of the A/D isoform. Then, the B 

Figure 5: D. melanogaster Browser 
view of CG11155: The three isoforms of 
CG11155 are shown.  
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isoform’s thirteenth exon is identical to the A/D isoform’s twelfth exon. Finally, the B isoform 

has its final exon (fourteenth) in between the twelfth and thirteenth exon of the A/D isoform.   

Exon-by-exon blastx  

 To create a putative gene model for the D. eugracilis’ CG11155 orthologue, the protein 

sequence of each exon from the D. melanogaster CG11155 isoforms (subject) was aligned with 

the entire sequence of Contig14 (query) using NCBI blastx. For each blastx search conducted, 

some parameters were changed from their standard settings to ensure the best possible results. 

Specifically, the filter for regions of low complexity and the compositional alignment tool were 

turned off. Changing these parameters ensured longer alignments, which would help identify 

whole conserved exons. These blastx searches helped identify conserved regions between 

CG11155 of D. eugracilis and D. melanogaster and indicated the likely region of exon 

boundaries that could be viewed, as well as confirmed, in the browser. The exon-by-exon blastx 

search results can be seen in Figure 6 and Table 1. The first exon in all of the isoforms contained 

only a methionine, so no blastx results could be obtained. Similarly, the last exon in the B 

isoform had only five amino acids, including a stop codon, and could not be located with a blastx 

search.  
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Figure 6: Exon-by-exon blastx searches aligning Contig14 with exons of CG11155 from D. melanogaster:  In 
all blastx searches conducted, the subject was the amino acid sequence of the identified exon and the query was the 
nucleotide sequence of Contig14. Unless otherwise noted, all exons correspond to all isoforms. A: Exon 2 | B: 
Exon 3 | C: Exon 4 | D: Exon 5 | E: Exon 6 | F: Exon 7 | G: Exon 8 | H: Exon 9 | I: Exon 10 | J: Exon 11 | K: Exon 
12 for CG11155-PB | L: Exon 12 for CG11155-PA/PD, Exon 13 for CG11155-PB | M: Exon 13 for CG11155-
PA/PD | N: Exon 14 for CG11155-PA/PD. Not pictured: Exon 1 for all isoforms and Exon 14 for CG11155-PB.  
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 When conducting the exon-by-exon blastx searches, the searches were done in 

descending order of exon size, starting with the largest exons to anchor the gene model. blastx 

searches with exons 2-11 were done before exons 12-14, regardless of size, because exons 2-11 

were the same across all isoforms. The first exon aligned was exon three, which is 137 amino 

acids long (Figure 6B).  The entire subject sequence was covered by the query sequence 

(Contig14) with 94% identity to the subject (D. melanogaster protein sequence of the exon). 

Once blastx searches with exons 2-11 were completed, blastx searches with exons 12-14 of the 

A/D isoform were conducted. After the A/D isoform was finished, blastx searches with the 

remaining exons from the B isoform were conducted. All of the blastx results indicated that the 

Isoform exon numbers blastx Results 

CG11155-

PA/-PD 

CG11155-

PB 

Query 

Coordinates 

Subject 

coordinates 

Reading 

Frame 

1 1 Unable to conduct blastx 

2 2 893-1024 1-44 +2 

3 3 1090-1500 1-137 +1 

4 4 2031-2195 1-55 +3 

5 5 2842-2895 1-18 +1 

6 6 3016-3180 1-55 +1 

7 7 3242-3397 1-52 (of 53) +2 

8 8 3571-3774 1-68 +1 

9 9 4499-4702 1-68 +2 

10 10 6097-6201 1-35 +1 

11 11 6315-6572 1-86 +3 

- 12 6692-7186 1-163 +2 

12 13 7984-8181 1-66 +1 

- 14 Unable to conduct blastx 

13 - 8951-9340 1-130 +2 

14 - 9405-9680 1-92 +3 

Table 1: Summary of exon-by-exon blastx searches: 
Note blastx searches were not able to be conducted for 
Exon 1 of all isoforms and Exon 14 of isoform B. 
Exon 1 contained only one amino acid (methionine) 
and Exon 14 of B contained only five amino acids. 
Both were too short to obtain results. Unless otherwise 
indicated, all searches covered entire subject. 
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CG11155 orthologue is on the positive strand. In each blastx search, the entire subject sequence 

was covered by the query sequence. For all of the blastx searches, except for exon 2, the percent 

identity between the D. eugracilis sequence (query) and D. melanogaster exon (subject) was 

greater than 81%, meaning that these exons are highly conserved. Based off the query 

coordinates recovered during the blastx searches, the exon boundaries of the CG11155 

orthologue could be identified.  

 The first exon, which is shared by all the isoforms, contains only a methionine; thus it 

could not be found using a blastx search. On the browser, none of the gene predictors identified 

this first exon, nor did the blastx track, which shows conservation with D. melanogaster, show 

this exon being conserved. However, upstream of the first predicted exon is a large amount of 

RNA-seq reads, which tops off at 317 reads from the mixed embryos (Figure 7). This region is 

likely the 5’ UTR (since the 5’ UTR is transcribed and seen in RNA-seq data) but would not 

correspond to a coding sequence. Zooming in on this region shows that the RNA-seq data drops 

off at the 3’ end immediately following a methionine in the third reading frame (Figure 8). There 

are, in total, 299 RNA-seq reads from adult males, adult females, and mixed embryos that 

support the boundary.  The ATG methionine codon is at positions 840-842. In addition to the 

physical investigation of the contig, the program Small Exon Finder was used to attempt to find 

the single amino acid exon upstream of exon two (Figure 9). The search for the first exon was 

conducted after locating the other exons, so the acceptor phase of exon two was known (phase 0) 

and put into the program. The Small Exon Finder also identified the same region (840-842) for 

the first exon. The combination of the Small Exon Finder result with the distinct drop in RNA-

seq data after the methionine was sufficient evidence to conclude that the first coding exon for all 
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of the isoforms was at positions 840-842. With all exons of the A/D isoform identified, the only 

remaining exon left to identify was the final exon of the B isoform.  

 

Figure 8: Identifying Exon 1 of CG11155: Zooming in on the end of the RNA-seq reads shows methionine, the single 
amino acid in exon one. The arrow indicates reading frame (+3), the green box highlights methionine, and the yellow 
box highlights the GT donor splice site.  

Figure 7: Locating Exon 1 of CG11155: Upstream of the first conserved exon is a large accumulation of RNA-seq 
reads that corresponds to the 5’UTR and single amino acid exon. The green box highlights this specified region. 
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Identifying the last exon of CG11155-PB proved to be a challenge. The five amino acid 

exon could not be located through a blastx search. It is possible that the B isoform from D. 

eugracilis is different from the B isoform from D. melanogaster. For example, the fourteenth 

exon might not exist in the B isoform from D. eugracilis and the thirteenth exon might extend to 

a stop codon. To find evidence for this possibility, the end of the thirteenth exon was investigated 

to see if a downstream in-frame stop codon was present and if so, consistent with RNA-seq 

evidence (Figure 10). While there was an in-frame stop codon downstream of the exon, it likely 

is not used as indicated by the huge drop-off in RNA-seq reads after the predicted donor splice 

site. In addition, there are TopHat junctions that correspond to the donor splice site, indicating 

that the exon ends at that spot. Therefore, the thirteenth exon is not the final exon and a 

fourteenth exon likely exists for the B isoform in D. eugracilis.  

Figure 9: Small Exon Finder Results for locating Exon 1: Results predict methionine codon (ATG) at positions 840-842. 

Figure 10: No evidence to support extension of Exon 13 to stop codon: Black arrow indicates reading frame (+1). The 
red box highlights the downstream in frame stop codon. The black box highlights the lack of RNA-seq and TopHat data 
to support exon extension. 
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Based on the D. melanogaster orthologue, the last exon of the B isoform should be 

between the twelfth and thirteenth exons of the A/D isoform (Figure 5). Without a blastx search 

result to locate a probable region for the exon, the region in between the twelfth and thirteenth 

exons of the A/D isoform was investigated for any RNA-seq or TopHat data or predicted exons 

from the gene predictors that could correspond to the lost exon. This region proved to have little 

data to support the presence of an exon (Figure 11). There was little RNA-seq data in the region, 

with no more than 13 reads at most in a given region, and no TopHat splice junctions. None of 

the gene predictors place an exon in this region, and the blastx alignment to D. melanogaster 

proteins shows no conservation.  

Figure 11: Investigating region between exons 12 and 13 of CG11155-PA/PD for exon 14 of PB: The green box highlights 
region where the exon is expected to be.  
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 Another possibility that could explain the disappearance of the last exon in the B isoform 

in D. eugracilis would be that the B isoform splices back into the last two exons of the A 

isoform. The donor phase of exon 13 of isoform B and the acceptor site of the next exon of 

isoform A have phases that agree (Table 2). This would explain why a unique twelfth exon is 

seen for the B isoform but the unique fourteenth exon is not. Investigating the conservation of 

exon 14 of isoform B showed that it is not well conserved throughout the sequenced Drosophila 

species (Figure 12). In addition, in D. melanogaster, there is a helitron repeat element within the 

3’ UTR of the B isoform (Figure 13). An evolutionary event, like the insertion of this helitron, 

may have introduced the early stop exon into the B isoform of D. melanogaster, and this is not 

present in D. eugracilis. While this may not be the most parsimonious model, it should still be 

considered a possibility. 

 

 

 

Figure 12: Lack of conservation of exon 14 of B isoform throughout Drosophila species: Highlighted in the green box is 
exon 14 of CG11155-PB. Screenshot taken from the D. melanogaster browser.  



Greene	 17	

 
A parsimonious model for the B isoform would have the final exon in the previously 

described region, between the exons 12 and 13 of the A/D isoform. Small Exon Finder was used 

to see if a potential exon of five amino acids, including the stop codon, existed in this region 

(Figure 14). The results indicate three candidates for the final exon of the B isoform. None of the 

candidates show any amino acid similarities to the D. melanogaster exon, they have very little 

RNA-seq data, and they have no TopHat junctions. The first candidate, at positions 8541-8555, 

was chosen as the best possible exon for the putative gene model because it had the most RNA-

seq data (14 reads) (Figure 15). Thus, all 14 exons of the B isoform and of the A/D isoform were 

identified in D. eugracilis. Estimate exon boundaries obtained through blastx searches are shown 

in Table 1. 

Figure 13: Identifying a 
repeat element near exon 
14: Helitron inserted 
between exons may have 
created exon 14 in 
CG11155-PB in D. 
melanogaster that is not 
present in neighboring 
species. Highlighted in the 
green box is exon 14 of 
CG11155-PB. Highlighted 
in the red box is the 
helitron repeat element. 
Photo taken from D. 
melanogaster browser.  

Figure 14: Small Gene Finder results for 
locating exon 14 of B isoform 
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Splice Sites 

 Once blastx searches returned query coordinates for potential exon boundaries, these 

coordinates were viewed in the Genome Browser. RNA-seq data and TopHat splice junctions 

were used as evidence to confirm, extend, or shorten the exon and obtain the exon boundaries. 

Finally, donor and acceptor splice sites were chosen to best agree with the available evidence. 

Splice sites were chosen based on conservation between neighboring Drosophila species, RNA-

seq and TopHat data, and phase accordance. A splice site donor is identified by the bases GT 

(sometimes GC) immediately following the exon. A splice site acceptor is identified by the bases 

AG immediately preceding the next exon. The intron in between the splice sites must be a 

minimum of 40 base pairs long. Additionally, the splice sites must be in phase with each other. A 

splice site’s phase is determined by how many remaining nucleotides there are between the 

Figure 15: Exon 14 of the B isoform: Black arrow indicates the reading frame (+3). Black box highlights the 
proposed exon ending with the stop codon. 
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splice site and the next codon. A donor and acceptor pair must have phase numbers adding up to 

either three or zero. Considering this constraint when annotating splice sites ensures no frame 

shift errors. 
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A basic example of choosing the appropriate splice sites is seen for the intron between exons 

five and six (Figure 16). The blastx search for exon five predicted its end boundary at or near 

position 2895 (Figure 16A). This region had 127 RNA-seq reads that showed a drop after 

position 2895. Additionally, there were 245 TopHat junction reads that predicted the start of an 

intron after position 2895. Surveying the sequence around this position showed a GT at positions 

2896-2897. Since the exon was in the +1 reading frame, this GT was a phase 0 splice donor site. 

Additionally, the GT donor site was conserved through all neighboring species. For the acceptor 

site before exon six, the blastx search predicted the exon beginning at position 3016 (Figure 

16B). There were 124 RNA-seq reads and 245 TopHat junction reads that supported this exon 

boundary. At positions 3014-3015 is an AG splice acceptor site that is in line with the RNA-seq 

and TopHat data. This splice site is conserved through all neighboring species. Additionally, the 

Figure 16: Identifying splice sites between exons five and six: A: Zoomed in view of phase 0 donor splice site after 
exon five. Green box highlights the donor splice site. Red arrow indicates reading frame (+1) | B: Zoomed in view of 
phase 0 acceptor splice site before exon six. Green box highlights the acceptor splice site. Red arrow indicates reading 
frame (+1) | C: View of intron between exons five and six. Green box highlights donor splice site and red box 
highlights acceptor splice site. 
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acceptor splice site is also in phase 0, aligning with the donor splice site. This was a scenario 

where the blastx predicted query boundaries were the actual exon boundaries (Figure 16C). 

Six of the 14 exons were extended, at most, five base pairs to account for RNA-seq or 

TopHat data, or to find an acceptable donor or acceptor site.  An example of this scenario is 

found between exons 13 and 14 of the A/D isoform (Figure 17). The exon-by-exon blastx search 

predicted that exon 13 ended at position 9340 (see Table 1), but the RNA-seq and TopHat data 

indicates that the exon should extend one more nucleotide, to position 9341 (Figure 17A). There 

were 257 RNA-seq reads and 516 TopHat reads that supported the exon extension. At positions 

9342-9343 is a GT donor splice site that corresponds to a drop in RNA-seq data and presence of 

TopHat junctions and is conserved through all neighboring species. Therefore, this GT was 

chosen as the donor splice site and the exon was extended to account for the extra nucleotide. For 

the acceptor splice site, the blastx search showed conservation of exon 14 starting at position 

9405. Investigating this region showed that RNA-seq and TopHat data suggested that the exon is 

actually two nucleotides longer, starting at position 9403 (Figure 17B). There were 247 RNA-seq 

reads and 516 TopHat reads that supported the exon extension. At positions 9401-9402 was an 

AG splice acceptor site that aligned with a sudden drop in RNA-seq data and the start of the 

TopHat junctions. The site is conserved through all neighboring species. The donor splice site 

was in phase 1 and the acceptor splice site was in phase 2, so the two splice sites were in phase 
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accordance. Exon 13 and 14 were each extended at least one nucleotide on their 3’ and 5’ ends 

respectively to properly align with available data (Figure 17C). 
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 There were a few situations where there seemed to be more than one viable splice site. 

The splice site with the most evidence was chosen to be the correct splice site for the gene 

model. An example of this case was the splice acceptor site of exon seven (Figure 18). The donor 

splice site after exon six was conserved through all neighboring species and coincided with a 

drop in RNA-seq data and TopHat junctions (Figure 18A). The acceptor splice site before exon 

seven had three possible AG sites (at positions 3240-3241, 3244-3245, and 3246-3247) and all 

three were plausible splice sites (Figure 18B). The site at 3244-3245 was the first to be 

eliminated since it is a phase 2 acceptor and the donor is phase 0. The sites at 3240-3241 and 

3246-3247 are both phase 0 acceptors. Both also had TopHat junctions from adult males, 

JUNC302 and JUNC303 respectively, supporting them. Further inspection showed that 

JUNC303 had only 2 reads while JUNC302 had 68 reads. Moreover, the TopHat junctions from 

adult females and mixed embryos supported the site at 3240-3241 over the site at 3246-3247. 

Figure 17: Identifying splice sites between exons 13 and 14 of CG11155-PA/PD: A: Zoomed in view of phase 1 donor splice 
site after exon 13. Green box highlights the donor splice site. Red box highlights original predicted end of exon. Black arrow 
indicates reading frame (+2) | B: Zoomed in view of phase 2 acceptor splice site before exon 13. Green box highlights the 
acceptor splice site. Red box highlights original predicted start of exon. Black arrow indicates reading frame (+3) | C: View of 
intron between exons 13 and 14. Green box highlights donor splice site and red box highlights acceptor splice site. 
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RNA-seq data supported the site at 3240-3241. In addition, the site at 3240-3241 was conserved 

through all neighboring species (seven total) while the site at 3246-3247 was conserved only 

through D. eugracilis, D. melanogaster, Drosophila yakuba, and Drosophila erecta. This 

evidence indicates that the AG at 3240-3241 is the most likely acceptor splice site (Figure 18C).  
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While GT donor splice sites are the most common donor splice site sequence in 

Drosophila, non-canonical GC donor splice sites are found in ~1% of Drosophila genes. An 

example of a GC donor splice site is at the end of exon nine in CG11155 (Figure 19). The blastx 

results showed conservation to position 4702. There were 146 RNA-seq reads and 247 TopHat 

junction reads that supported position 4702 being the end of the exon. Positions 4703-4704, the 

predicted donor splice site, showed a GC in the sequence (Figure 19A). This GC was conserved 

on D. melanogaster indicating that it could be a splice site. Furthermore, the drop in RNA-seq 

data coincides with the GC splice site. Finally, the GC splice site is in phase 0, which is in 

accordance with the phase 0 acceptor splice site before exon 10 (Figure 19B). Therefore, it was 

Figure 18: Identifying splice sites between exons six and seven: A: Zoomed in view of phase 0 donor splice site after exon six. 
Green box highlights the donor splice site. Black arrow indicates reading frame (+1) | B: Zoomed in view of phase 0 acceptor 
splice site before exon seven. Green box highlights the acceptor splice site. Black arrow indicates reading frame (+2) | C: View 
of intron between exons six and seven. Green box highlights donor splice site and red box highlights acceptor splice site. 
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concluded that the D. eugracilis CG11155 orthologue, like the D. melanogaster CG11155, 

contains a non-canonical GC splice site. 

 

 

 

Figure 19: Identifying a non-canonical 
GC splice site after exon nine: A: Zoomed 
in view of phase 0 GC donor splice site 
after exon nine. GC splice site is supported 
by RNA-seq, TopHat, and conservation 
evidence. Green box highlights the donor 
splice site. Red arrow indicates reading 
frame (+2) | B: Zoomed in view of phase 0 
acceptor splice site before exon ten. Green 
box highlights the acceptor splice site. Red 
arrow indicates reading frame (+1)  
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Gene Model Checker/Conclusions 

With all exon boundaries either confirmed or redefined and all acceptor and donor sites 

located, a complete gene model for all three isoforms of CG11155 can be created (Table 2). The 

gene model can then be put through the GEP Gene Model Checker to check for proper intron 

length, splice sites, and start and stop codons, as well as comparing it to the orthologous gene 

from D. melanogaster. Since CG11155-PA and CG11155-PD have the same coding sequence, 

only the Gene Model Checker result for the A isoform is shown.  

The Gene Model Checker initially returns a checklist that verifies if the exon-by-exon model 

is valid. For CG11155-PA/PD and CG11155-PB, all exons and splice sites were verified, except 

for a warning at the donor splice site after exon nine (Figure 20). The warning appeared because 

the program noticed the rare GC splice site. As previously explained, this GC splice site is in 

agreement with the model because it is supported by conservation, RNA-seq, and TopHat data. 

 
Each isoform produced a dot plot that shows homology between the predicted protein 

sequence based on the gene model and the orthologous protein from D. melanogaster. Also 

returned from the Gene Model Checker is the physical alignment between the predicted protein 

and orthologous protein (Figure 21 and Figure 22). All isoforms showed one continuous line in 

the dot plot, indicating no gaps or duplications. Regions that seem to be missing in the line are 

areas of low homology. These regions can be rationalized by RNA-seq and TopHat data. All 

models are very well anchored in the middle with highly conserved exons, as well as being 

anchored at the ends of the protein. The dot plots and alignments show that CG11155-PA/PD 

and CG11155-PB are well conserved between D. melanogaster and D. eugracilis. 

Figure 20: Gene Model Checker checklist warning for GC donor: Warning can be ignored because GC splice site 
predicted to be correct  
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Figure 21: Gene Model Checker dot plot and alignment 
for CG11155-PA: On the dot plot, the X-axis is D. 
melanogaster CG11155-PA and the Y-axis is the predicted 
polypeptide sequence of D. eugracilis’ CG11155-PA 
orthologue. For the alignment, “CG11155-PA” is the D. 
melanogaster CG11155-PA and “Submitted_Seq” is the 
predicted polypeptide sequence of D. eugracilis’ 
CG11155-PA orthologue. Fourteen exons are visualized. 
Alternating colors represents an exon change. 
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Figure 22: Gene Model Checker dot plot and alignment 
for CG11155-PB: On the dot plot, the X-axis is D. 
melanogaster CG11155-PB and the Y-axis is the 
predicted polypeptide sequence of D. eugracilis’ 
CG11155-PB orthologue. For the alignment, “CG11155-
PB” is the D. melanogaster CG11155-PB and 
“Submitted_Seq” is the predicted polypeptide sequence 
of D. eugracilis’ CG11155-PB orthologue. Fourteen 
exons are visualized. Alternating colors represents an 
exon change. 
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Overall, Feature 1 of Contig14 was identified to be orthologous to D. melanogaster 

CG11155. Isoforms A, B, and D were identified and annotated. Exon boundaries were 

determined and splice sites were located. Gene Model Checker verified the gene models. A 

summary of all the information on Feature 1 can be seen in Table 2. 

Isoform exon numbers Exon Information 

CG11155-

PA/-PD 

CG11155-

PB 

Final exon 

Coordinates 

Size of 

CDS 

(amino 

acids) 

% Identity to 

D. 

melanogaster 

Reading 

Frame 

Acceptor 

phase 

Donor 

phase 

1 1 840-842 1 100% +3  0 

2 2 893-1025 44 55% +2 0 1 

3 3 1088-1501 138 94% +1 2 1 

4 4 2029-2195 55 96% +3 2 0 

5 5 2842-2895 18 100% +1 0 0 

6 6 3016-3180 55 91% +1 0 0 

7 7 3242-3400 53 81% +2 0 0 

8 8 3571-3774 68 91% +1 0 0 

9 9 4499-4702 68 96% +2 0 0 

10 10 6097-6201 35 100% +1 0 0 

11 11 6315-6572 86 98% +3 0 0 

- 12 6692-7186 165 75% +2 0 0 

12 13 7984-8181 66 98% +1 0 0 

- 14 8541-8552 5 20% +3 0  

13 - 8951-9341 130 98% +2 0 1 

14 - 9403-9677 92 88% +3 2  

 

 

Table 2: Annotation summary of Feature 1 (CG11155 orthologue) 
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Feature 2 

 A similar protocol to the one described for Feature 1 was used to annotate the remaining 

features in Contig14. Six of the seven ab initio gene predictors predicted a gene in the area of 

Feature 2 (Figure 23). The Genscan gene predictor polypeptide sequence was used in a blastp 

search, comparing it (query) against all annotated proteins in D. melanogaster (subject). The 

results from the blastp search indicated that this feature is orthologous to the gene CG32017 

found in D. melanogaster. All of the isoforms of CG32017 have the lowest E-values and there is 

a significant difference between the E-values for CG32017 and the next highest protein (Figure 

24). In addition, CG32017 is found on the fourth chromosome. Therefore, this feature was 

annotated as an orthologue of CG32017 in D. melanogaster.  

Figure 23: USCS Genome Browser View of Feature 2: The top tracks that show gene names are blastx results aligning the D. 
eugracilis contig with D. melanogaster genes. The next set of tracks are ab initio gene predictors that predict likely genes by 
predicting introns and exons. The last set of tracks are RNA-seq data for this feature, the areas that are most conserved through 
neighboring Drosophila species, and RepeatMasker, which marks repetitive elements in the genome. Figure 24: BLASTp results 

from FlyBase for Feature 2: 
The predicted amino acid 
sequence from Feature 2 was 
compared to all annotated 
proteins of D. melanogaster 
using blastp on FlyBase.  
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 CG23017 has three isoforms: B, C, and D. The three isoforms have the same number of 

exons (six) and the same coding sequence, but differ in their 5’ UTRs (Figure 25). A series of 

blastx searches were conducted to create the putative gene model, using Contig14 as the query 

and each coding exon of CG32017 as the subject. The results are shown in Table 3. The start 

codon was located at positions 15,965-15,963 (Figure 1S).  

 

 

 

 

 

Isoform exon numbers blastx Results 

CG32017-PB/   -PC/-PD 

 

Query 

Coordinates 

Subject 

coordinates 

Reading 

Frame 

1 15965-15945 1-7 -3 

2 15594-15355 1-80 -2 

3 15290-15177 1-38 -3 

4 13961-13551 1-135 -3 

5 13484-13077 1-138 -3 

6 12578-12309 1-82 -3 

Figure 25: D. melanogaster Browser view of CG32017: The three isoforms of CG32017 are 
shown. All have the same coding sequences, but differ in their 5’ UTRs.  

Table	3: Summary of exon-by-
exon blastx searches: Unless 
otherwise indicated, all searches	
covered	entire	subject.	The	
query	sequence	was	Contig14	
while	the	subject	sequence	was	
each	exon	from	D.	
melanogaster. 
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This gene was very highly conserved in D. eugracilis. The entire sequence of each exon 

was covered by the query. Splice sites were easily identified using the query coordinates from 

the blastx search results. RNA-seq reads indicated continued expression past the predicted stop 

codon of the last exon, meaning that the exon could be extended (Figure 26). Upon further 

inspection, the initial ending of the exon was confirmed because the continued stretch of RNA-

seq reads (194 reads) corresponds to the 3’ UTR. In addition, no TopHat junctions supported the 

extension and the extension would have in-frame stop codons. 

Gene Model Checker 

With all exon boundaries defined and all splice sites located, the complete gene model for 

all three isoforms of CG32017 was confirmed using the GEP’s Gene Model Checker. Since all 

three isoforms have the same coding sequence, only the Gene Model Checker result for the B 

isoform is shown. The alignment and dot plot returned from Gene Model Checker comparing the 

Figure 26: End of Exon 6 of CG32017: RNA-seq reads continue at high numbers after the end of the exon. These RNA-seq 
reads likely correspond to the 3’ UTR, which, in CG32017, is attached to the sixth, and final, exon. In addition, to TopHat 
junctions are seen. The black arrow corresponds to the reading frame (-3). 
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D. eugracilis gene model with the D. melanogaster orthologue show that CG32017 is conserved 

between the species (Figure 27). Overall, Feature 2 was identified to be orthologous to D. 

melanogaster CG32017. All three isoforms of CG32017 were annotated and a gene model for 

CG32017 was verified. The final exon-by-exon annotation of CG32017 can be seen in Table 4.  

Isoform exon 

numbers 

Exon Information 

CG32017-PB/   

-PC/-PD 

 

Final exon 

Coordinates 

Size of CDS 

(amino 

acids) 

% Identity to 

D. 

melanogaster 

Reading 

Frame 

Acceptor 

phase 

Donor 

phase 

1 15965-15945 7 71% -3  0 

2 15594-15353 80 90% -2 0 2 

3 15291-15175 38 97% -3 1 2 

4 13962-13549 135 87% -3 1 2 

5 13485-13077 138 76% -3 1 0 

6 12578-12312 82 56% -3 0  

Figure 27: Gene Model Checker dot plot and alignment for CG32017-PB: On the dot plot, the X-axis is D. melanogaster 
CG32017-PB and the Y-axis is the predicted polypeptide sequence of D. eugracilis’ CG32017-PB orthologue. For the alignment, 
“CG32017-PB” is the D. melanogaster protein sequence and “Submitted_Seq” is the predicted polypeptide sequence of D. 
eugracilis’ CG32017-PB orthologue. Six exons are visualized. Alternating colors represents an exon change. 

Table 4: Annotation summary of Feature 2 (CG32017 orthologue) 
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Feature 3 

 All seven ab initio gene predictors predicted a gene in the area of Feature 3 (Figure 28). 

The SNAP gene predictor polypeptide sequence was used in a blastp search, comparing it (query) 

against all annotated proteins in D. melanogaster (subject). The results from the blastp search 

indicated that this feature is orthologous to the gene Kif3C found in D. melanogaster. Kif3C-PA 

has the lowest E-value and there is a significant difference between the E-value for Kif3C-PA 

and the next highest protein (Figure 29). In addition, Kif3C is found on the fourth chromosome. 

Therefore, this feature was annotated as an orthologue of Kif3C in D. melanogaster.  

 

Figure 28: USCS Genome Browser View of Feature 3: The top tracks that show gene names are blastx results aligning the D. 
eugracilis contig with D. melanogaster genes. The next set of tracks are ab initio gene predictors that predict likely genes by 
predicting introns and exons. The last set of tracks are RNA-seq data for this feature, the areas that are most conserved through 
neighboring Drosophila species, and RepeatMasker, which marks repetitive elements in the genome. 

Figure 29: BLASTp results from FlyBase for Feature 3: The predicted amino acid sequence from Feature 2 was 
compared to all annotated proteins of D. melanogaster via blastp on FlyBase. Kif3C was identified as the orthologue. 
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 In D. melanogaster, Kif3C has only one isoform with five exons (Figure 30). This single 

isoform was annotated. To create the putative gene model of Kif3C, a series of two-sequence 

blastx searches were conducted.  Contig14 was used as the query and each coding exon of Kif3C 

was used as the subject. The results are shown in Table 5. The start codon was located at 

positions 19,295-19,297 (Figure 2S). 

 

 

 
 

 
 

Isoform exon numbers blastx Results 

Kif3C-PA Kif3C-PB Query 

Coordinates 

Subject 

coordinates 

Reading 

Frame 

1 1 19295-19357 1-21	(of	24)	 +2	

2 2 20194-20418 1-75 +1 

3 3 21831-22436 1-202 +3 

4 4 22495-23280 1-261	(of	272) +1 

5 - 25042-25161 1-40	(of	76) +1 

- 5 Unable to conduct blastx search 

- 6 Unable to conduct blastx search 

Figure 30: D. melanogaster GBrowse view of Kif3C: D. melanogaster shows only one isoform of 
Kif3C: Kif3C-PA.   

Table 5: Summary of exon-by-
exon blastx searches for Kif3C: 
Note that blastx searches were 
not able to be conducted for 
exons 5 and 6 of isoform B 
because isoform B does not exist 
in D. melanogaster. Unless 
otherwise indicated, all searches 
covered entire subject. The query 
sequence was Contig14 while the 
subject sequence was each exon 
from D. melanogaster. 
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 Only two of the five exons were completely covered by the query sequence. Exons one, 

four, and five had the ends of their exons truncated in the blastx searches. The exon-by-exon 

annotations for the first four exons were straightforward. For exon five, the query coordinates 

from the blastx search did not align with a stop codon or an end of RNA-seq reads. As seen in 

Figure 31, a stop codon is located downstream of the end point identified by the ab initio gene 

predictors. The stop codon is also in a location with fewer RNA-seq reads than the predicted 

areas. To coincide with the D. melanogaster Kif3C model, exon five was extended to this stop 

codon, even though it seemed favorable to end the exon earlier. Further analysis of the data near 

this area indicated the presence of a novel isoform of Kif3C not found in D. melanogaster, 

hereafter referred to as Kif3C-PB, or isoform B.   

Figure 31: End of exon 5 of Kif3C: This view illustrates the end of exon 5 in isoform A and B. The blue box corresponds 
to the stop codon at the end of exon 5 of isoform A. The yellow box corresponds to the donor splice site (phase 0) of exon 
5 of isoform B. This splice site aligns with a decrease in RNA-seq reads, TopHat junctions, and ab initio gene predictors. 
The black arrow signifies the reading frame (+1).  
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Annotation of novel isoform 

Further inspection of this area revealed the potential of a sixth exon in Kif3C (Figure 32). 

There is a decrease in RNA-seq reads after the fifth exon, followed by an increase in RNA-seq 

reads that do not correspond to a conserved region (Figure 32, green box). Four ab initio gene 

predictors predicted a sixth exon in this region (Figure 32, red box). In addition, TopHat 

junctions from adult males (JUNC334), adult females (JUNC196), and mixed embryos 

(JUNC585) indicate the presence of an intron between these two regions (Figure 32, blue boxes). 

Therefore, this region is likely a sixth exon of a Kif3C isoform in D. eugracilis.  

Figure 32: Annotating Kif3C-PB: The boxed data in the figure support the annotation of the B isoform, which is not present in 
D. melanogaster. The red box corresponds to the ab initio gene predictors that predict the sixth exon. The green box corresponds 
to the RNA-seq reads. The blue boxes correspond to the TopHat junctions that indicate an intron between the exons.  
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To determine if the B isoform was novel to D. eugracilis, a blastp search comparing the 

sixth exon of the B isoform to all annotated proteins in Drosophila was carried out (Figure 33). 

The results indicated that other Drosophila species likely have Kif3C-PB. While the E-values are 

relatively high for all species besides D. eugracilis, they are much lower than the E-value for D. 

melanogaster. This indicates that while exon six may be present in other Drosophila species, it 

definitely is absent from D. melanogaster.  

Figure 33: blastp search for sixth exon of Kif3C-PB: The sixth exon of Kif3C-PB (query) was compared to all 
annotated proteins in Drosophila. The results show that the B isoform is missing from D. melanogaster, but may 
be present in other Drosophila species.   

Figure 34: Drosophila elegans browser view of Kif3C: Evidence from the ab initio gene predictors, RNA-seq reads, and 
TopHat junctions show that the B isoform is present in D. elegans, meaning it is not unique to D. eugracilis. The black box 
highlights the evidence used and the region corresponding to the sixth exon of the B isoform.  
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Kif3C’s analogous region in Drosophila elegans was surveyed to see if the B isoform 

existed in other Drosophila species. Examining this region showed evidence of the B isoform’s 

sixth exon (Figure 34). Four ab initio gene predictors predict the sixth exon. In addition, RNA-

seq reads (35 total) and TopHat junctions provide evidence of the sixth exon. Therefore, the B 

isoform is not unique to D. eugracilis, but it is absent in D. melanogaster.  

The analogous region of the sixth exon of the B isoform was inspected in D. 

melanogaster to confirm the absence of the isoform in that species. Examining this region 

revealed a transposable element (DNA transposon) in the area where the sixth exon should be 

(Figure 35). The transposon now sits in the 3’ UTR of the A isoform. The RepeatMasker track 

shows that this transposon is not present in the analogous region in D. eugracilis (Figure 28). 

This evidence indicates a potentially recent evolutionary event that resulted in the loss of the B 

isoform from D. melanogaster while it remains present in other Drosophila species.  

 To confirm the B isoform as a feasible isoform of Kif3C, donor and acceptor splice sites 

were identified. The donor splice site after exon five is located at positions 25,237-25,238 and is 

a phase 0 donor site (Figure 31, yellow box). The donor splice site aligns with the end of the ab 

initio gene predictors, a decrease in RNA-seq reads, and TopHat junctions. Figure 36 illustrates 

Figure 35: D. melanogaster browser view of analogous region to Kif3C-PB: The red box indicates a transposable element 
(DNA transposon) that is in the region where the sixth exon of the B isoform is in D. eugracilis. The presence of this 
transposon likely represents an evolutionary event that saw the loss of the B isoform.  
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that the predicted sixth exon is feasible because the third reading frame has no in frame stop 

codons and a stop codon is located at the end of the exon predicted by the ab initio gene 

predictors.  

Figure 36: Sixth exon of B isoform: Only the third reading frame has a stop codon in the correct position. The 
black arrow corresponds to the reading frame (+3). The green box highlights the coding sequence of the sixth 
exon, followed by a stop codon.  

Figure 37: Acceptor splice site before sixth exon of B isoform: The acceptor splice site (AG) is a phase 0 
acceptor site, which is in accordance with the phase 0 donor site after exon 5. The acceptor site also proceeds 
evidence (RNA-seq, TopHat) that indicates the sixth exon. 
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The acceptor splice site before exon six is located at positions 25,522-25,523 and is a 

phase 0 acceptor site (Figure 37). The acceptor site aligns with an increase in RNA-seq reads, the 

beginning of four ab initio gene predictors, and abundant TopHat junctions. The acceptor and 

donor sites are in accordance, as both are phase 0. Therefore, the sixth exon can be properly 

spliced in with the preceding five exons, providing further evidence that the B isoform is 

apparent in D. eugracilis.  

Gene model checker 

With all exon boundaries defined and all splice sites located, the complete gene model for 

the two isoforms of Kif3C was confirmed using the GEP’s Gene Model Checker. The alignment 

and dot plot returned from Gene Model Checker comparing the D. eugracilis gene model with 

the D. melanogaster orthologue show that Kif3C-PA is mostly conserved between the species 

Figure 38: Gene Model Checker dot plot and alignment for Kif3C-PA: On the dot plot, the X-axis is D. melanogaster Kif3C-
PA amino acid sequence and the Y-axis is the predicted polypeptide sequence of D. eugracilis’ Kif3C-PA orthologue. For the 
alignment, “Kif3C-PA” is the D. melanogaster Kif3C-PA and “Submitted_Seq” is the predicted polypeptide sequence of D. 
eugracilis’ Kif3C-PA orthologue. Six exons are visualized. Alternating colors represent an exon change. 
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(Figure 38). Due to the fact that the B isoform amino acid sequence is not present in D. 

melanogaster, a dot plot and alignment could not be made on Gene Model Checker. The gene 

model checklist for Kif3C-PB shows that the splice sites are in alignment (Figure 39). Overall, 

Feature 3 was identified to be orthologous to D. melanogaster Kif3C. The A isoform was 

annotated in D. eugracilis, but a novel isoform not present in D. melanogaster (Kif3C-PB) was 

identified and annotated. The final exon-by-exon annotation of Kif3C can be seen in Table 6.  

 

Isoform exon numbers Exon Information 

Kif3C-PA Kif3C-PB Final exon 

Coordinates 

Size of 

CDS 

(amino 

acids) 

% Identity to 

D. 

melanogaster 

Reading 

Frame 

Acceptor 

phase 

Donor 

phase 

1 1 
19295-19366 

24 95% +2  0 

2 2 
20194-20418 

75 90% +1 0 0 

3 3 
21831-22436 

202 89% +3 0 0 

4 4 
22495-23315 

272 82% +1 0 2 

5 - 
25041-25245 

76 85% 
+1 

1  

- 5 
25041-25236 

73 78% +1 1 0 

- 6 
25524-25640 

39 N/A +3 0  

Figure 39: Gene Model Checker checklist for 
Kif3C-PB: All splice sites are in accordance. The 
warning at the end of the checklist appears 
because the Kif3C-PB isoform is not present in D. 
melanogaster.  

Table 6: Annotation summary of Feature 3 (Kif3C orthologue) 
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Feature 4 

 Four of the seven ab initio gene predictors predict a gene that covers the entire area of 

Feature 4 (Figure 40). Two of the seven ab initio gene predictors only cover half of the feature. 

The Genscan polypeptide sequence was used in a blastp search, comparing it (query) against all 

annotated proteins in D. melanogaster (subject). The results from the blastp search indicated that 

this feature is orthologous to the gene pho found in D. melanogaster. Both isoforms of pho have 

the lowest E-values and there is a significant difference between the E-values for the pho 

isoforms and the next highest protein (Figure 41). In addition, pho is found on the fourth 

chromosome. Therefore, this feature was annotated as an orthologue of pho in D. melanogaster. 

 

Figure 40: USCS Genome Browser View of Feature 4: The top tracks that show gene names are blastx results aligning 
the D. eugracilis contig with D. melanogaster genes. The next set of tracks are ab initio gene predictors that predict likely 
genes by predicting introns and exons. The last set of tracks are RNA-seq data for this feature, the areas that are most 
conserved through neighboring Drosophila species, and RepeatMasker, which marks repetitive elements in the genome. 

Figure 41: BLASTp results from FlyBase for Feature 4: The predicted amino acid sequence from Feature 4 was 
compared to all annotated proteins of D. melanogaster via blastp on FlyBase. pho was identified as the orthologue 
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As previously mentioned, there are two isoforms of pho: pho-PA and pho-PB. The two 

isoforms have the same number of exons (six) and identical coding sequences. The isoforms 

differ only by their 5’ UTRs (Figure 42). To create the putative gene model of pho, a series of 

two-sequence blastx searches was conducted. Contig14 was used as the query and each coding 

exon of pho was used as the subject. The blastx results for each search can be seen in Table 7. 

The start codon was located at positions 31,184-31,182 (Figure 3S). 

 

 

 

 

 

 

 

Isoform exon numbers blastx Results 

pho-PA/-PB Query 

Coordinates 

Subject 

coordinates 

Reading 

Frame 

1 31184-31095 1-29 (of 30) -3 

2 30453-30322 1-46 -2 

3 30246-29515 1-256 -2 

4 29422-29153 1-96 -1 

5 27389-27273 1-29 -3 

6 27186-27040 1-49 -2 

Figure 42: D. melanogaster GBrowse view of pho: D. melanogaster shows two isoforms of pho 
that differ in their respective 5’ UTRs. pho-RA has a larger first exon that encompasses pho-RB’s 
first exon. Both isoforms have the same TSS.  
 ‘’ 

Table	7: Summary of exon-by-
exon blastx searches: Unless 
otherwise indicated, all 
searches	covered	entire	
subject.	The	query	sequence	
was	Contig14	while	the	subject	
sequence	was	each	exon	from	
D.	melanogaster. 
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The coding exons of pho were well conserved between D. eugracilis and D. 

melanogaster. Only a single nucleotide of the first coding exon was not covered by the query 

(Table 7). Splice sites were easily identified using the query coordinates from the blastx search 

results. Since pho was highly conserved between the species, there were no areas that were 

difficult to annotate.  

Gene Model Checker 

With all exon boundaries defined and all splice sites located, the complete gene model for 

the two isoforms of pho was confirmed using the GEP’s Gene Model Checker. Since both 

isoforms have the same coding sequence, only the Gene Model Checker result for isoform A is 

shown. The alignment and dot plot returned from Gene Model Checker comparing the gene 

model with the orthologue show that pho is conserved between the species (Figure 43). The gaps 

in the dot plot can be defended by RNA-seq and TopHat data. Overall, Feature 4 was identified 

to be orthologous to D. melanogaster pho. Both isoforms of pho were annotated and a gene 

model for pho was verified. The final exon-by-exon annotation of pho can be seen in Table 8.  

Isoform exon 

numbers 

Exon Information 

pho-PA/-PB 

 

Final exon 

Coordinates 

Size of CDS 

(aa) 

% Identity to            

D. melanogaster 

Reading 

Frame 

Acceptor 

phase 

Donor 

phase 

1 31076-31184 30 76% -3  1 

2 30320-30470 46 65% -2 2 2 

3 29514-30259 256 68% -2 1 1 

4 29151-29448 96 94% -1 2 2 

5 27271-27390 39 100% -3 1 1 

6 27043-27187 49 87% -2 2  

 

Table 8: Annotation summary of Feature 4 (pho orthologue) 
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Further analysis on pho orthologue 

 The pho orthologue in Contig14 was chosen for further analysis to determine the 

evolution of the gene and the conservation of the important domains of pho through other 

species. The gene pho encodes the protein pleiohomeotic (pho), a DNA-binding protein that 

binds to Polycomb Response Elements in chromatin. pho is necessary for the recruitment of 

Polycomb group proteins to chromatin. Polycomb group proteins bind to regulatory regions of 

genes and are associated with transcriptional silencing. Therefore, pho too is a transcriptional 

repressor. Through various assays, pho was determined to bind to DNA and chromatin and be 

involved in negative regulation of genes and topological changes of DNA. Specifically, pho has 

several zinc-finger domains, a universal DNA-binding domain that appears in many proteins 

involved in DNA-binding (Harrison, 1991). To determine the evolution of pho and visualized the 

Figure 43: Gene Model Checker dot plot and alignment 
for pho-PA: On the dot plot, the X-axis is D. melanogaster 
pho-PA and the Y-axis is the predicted polypeptide 
sequence of D. eugracilis’ pho -PA orthologue. For the 
alignment, “pho -PA” is the D. melanogaster pho -PA and 
“Submitted_Seq” is the predicted polypeptide sequence of 
D. eugracilis’ pho -PA orthologue. Six exons are 
visualized. Alternating colors represents an exon change. 
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conserved protein domains of pho, Clustal Omega multiple sequence alignments and Phyre 

predictions were conducted.  

Gene Evolution 

 A Clustal Omega multiple sequence alignment (MSA) was conducted to align the protein 

sequence of the D. eugracilis pho model with pho sequences of other species. To choose with 

which species to align D. eugracilis with, a blastp search was conducted with the predicted 

protein sequence of pho (subject) against the annotated proteins database (query). The search 

identified species’ pho proteins which aligned with D. eugracilis’ pho. Six species were chosen 

for the Clustal analysis: D. melanogaster (as a control), Bactrocera oleae (olive fruit fly), 

Rhagoletis zephyria (tephritid), Acyrthosiphon pisum (pea aphid), Bombyx mori (silkworm), 

Tribolium castaneum (red flour beetle), Pseudomyrmex gracilis (elongated twig ant). These 

species were chosen because they were close enough to D. eugracilis phylogenetically so they 

were more likely to have conserved regions, but far enough away so that differences between 

species would be seen (Figure 44). A MSA generated by BLAST highlighted the important zinc-

finger domains at the end of the protein sequence, and showed that these domains were 

conserved through the species (Figure 45). The repeating H2C2 motif is characteristic of a zinc-

finger domain. In addition, this collection of zinc-finger domains belongs to the COG5048 

domain superfamily.  

Figure 44: Clustal alignment tree: This phylogenetic tree highlights the relative distance between the species chosen 
for Clustal MSA. D. melanogaster is very closely related to D. eugracilis and was added to the MSA as a control. 
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A Clustal alignment with the six chosen species and pho from the D. eugracilis gene 

model was conducted (Figure 48A). The MSA showed the conservation of the zinc-finger 

domain (Figure 48C). The MSA also indicated a conserved region that did not correspond to a 

known domain (Figure 48B). In addition, a smartBLAST search was conducted, comparing the 

pho predicted sequence against all model organisms. The smartBLAST MSA showed that while 

the zinc-finger domains were conserved between all species, the mystery domain was lost 

(Figure 47). Overall, the important zinc-finger DNA binding domain of pho was conserved 

through all investigated species.  

 

Figure 45: Zinc-finger domains of pho: As a 
result from the blastp MSA, the zinc-finger 
domains of the COG5048 superfamily were 
identified in pho and showed to be conserved 
through the other species. 

Figure 47: smartBLAST MSA of pho against model organisms: The red region indicates the conservation of the zinc-
finger DNA binding domain of pho across the five modal organisms investigated (Homo sapiens, Mus musculus, 
Arabidopsis, D. melanogaster, and Danio rerio) 
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Figure 48: Clustal MSA of pho: A: Clustal Omega MSA 
showing conserved domains between D. eugracilis and the other 
six chosen insect species. The green box indicates the 
conservation of the zinc-finger DNA binding domain. The black 
box indicates the conservation of an unknown motif. | B: 
Alignment of the unknown motif. | C: Alignment of the zinc-
finger domain. 

A 

B 

C 
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Phyre predicted structure analysis 

 A Phyre2 protein structure prediction was constructed to determine if the protein 

structure of pho in D. eugracilis would show the structural motifs of DNA binding proteins. 

Phyre2 is a protein structure prediction algorithm that incorporates homology as part of the 

structure prediction. The predicted amino acid sequence of pho-PA was used as the Phyre2 

submission sequence. The top four results had a 99.9 confidence score (Figure 49). The top 

structure predicted that the sequence would form a methyltransferase domain while the next 

three results predicted that the sequence would form a zinc-finger domain. Based on the previous 

studies of pho, the top result that predicted the methyltransferase domain was ignored. In 

addition, the top zinc-finger result (#2 in Figure 49) was chosen as 

the predicted protein structure. The alignment region of the results 

shows that the most covered domain is the region around the zinc-

finger domain. These results indicate that the zinc-finger domain is 

well modelled in the predicted sequence of pho in D. eugracilis. 

The predicted structure of pho is seen in Figure 50.  

Figure 49: Phyre2 results for pho: The top four results all had a 99.9 confidence score. The top hit predicted a 
methyltransferase domain while the next three results predicted a zinc finger domain. Under “Alignment Coverage,” the red 
bar indicates the aligned region, which is the region where the zinc-finger domain was found from the MSAs. 

Figure 50: pho protein structure from Phyre2  
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Transcription Start Site (TSS) Annotation 

TSS annotation of pho orthologue 

 One of the areas of interest in investigating the F element of Drosophila species is 

uncovering characteristics of the transcription start sites (TSSs) of genes that are actively 

transcribed in a heterochromatic environment. Using a hypothesis that genes functioning in a 

heterochromatic environment will have shared characteristics, comparative analyses can be 

conducted with the genes and TSSs of the F element. In addition, core promoter motifs of these 

genes can be identified to ascertain possible modes of regulation. As a part of the annotation 

process, the TSS of the pho orthologue in Drosophila eugracilis was identified. 

 The TSS of pho in D. melanogaster was characterized before annotating the TSS in D. 

eugracilis. There are two isoforms (RA and RB) of pho in D. melanogaster; they differ only by 

the first exon in the 5’ untranslated region (UTR) (Figure 51). The A isoform has a first exon that 

is 261 bp while the first exon of the B isoform is only 39 bp. Viewing the two isoforms in D. 

melanogaster GBrowse showed that, while their respective first exons are different, the isoforms 

share a TSS (Figure 52A). The first exon of pho-RA encompasses the entirety of the first exon of 

pho-RB (Figure 52B). Since the two isoforms share a TSS, only one TSS needed to be annotated. 

Figure 51: Gene Record Finder exon usage map for pho in D. melanogaster: As seen in the figure, pho-RA and 
pho-RB differ only by their first exon.  
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 Knowing that only a single TSS is present for pho, the TSS of pho in D. melanogaster 

was characterized. In Drosophila, core promoters can be classified into three different types 

based on the number of TSSs annotated by the Celniker group of modENCODE and the number 

of DNAse I hypersensitivity sites (DHSs): peaked promoters, intermediate promoters, or broad 

promoters. A DHS is a region where DNAse I is observed to cut the chromatin preferentially. 

These regions correspond to DNA sequences that are nucleosome free (not wrapped around 

histones), meaning they are open for RNA polymerase and transcription initiation. The TSS 

annotation protocol classifies a core promoter as a certain type, based on the of TSSs and DHSs. 

Peaked promoters have a single TSS and a single DHS (or just one of either). Intermediate 

promoters have one (or fewer) TSS but many DHSs or one (or fewer) DHSs but many TSSs. 

Figure 52: GBrowser view of pho in D. melanogaster: A: View of pho transcript, showing the difference in the 5’ 
UTR between the isoforms | B: A zoomed in view of Figure 52A, showing that the two isoforms share a TSS. The 
orange part of the transcript corresponds to the coding region while the gray part corresponds to the UTR. 
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Broad promoters have more than one TSS and more than one DHS. Data from the modENCODE 

project and FlyBase were used to determine the number of TSSs and DHSs that the core 

promoter for pho has in D. melanogaster (Figure 53). In addition, the 9-state chromatin model 

for Drosophila was used to identify likely regions with active promoters and TSSs.  

 Investigating the region upstream of the 5’ UTR of pho in D. melanogaster reveals a TSS 

identified by the Celniker group at modENCODE (Figure 53, black arrow). In addition, the BG3, 

S2, and Kc cells all have a single DHS in the same region, indicating a peaked promoter (Figure 

53, red box). All three cell lines also show a sizable spike in DHS read density near the DHSs. 

Finally, the 9-state model classifies this region as state 1, which corresponds to the “Active 

promoter/TSS” state. Further analysis on this region shows that the DHS and TSS do not align 

(Figure 54). CAGE and RAMPAGE data were used to resolve this discrepancy. The CAGE and 

RAMPAGE read densities showed peaks, possible TSSs, slightly downstream of the annotated 

TSS and in the same region as each other. In addition, the combined RAMPAGE and CAGE data 

show a wide region for TSSs. While the region had only one previously annotated TSS, the 

Figure 53:  D. melanogaster browser view of TSS and promoter for pho: Upstream of the 5’ UTR of pho is a single TSS 
(identified by the black arrow) and DHS (identified by the red box). The green box highlights the TSS, DHS, DHS read density 
peaks, and 9-state model. 
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promoter was classified as a broad promoter due to the RAMPAGE and CAGE data. While it is a 

broad promoter, the evidence shows that it likely has one well-defined TSS as well as several 

clustered TSSs. The RAMPAGE data illustrates this well-defined TSS (Figure 55). It is very 

likely that this distinct TSS is the TSS reported by the modENCODE project, as seen in Figures 

53 and 54. Therefore, this isolated TSS was sought and a TSS search region was defined in D. 

eugracilis to cover the more clumped TSSs.  

 

Figure 54:  D. melanogaster browser view of TSS and broad promoter: Upstream of the 5’ UTR of pho is a single reported TSS 
(black arrow). The green box highlights the CAGE data showing potential peaks of TSSs downstream of the Celniker TSS. The 
blue box highlights the RAMPAGE data.  



Greene	 56	

 

 

 

 

 

 

 

 

 

 

 

 

 
With the TSS and promoter of pho in D. melanogaster characterized, the TSS of pho in 

D. eugracilis could be addressed. First, a blastn search was conducted to map the 5’ UTR from 

pho in D. melanogaster to D. eugracilis, anticipating conservation. As previously mentioned, the 

first exon of the 5’ UTR of pho-RA encompasses the entirety of the first exon of pho-RB. 

Figure 55:  D. melanogaster 
GBrowse image of the pho 5’ 
UTR: RAMPAGE data for 
TSSs in different embryonic 
stages. The green box 
highlights the well-defined 
isolated TSS that likely 
corresponds to the TSS from 
the Celniker data. While it 
does not affect the analysis in 
this report, it is important to 
note that there is a glitch on 
GBrowse where the 
RAMPAGE track coordinates 
are off by one base pair  
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Therefore, the blastn search was conducted using the first exon of the 5’ UTR of pho-RA as the 

query (coordinates in D. melanogaster: 1,181,628-1,181,368) and Contig14 as the subject 

(Figure 56). To increase the sensitivity of the blastn search, the word size was changed to seven, 

the Match/Mismatch scores were changed to 1/-1, the gap costs were changed to Existence: 2/ 

Extension: 1, and the low complexity filter was turned off.  

 
 The blastn search revealed that the first 170 nucleotides (except for the first three) of the 

261 nucleotides in the exon were conserved in Contig14. It is not surprising that only a portion of 

the exon from D. melanogaster was conserved in D. eugracilis because UTRs are normally not 

well conserved between species. This conserved region of the first exon in the 5’ UTR mapped 

to positions 31704-31547 in the contig, indicating the estimated location of the TSS (Figure 

57A). There is a region with high RNA-seq read coverage that likely corresponds to the first 

exon of the 5’ UTR (Figure 57B). This evidence provides more support that this region is a good 

candidate for finding the TSS. The estimated location of the TSS (31,704) had only 2 RNA-seq 

reads upstream of it. To solidify position 31,704 as a TSS position within the broad promoter, the 

surrounding region was searched for core promoter motifs. 

Figure 56: blastn search result using the first exon of the 5’ UTR of pho-RA (query) and Contig14 (subject) 
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 Upon searching for core promoter motifs, the only motif found that aided in locating the 

TSS was a TATA box at position 31,735 (Figure 58). A TATA box was not located in the 

orthologous region in D. melanogaster. A full list of all motifs found in the region (±300 bp 

from 31,700 and the orthologous region in D. melanogaster) is shown in Table 1. The TATA 

box is a core motif where the TATA binding protein binds to initiate transcription and is 

normally found 30-31 bases upstream of the TSS. Based on this assumption, the TSS should be 

found at position 31,704 (31,735-31). This position corresponds to the predicted TSS from the 

blastn search. Therefore, position 31,704 was deemed the TSS for the pho orthologue in D. 

eugracilis. In addition, a wide search region for the TSS was defined. The wide search region 

was defined from the middle to the end of the RNA-seq reads predicting the first exon of the 5’ 

Figure 57: blastn search result in D. eugracilis browser: A: blastn subject coordinates (black box) in the D. eugracilis browser, 
indicating the likely TSS region. The blue arrow corresponds to the mapped TSS| B: Zoomed out view of Figure 57A showing RNA-
seq reads and TopHat junctions that indicate the first exon in the 5’ UTR. The green box highlights the entire region with the bump in 
RNA-seq reads and TopHat junctions. The black box indicates the region conserved with D. melanogaster based on the blastn results.  
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UTR (Figure 59). This wide search region covers both the annotated TSS and the multiple 

clumped TSSs farther downstream as predicted by CAGE and RAMPAGE in D. melanogaster. 

In summary, a broad promoter with one well-defined TSS was annotated in the pho orthologue in 

D. eugracilis and a wide TSS search region was defined.  

 

Figure 58: TATA box located near the predicted TSS for pho: A: The green box highlights the TATA box, which is on the 
negative strand, as is pho. The TATA box is located 31 base pairs upstream of the putative TSS. 

Figure 59: Wide search region for TSS and predicted TSS location: The black box highlights the wide search region for the TSS, 
covering the entire first exon in the 5’ UTR, based off the RNA-seq reads. The green line highlights the annotated TSS at position 31,704 
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Core promoter motif D. eugracilis D. melanogaster 
BREu NA NA 
TATA Box -31,735 -1,181,571 
BREd -31,425, -31,429, -31,443, -31,492, 

-31502, -31,533, -31,623, -31,634, 
-31,636, -31,679, -31,715, -31,767, 
-31779, -31,840, -31,919 
 

-1,181,463, -1,181,600, -1,181,588, 
-1,181,669, -1,181,702, -1,181,799, 
-1,181,939, -1,181,941 

Inr -31,995 -1,181,591 
MTE NA NA 
DPE -31,665 -1,181,593, -1,181,707 
Ohler_motif1 NA NA 
DRE NA NA 
Ohler_motif5 NA NA 
Ohler_motif6 NA NA 
Ohler_motif7 NA NA 
Ohler_motif8 NA NA 
	

TSS annotation of Kif3C orthologue 

 A protocol similar to that used for the TSS annotation of pho was used to annotate the 

TSS of Kif3C. The previous annotation of the Kif3C gene in D. eugracilis showed that two 

isoforms exist in D. eugracilis while only one isoform exists in D. melanogaster. The annotation 

of the TSSs for both isoforms in D. eugracilis is based on the hypothesis that the two isoforms 

only differ in their 3’-most coding exons and 3’ UTRs, not their TSSs or 5’ UTRs. Therefore, 

only a single TSS was annotated for Kif3C.  

 The TSS of Kif3C in D. melanogaster was annotated first. Inspection of this area revealed 

one previously annotated Celniker TSS and no DHSs near the beginning of the gene (Figure 60, 

black arrow). In addition, there were no peaks in DHS read density. The 9-state model classifies 

this region as heterochromatic, indicating that Kif3C may not be highly expressed in these cell 

types. The modENCODE CAGE and RAMPAGE data indicated a single region where a TSS 

Table 9: Core promoter motifs identified: All motifs found +/- 300 base pairs from TSS are shown in Table 1. 
Motif locations that are highlighted were used in identifying the TSS. 
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was likely but had only two small peaks in this region on the positive strand. Because a single 

TSS had already been annotated, Kif3C was classified as having a peaked promoter.  

 To determine the location of the TSS in D. eugracilis, a blastn search (parameters 

described above) was conducted to identify conservation between the 5’ UTR of Kif3C of D. 

eugracilis and D. melanogaster. The 5’ UTR of Kif3C is connected to the first coding exon 

(Figure 30). Therefore, the first exon (Kif3C:1 – coordinates in D. melanogaster = 1,147,466-

1,147,618), which included the 5’ UTR, was used in the blastn search. In the blastn search, the 

query was Kif3C:1 and the subject was Contig14. The blastn search covered the entire exon, 

including the coding sequence, except for the first two nucleotides (Figure 61). The conserved 

Figure 60: Kif3C peaked promoter in D. melanogaster: Upstream of the 5’ UTR is a single Celniker TSS that corresponds 
with a single RAMPAGE TSS and CAGE data. This evidence was used to classify the promoter as a peaked promoter. The 
black arrow points at the Celniker TSS. The green box highlights the RAMPAGE and CAGE data.  
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region mapped to positions 19211-19366. The previous annotation of the Kif3C orthologue 

showed that the first coding exon was at positions 19295-19366, which overlaps with the 

conserved area returned in the blastn search. Therefore, positions 19211-19294 likely constitutes 

the 5’ UTR, with the TSS being at position 19209 (Figure 62). Position 19209 can be 

extrapolated by adding the missing two nucleotides from the beginning of the blastn search. 

There are 10 RNA-seq reads upstream of the putative TSS, indicating that the 5’ UTR should be 

extended farther upstream. However, these extraneous RNA-seq reads likely correspond to the 5’ 

UTR of CG32017, which overlaps with the 5’ UTR and coding sequence of Kif3C (Figure 30). 

Therefore, these reads can be ignored and the TSS can be identified at position 19209. To ensure 

that the TSS is identified in this annotation, a narrow TSS search region was defined from 

slightly upstream of the blastn search to immediately preceding the first coding exon, which is 

positions 19200-19294 (Figure 62, green box). After the TSS had been identified, the area 300 

base pairs upstream and downstream of the TSS were searched for core promoter motifs. No core 

promoter motifs that helped annotate the TSS were identified. A complete list of all core 

promoter motifs located is shown in Table 10.  

 

 

Figure 61: blastn search result using the first exon of Kif3C (query) and Contig14 (subject) 
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Core	promoter	motif	 D.	eugracilis	 D.	melanogaster	
BREu	 NA	 NA	
TATA	Box	 NA	 NA	
BREd	 +18940, +19155, +19159, +19170, 

+19231, +19234, +19248, +19251, 
+19270, +19272 

+1,147490,	+1,147,565,	
+1,147,627,	+1,147,680,	
+1,147,711,	+1,147,713,	
+1,147,718	

Inr	 +19412 +1,147,254,	+1,147,340	
MTE	 NA	 NA	
DPE	 +19095, +19268, +19311, +19497 +1,147,216,	+1,147,309,	

+1,147,564	
Ohler_motif1	 NA	 NA	
DRE	 NA	 NA	
Ohler_motif5	 NA	 NA	
Ohler_motif6	 NA	 NA	
Ohler_motif7	 NA	 NA	
Ohler_motif8	 NA	 NA	

Figure 62: Narrow search region for TSS and predicted TSS location: The green box highlights the narrow search region for 
the TSS, covering the entire 5’ UTR. The blue line highlights the annotated TSS at position 19,209. 

Table 10: Core promoter motifs identified: All motifs found +/- 300 base pairs from TSS are shown in Table 10. 
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Synteny 

 A synteny investigation was conducted on Contig14 and the orthologous region in D. 

melanogaster to determine if the genes in this region remain in the same order and orientation 

between species. Synteny is the physical location and order of genes in the genome. By 

comparing the synteny between Contig14 and D. melanogaster, further observations about any 

genomic changes can be seen. Analyzing the orthologous region of Contig14 in D. melanogaster 

showed that CG1155 and Kif3C are on the positive strand while CG32017 and pho are on the 

negative strand (Figure 63). The direction and order of these genes are arbitrary, as the relation 

between the centromere and contig is not known. Therefore, only this set of genes needs to be 

compared to the orthologous region in D. melanogaster. The order of the genes is seen in Figure 

63. The orthologous region in D. melanogaster had no ncRNAs or other unusual elements that 

appear and the ab initio gene predictors did not predict any other features besides the four genes.  

In addition, no ncRNAs were found in Contig14. Figure 64 shows the order of the four genes and 

Figure 63: Orthologous region to Contig14 in D. melanogaster: All four genes are in synteny with their 
respective orthologues in Contig14. The order of the genes is also completely syntenic.  

Figure 64: Contig14 gene map: All four genes are on the same strand as their orthologue and are in the same order as seen in D. 
melanogaster, and therefore are completely syntenic  
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which strand they are on. All four genes are completely syntenic with their orthologues in D. 

melanogaster. Thus, Contig14 is completely syntenic with the orthologous region in D. 

melanogaster.  

Repeat Analysis 

 Contig14 was analyzed for repetitive elements that existed in addition to annotating all of 

the genes. By analyzing repetitive elements, Contig14 could be searched for remnants of 

transposable elements (TEs). To help determine the differences between the dot chromosome of 

D. melanogaster and D. eugracilis, elements that were classified as repeats by RepeatMasker 

were compared between species. RepeatMasker marked 5861/32,500bp (18.03% of entire 

contig) as repetitive elements (Figure 65). Of these base pairs, 4269/5861bp (72.8% of repeats) 

were marked as unclassified repeats. In addition, there was one LINE element (0.02% of repeats) 

and three DNA transposable elements (25% of repeats). All repeats found in Contig14 that were 

greater than 500bp are given in Table 11. Compared to D. melanogaster, Contig14 had many 

fewer repeats. Contig14 had three repeats larger than 500bp while the orthologous region in D. 

melanogaster had 16 repeats larger than 500bp (Figure 66). In addition, Contig14 was 18.03% 

repetitive elements while the orthologous region in D. melanogaster was slightly over 50% 

repetitive elements. Throughout the dot chromosome, D. melanogaster has 33% repetitive 

elements, but the local repeat density was high in this region. While the orthologous region in D. 

melanogaster is 30% more repetitive elements, it is also 20kb longer, due most likely to these 

repetitive elements. Overall, D. eugracilis has a lower repeat density than D. melanogaster in 

Contig14 and its orthologous region. It is important to note that issues with contig assembly or 

sequence finishing (ie. mononucleotide runs or misplaced repeats) might be the cause for the low 

repeat density in Contig14. 
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Position	in	Contig14	

Start	 End	 Repeat	Size	 Matching	Repeat	 Repeat	Class/Family	

4838	 5790	 953	 rnd-1_family-14	 DNA/TcMar-Mariner	

14401	 14986	 586	 rnd-3_family-30	 RC/Helitron	

24227	 24907	 681	 rnd-2_family-9	 RC/Helitron	

Table 11: Repeats larger than 500bp in Contig14: All repeats were identified by RepeatMasker 

Figure 65: Repetitive elements in Contig14: 18.03% 
(5861/32,500bp) of Contig14 were marked as repetitive 
elements. A majority of the repeat elements were unclassified 
repeats (4269/5861bp; 73%).  

Figure 66: Repetitive elements greater than 500bp in D. melanogaster region orthologous to Contig14: Over 50% of the 
orthologous region in D. melanogaster was marked as repeats. The first track in the browser picture highlights all repetitive 
elements larger than 500bp (16 total).  
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Discussion 

 Contig14 is a 32.5kb section of the D. eugracilis dot chromosome, or Muller F element, 

that contains four genes; CG11155, CG32017, Kif3C, and pho (Figure 67). These genes are 

orthologous to genes found in a similar region on the D. melanogaster Muller F element. All 

isoforms found in D. melanogaster were also identified in D. eugracilis. In addition, a novel 

isoform of Kif3C (Kif3C-PB) was identified in D. eugracilis that was not found in D. 

melanogaster. The coding exons of each gene were annotated using blastx alignments, RNA-seq, 

and TopHat data. Specific TSSs and narrow TSS search regions were identified for the isoforms 

of Kif3C and pho. TSSs were identified using blastn alignments and searching for core promoter 

motifs. Contig14 has a repeat density of 18%, which is much lower compared to the average in 

D. melanogaster (33%) as well as the local repeat density of the orthologous region (50%). 

Figure 67: Final Browser view of Contig14 with annotated genes: Final annotated genes and their respective isoforms 
are in the first track. Each annotated gene corresponds to a previously unannotated feature. Four genes were annotated and 
a total of 10 isoforms were identified.  
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Once genes had been fully annotated, they were compared to their respective orthologues 

in D. melanogaster to check their conservation between species. All four genes were well 

conserved between species, with CG11155 being the most fully conserved gene. This remarkable 

conservation may warrant further studies on CG11155 as its function is currently unknown. In 

addition to being remarkably conserved, all isoforms found in D. melanogaster were also 

identified in D. eugracilis. The B isoform of CG11155 is present in D. eugracilis, but is likely 

structurally different from the B isoform in D. melanogaster. This change in structure is due to 

the presence of a helitron in between the twelfth and thirteenth exon of the A/D isoform that 

caused a shortening to the B isoform (Figure 13). The appearance of the helitron caused a 

premature in-frame stop codon to appear and caused the shortening of the B isoform. A 

parsimonious model of the B isoform was constructed to account for this alteration.  

A novel isoform of Kif3C was identified in D. eugracilis. Kif3C-PB has a sixth exon at 

the end compared to the five exons in Kif3C-PA. RNA-seq reads and TopHat junctions support 

the sixth exon (Figure 32). A parsimonious model for Kif3C-PA includes an extension of the 

fifth exon that disagrees with the blastx alignment. Comparison studies show that Kif3C-PB 

exists in other Drosophila species besides D. eugracilis. It is not known at this time if both 

isoforms actively exist in D. eugracilis or if only the B isoform exists and an evolutionary event 

caused the B isoform to change to the A isoform in D. melanogaster.  The presence of a DNA 

transposon supports the later hypothesis (Figure 35). 

Further analysis conducted on the pho orthologue (Phyre2 and Clustal Omega analysis) 

showed that while pho was not well conserved throughout, the important zinc-finger DNA 

binding domain was well conserved among species (Figures 48-49). This illustrates an important 

protein domain that is not only conserved between Drosophila and other species, but is 
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conserved on the dot chromosome. It also illustrates the importance of studies like the one in this 

report; by identifying the similarities and differences in heterochromatic regions between 

species, modes of regulation and organization can be uncovered. In addition, the extensive 

analysis on the Muller F element will allow for future comparative genomics studies. The work 

identifying TSSs and sequence motifs in D. eugracilis will allow for future work on identifying 

novel motifs in Drosophila. Finally, studying the repeat composition of the Muller F element 

helps recognize important transposons that may have changed the chromosome organization or 

structure. All of this information will help researchers continue studying chromatin organization 

and regulation, as well as the relationship between DNA sequence and chromatin packaging.  

Appendix 

 In addition to this report, a GEP report was submitted along with final FASTA, PEP, and 

GFF files that have all the information about the contig and annotated genes. 
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Supplemental Figures 

Figure 1S: Start codon for CG32017 orthologue: The green box highlights the start codon (ATG) of the gene. 
The black arrow indicates the reading frame (-3) 

Figure 2S: Start codon for Kif3C orthologue: The green box highlights the start codon (ATG) of the gene. The 
black arrow indicates the reading frame (+2) 
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Figure 3S: Start codon for pho orthologue: The green box highlights the start codon (ATG) of the gene. The 
black arrow indicates the reading frame (-3) 


