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Abstract 
 
 Contig8, a 45 kb region of the fourth chromosome of Drosophila ficusphila, was 
annotated using the Basic Local Alignment Search Tool (BLAST), FlyBase, Clustal Omega, 
UCSC Genome Browser, Gene Record Finder, Gene Model Checker, and other tools and 
databases maintained by the Genomics Education Partnership (GEP). The Drosophila 
melanogaster genome was used as a reference for gene orthology. Three genes were annotated in 
contig8: Arl4, CG31997, and CG33978. Conservation relative to D. melanogaster orthologs 
varied across the three genes. The most dramatic changes, including a novel intron and 
premature stop codons in all isoforms, were observed in CG33978. Clustal Omega multiple 
sequence alignments show that the Calcium-binding EGF-like domain in protein CG33978 is 
conserved in across multiple Drosophila species, despite significant variation in other regions. 
Due to lack of conservation in 5’UTRs, search regions for transcription start sites (TSSs) of Arl4 
and CG33978 were proposed. Three likely pseudogenes of D. melanogaster gene mRpL20, Aft6, 
and RpS14a that were apparently transposed to the dot chromosome by flanking tranpsoons were 
also annotated in contig8. Conservation data suggests that these transpositions are recent and 
exist only in D. ficusphila. 35.71% of contig8 is composed of repetitious sequences, with nine 
repeats spanning more than 900 bases. Contig8 is significantly more enriched in repeats relative 
to the orthologous region in D. melanogaster, which has a repeat content of 7.93%. A subset of 
the repeats identified by RepeatMasker in D. ficusphila may be derived from genomic fragments 
of Wolbachia that were found to be integrated into the genome within contig8. Comparison of 
the relative frames and positions of genes in contig8 with the orthologous region in D. 
melanogaster reveals an inversion involving Arl4, CG31997, and CG33978 in D. ficusphila. 
Additionally, D. melanogaster contains non-coding RNA (ncRNA) CR45198, which has 
disappeared in the D. ficusphila genome.   
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Introduction 

In eukaryotes, chromatin can be classified as either euchromatin or heterochromatin. 

Euchromatin is enriched in genes and is associated with active transcription, as its loose 

packaging allows easy access for RNA polymerase. In contrast, heterochromatin is a tightly 

packed form of DNA that is generally inaccessible to RNA polymerase and thus associated with 

silencing. The Muller F element in Drosophila, also known as the dot chromosome, appears to 

be mostly constitutive heterochromatin. Yet, despite being surrounded by the high quantities of 

repetitious sequences usually associated with heterochromatin formation, most of the 

approximately eighty genes found on the 1.3 Mb arm of the chromosome are expressed.  

With the advent of new computational technologies and next generation sequencing, the 

genomes of several Drosophila species have been sequenced and assembled in order to perform 

powerful multispecies comparative genomic analyses. These studies can provide valuable 

insights on how dot chromosome genes can alter chromatin structure in order to recruit the 

transcription machinery and ultimately become expressed in a heterochromatic environment. 

This project is part of a larger project to improve the sequence and carefully annotate the F 

element of D. ficusphila, a fly species that diverged from D. melanogaster around 10-15 million 

years ago, an evolutionary distance that is considered the “sweet spot” for comparative genomic 

analyses for regulator motifs. 

Contig8 spans 45,000 bases, and has five features predicted by the ab initio gene 

predictor Genscan, but four genes suggested by conservation (Figure 1). The most upstream 

prediction, feature 1, was annotated first due to its relatively small size and the congruence of 

computational and experimental evidence for its structure.  
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Figure 1: Contig 8 on the GEP UCSC Genome Browser of the D. ficusphila Jan. 2016 Dot Assembly. Features 1, 2, 
3, and 4 are shown in blue, orange, green, and red respectively. 
 
Feature 1 

 Using the UCSC Genome Browser, the preliminary properties of feature 1 were assessed 

(Figure 2). The BLASTX alignment track to D. melanogaster shows that the feature is found on 

the positive strand. The gene prediction tracks display a variable number of exons. However, 

RNA-Seq data suggests a minimum of five exons, with a large intron between the fourth and 

fifth exons. In order to determine the D. melanogaster ortholog, the predicted peptide from 

Genscan (query) was used to conduct a BLASTp search of D. melanogaster annotated proteins 

(subject) in FlyBase (Figure 3).  
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Figure 2: Feature 1 in UCSC Genome Browser. Though GenScan, SGP, Augustus, and Glimmer HMM gene 
predictions are widely varied, RNA-seq data matches closely with the BLASTx alignment to D. melanogaster 
protein, predicting five exons. 
 

 

 
Figure 3: FlyBase BLASTp results for the Genscan predicted polypeptide against the D. melanogaster annotated 
proteins database. There is high sequence similarity to the A and B isoforms of Arl4 protein. However, the first 
fifty-one amino acids from the Genscan prediction are missing from the alignment. 
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 The BLASTp results show a high sequence similarity to isoforms A and B of Arl4. 

According to the Gene Record Finder, Arl4 is located on the D. melanogaster chromosome four. 

Since contig8 is known to be part of the fourth chromosome on D. ficusphila, it is very likely that 

Arl4 is the correct D. melanogaster ortholog given the BLASTp e-values and appropriate 

chromosome. Although high sequence similarity can be observed at the beginning and end of the 

alignment, the first fifty-one amino acids of the Genscan prediction were completely missing 

from the alignment.  

Gene Record Finder shows that Arl4 has three isoforms (A, B, and C) in D. melanogaster 

(Figure 4). Isoforms A and B both have five exons and share almost identical coding sequences, 

but have different 3’ untranslated regions (UTR). Isoform C only has four exons. Though its first 

three exons are identical to isoform A, its fourth exon is very small and nested within the fourth 

exon region of isoforms A and B. Additionally, the fifth exon in isoforms A and B corresponds 

to a large 3’ UTR in isoform C (Figure 5). By definition, all three isoforms should be located in 

the same region of contig8.  

 
Figure 4: Gene Record Finder 6.08 record of Arl4 in D. melanogaster. Arl4 has three isoforms (A, B, and C) in D. 
melanogaster. The CDS sequence of Arl4-PB is shown. 
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Figure 5: Browser view of Arl4 in D. melanogaster genome. The coding regions are shown in light orange and the 
untranslated regions are show in gray.  
 

To begin mapping the coordinates of feature 1, a series of pairwise BLASTx searches 

was conducted using the entire fasta sequence of contig8 as the query and each unique exon 

(coding sequence, CDS) of Arl4 as the subject (Figure 6). The BLASTx output was then used to 

obtain the approximate exon boundaries and the reading frames for each putative exon in Feature 

1 (Table 1). CDS7_9580_0, exon five in isoforms A and B, has a size of 184 amino acids and 

was used to anchor the gene in contig8. The BLASTx output was then used to obtain the 

approximate exon boundaries and reading frames for each putative exon in Feature 1 (Table 1).  

 
Figure 6: BLASTx alignments of all unique D. 
melanogaster Arl4 coding exons (subject) against 
translated contig 8 DNA sequence (query). All 
matches covered the entirety of the Arl4 CDSs except 
for CDS5_9580_1, which produced no BLASTx 
alignments. Note that CDS1_9580_0 and 
CDS2_9580_0 differ by only one amino acid.  
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FlyBaseID Coding Exon Size 
(amino acids) 

Query Range Query Frame Subject Range 

1_9580_0 22 3377-3442 +2 1-22 
2_9580_0 23 3377-3445 +2 1-23 
3_9580_0 40 3496-3615 +1 1-40 
4_9580_0 32 3676-3771 +1 1-32 
5_9580_1 6 n/a n/a n/a 
6_9580_1 34 3828-3929 +3 1-34 
7_9580_0 184 5587-6138 +1 1-184 
Table 1: Summary table for the approximate exon locations based on BLASTx alignments for Arl4 
 

All coding exons were mapped in their entirety on the forward strand except for 

CDS5_9580_1, the final exon of isoform C. This lack of alignment was expected because 

CDS5_9580_1 is reported to be only six amino acids long (Figure 7). Since CDS5_9580_1 is 

nested within 6_9580_1, the fourth exon of isoforms A and B (Figure 5), the subject was 

narrowed to the CDS6_9580_1 alignment region within the fasta file. In addition, within general 

parameters, the “expect threshold” was also raised to ten and “word size” was decreased to two. 

Within scoring parameters, the “matrix” was changed to PAM30. However, none of these 

adjustments produced BLASTx matches to CDS5_9580_1 within contig8. Due to the lack of 

computational data, the UCSC Genome Browser output was closely analyzed for regions of 

increased expression within the CDS6_9580_1 alignment region. The TopHat junctions, Cufflink 

transcripts, and Oases transcripts data showed expression from bases 3872-3929 (Figure 8). This 

region spans approximately 19 amino acids and is thus significantly longer than the fourth exon 

of Arl4-PC in D. melanogaster. In order to find the exact mutations that caused the expansion of 

CDS5_9580_1 in D. ficusphila, the original exon in D. melanogaster was examined in the UCSC 

Genome Browser. Where the original amino acid sequence, KNGRS*, was located, the 

conservation tracks revealed that a mutation from a T to an A at base 170,020 had caused the 

stop codon to become a lysine in D. ficusphila (Figure 9). This mutation was shared by all other 
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Drosophila species listed in the conservation track except for D. melanogaster, D. yakuba and D. 

erecta (Figure 10).  

 
Figure 7: Gene Record Finder 6.08 record of Arl4 in D. melanogaster. CDS details for isoform C shows that the 
fourth exon is only six amino acids long.  
 

 
Figure 8: TopHat junctions, Cufflinks transcripts, and Oases transcripts data show a pattern of splice sites and a 
region of increased expression within the CDS6_9580_1 alignment region that likely originated from CDS5_9580_1 
in D. melanogaster. Note position of splice sites at base 3870.  
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Figure 9: Alignment of original CDS5_9580_1 in D. melanogaster in the UCSC Genome Browser. The 
conservation tracks reveal that the T at base 170,020 has mutated to an A in D. ficusphila, changing the stop codon 
to a lysine. This mutation is shared by all other Drosophila species except for D. yakuba, D. erecta, and D. elegans. 

 
 
Figure 10: Shared ancestry of Drosophila 
species. The Drosophila species enclosed in 
red contain a stop codon at position 178,818-
820. (D. simulans and D. sechellia  are not 
included in the conservation track in the D. 
melanogaster Genome Browser due to poor 
quality sequence, but it is likely that the stop 
codon is conserved in these two species as 
well.) Thus, the change in CDS5_9580_1 
likely occurred following the split of the given 
species from the rest of the Drosophila 
species, indicated by the red circle. The same 
mutation likely occurred in D. elegans.    
 
 
 
 
 
 

 

 

To determine exact exon 

boundaries, the UCSC Genome Browser and the approximate coordinates and reading frames 

obtained through the BLASTx alignments (see Table 1) were used to locate donor and acceptor 
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splice sites for each exon. Two start codons were located on the reading frame +2 near the 

beginning of CDS1_9580_0, the first exon in isoforms A and C, and CDS2_9580_0, the first 

exon in isoform B (Figure 11). However, if the start codon spanned bases 3389-3391, the first 

exon of Arl4 in D. ficusphila would be approximately three quarters the size of the first exon of 

Arl4 in D. melanogaster. On the other hand, if the start codon spanned bases 3377-3379, the start 

site coordinates match those obtained from the BLASTx alignment to the D. melanogaster 

sequence.  This choice conserves the starting amino acid sequence seen in D. melanogaster, 

MGAT (Figure 6). 

 

 
Figure 11: UCSC Genome Browser showing CDS1_9580_0 (exon one in isoform A and C) and CDS2_9580_0 
(exon one in isoform B). Two start sites (shown in green) are on reading frame +2 (red arrow). The start codon at 
base 3377-3379 is supported by amino acid sequence conservation for all three isoforms. 
 

There were three potential GT donor sites close to the 3’ end of CDS1_9580_0, the first 

exon for isoforms A and C, that could potentially be the correct donor site (Figure 12). The GT 

site at bases 3443-3444 was determined to the most likely donor site, as it matched the BLASTx 
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results (Table 1), which showed this exon ending in PSQ (Figure 6) and is supported by strong 

RNA-Seq, TopHat junctions and Cufflinks transcripts data. Since CDS1_9590_0 is on reading 

frame +2, the most likely donor site at base 3443-3444 is in phase 0 because the donor site is 

directly adjacent to a complete codon. If the donor site at bases 3443-3444 is indeed the correct 

donor site, the acceptor site in CDS3_9580_0 should be in phase 0 so that the transcript remains 

in the correct frame. 

 
Figure 12: Donor site for CDS1_9580_0 (exon 1 in isoform A and C). The most likely GT donor site is boxed in 
green. The closest complete codon is boxed in red. The red arrow points to reading frame +2. The most likely donor 
site at base 3443-3444 is in phase 0. 
 

The same three potential GT donor sites considered for CDS1_9580_0 were also 

investigated for CDS2_9580_0, the first exon for isoform B. The GT site at bases 3446-3447 was 

determined to be the most likely donor site, as it matched the BLASTx results (Table 1), which 
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showed this exon ending in PSQV (Figure 6) and is supported by TopHat junctions data (Figure 

13). Since CDS2_9590_0 is on the reading frame +2, the most likely donor site at base 3446-

3447 is in phase 0, since the donor site is directly adjacent to a complete codon. This requires a 

phase 0 acceptor site in CDS3_9580_0, which is in agreement with the conclusions reached after 

investigation of the donor site for CDS1_9580_0. This is appropriate, as these two exons both 

splice to exon CDS3_9580_0.  

Figure 13: Donor site on CDS2_9580_0 (exon 1 in isoform B). The most likely GT donor site is boxed in green. 
The closest complete codon is boxed in red. The red arrow points to reading frame +2. The most likely donor site at 
base 3446-3447 is in phase 0. 

 
 The AG acceptor site that corresponds to CDS3_9580_0 spans bases 3494-3495 (Figure 

14). This acceptor site matches the site suggested by BLASTx results (Table 1, Figure 6) and is 

well supported by RNA-Seq data, TopHat junctions, and Cufflinks transcripts. Since 

CDS3_9580_0 is on the +1 reading frame, the AG acceptor site is in phase 0 and thus is in 

agreement with the donor sites of both CDS1_9580_0 and CDS2_9580_0, which are in phase 0.  
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Figure 14: Acceptor site on CDS3_9580_0 (exon 2). The AG acceptor site is boxed in green. The closest complete 
codon is boxed in red. The red arrow points to reading frame +1.  
 

The GT donor site that corresponds to CDS3_9580_0 spans bases 3616-3617 (Figure 15). 

This donor site matches the site suggested by BLASTx results (Table 1) and is well supported by 

RNA-Seq data, TopHat junctions, and Cufflinks transcripts. Since CDS3_9590_0 is on the 

reading frame +1, the most likely donor site at base 3616-3617 is in phase 0, since the donor site 

is directly adjacent to a complete codon. 
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Figure 15: Donor site on CDS3_9580_0 (exon 2). The most likely GT donor site is boxed in green. The closest 
complete codon is boxed in red. The red arrow points to reading frame +1. The most likely donor site at base 3616-
3617 is in phase 0. 
 

The AG acceptor site that corresponds to CDS4_9580_0 spans bases 3675-3676 (Figure 

16). This acceptor site matches the site suggested by BLASTx results (Table 1, Figure 6) and is 

well supported by RNA-Seq data, TopHat junctions, and Cufflinks transcripts. Since 

CDS4_9580_0 is on the +1 reading frame, the AG acceptor site is in phase 0 and thus is in 

agreement with the donor site of CDS3_9580_0, which is in phase 0. Another AG can be found 

further downstream spanning bases 3681-3682. However, this AG is in phase 2 on the +1 

reading frame and is thus not in agreement with the phase 0 donor site of CDS3_9580_0. The 

selected site conserves the starting amino acids of the exon, VQ (Figure 6). 
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Figure 16: Acceptor site on CDS4_9580_0 (exon 3). The AG acceptor site is boxed in green. The closest complete 
codon is boxed in red. The red arrow points to reading frame +1. 
 

The GT donor site that corresponds to CDS4_9580_0 spans bases 3774-3775 (Figure 17). 

This donor site matches the site suggested by BLASTx results (Table 1) and is well supported by 

RNA-Seq data, TopHat junctions, and Cufflinks transcripts. Since CDS4_9590_0 is on the 

reading frame +1, the most likely donor site at base 3616-3617 is in phase 2, since there are two 

nucleotides between the GT and the closest complete codon.  
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Figure 17: Donor site on CDS4_9580_0 (exon 3). The most likely GT donor site is boxed in green. The closest 
complete codon is boxed in red. The extra nucleotides in between are boxed in blue. The red arrow points to reading 
frame +1. The most likely donor site at base 3774-3775 is in phase 2. 
 
 In order to find the acceptor site for CDS5_9580_1, the final exon of isoform C, the start 

of the region within CDS6_9580_1 with increased RNA-Seq data coverage was searched for 

AGs. The most probably AG acceptor site spans bases 3869-3870 and is supported by TopHat 

junctions and Cufflinks transcripts data (Figure 18). Since the donor site on CDS4_9580_0 is 

phase 2, this AG acceptor site must be phase 1. This means that CDS5_9580_1 must be on the 

+2 frame. Note that this conserves some amino acids, as in D. melanogaster, CDS5_9580_0 is 

KNGRS, while in D. ficusphila, the exon begins with TYGRS but then continues (Figure 9). A 

stop codon is found at bases 3920-3922 on the +2 frame. This is the stop codon for isoform C 

(Figure 19).  
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Figure 18: Acceptor site for CDS5_9580_0 (exon 4 in isoform C). The most likely AG acceptor site is boxed in 
green. The closest complete codon is boxed in red. The extra nucleotides in between are boxed in blue. The red 
arrow points to reading frame +2. The most likely acceptor site at base 3869-3870 is in phase 1. 
 

 
Figure 19: An expanded form of CDS5_9580_1 (exon 4 in isoform C) is found in D. ficusphila, spanning bases 
3871-3922 on frame +2.  
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 Donor sites and acceptor sites were identified for CDS6_9580_1 and CDS7_9580_0 

using similar protocols. The stop codon for isoforms A and B at the 3’ end of CDS7_9580_0 on 

reading frame +1 matches with BLASTx searches (Figure 6, Table 1) and is supported by gene 

predictors (Figure 20). All donor and acceptor sites matched the approximate BLASTx results 

(Table 1) and are well supported by RNA-Seq data and TopHat junctions. Thus, all coding 

exons, as well as the start and stop sites, were annotated for isoforms A, B, and C (Table 2). 

Figure 20: UCSC Genome Browser showing the 3’ end of CDS7_9580_0 (exon 5 in isoforms A and C). The red 
arrow points to reading frame +1. The stop codon is at bases 6136-6138.  
 

Table 2: Summary of the proposed gene model components for feature one. Red arrows show corresponding phases 
between acceptor and donor sites. 
 



        Oyama 
 

19 

 The proposed coordinates for feature one were submitted to the Gene Model Checker. 

The dot plot comparisons between D. melanogaster Arl4 and feature one for isoforms A and B 

are nearly identical since the two isoforms only differ by one base in the first exon. Though large 

regions of non-homology exist in the fifth exon for isoforms A and B, the exon is anchored on 

both ends as can be seen by the sequence alignment (Figure 21, 22). The dot plot comparison for 

isoform C shows very high sequence similarity, with the exception of the final exon (Figure 23). 

This was expected due to the expansion of the final exon in D. ficusphila from 6 to 17 amino 

acids due to a mutation at the stop codon in D. melanogaster.  

 
Figure 21: Gene Model Checker output for Isoform A. Left: Dot plot Arl4-PA vs. feature 1 model. Right: Sequence 
alignment of Arl4-PA and feature 1 model. Though significant regions of low-homology are apparent in the dot plot 
of the fifth exon, the sequence alignment shows that both ends of the exon are securely anchored. 
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Figure 22: Gene Model checker output for Isoform B. Left: Dot plot of Arl4-PB vs. feature 1 model. Right: 
Sequence alignment of Arl4-PB and feature 1 model. Though significant gaps are apparent in the dot plot of the fifth 
exon, the sequence alignment shows that both ends of the exons are securely anchored.  
 

 
 
 
 
 
 
 
 

Figure 23: Gene Model Checker output for Isoform C. Left: Dot plot Arl4-PC vs. feature 1 model. Right: Sequence 
alignment of Arl4_PC and feature 1 model. The poor fourth exon alignment was expected due to its expansion in the 
D. ficusphila genome.  
 
Transcription Start Sites 
 
 All isoforms of Arl4 in D. melanogaster have identical 5’ untranslated regions (Figure 5). 

In order to start investigating transcription start sites (TSSs), the 5’UTR of D. melanogaster was 

viewed in the UCSC Genome Browser (Figure 24). The 9-state epigenomic landscape tracks for 
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BG3 and S2 cells indicate that Arl4 is actively transcribed in these cell lines despite the final 

exon in isoforms A and C being located in a heterochromatic region. Furthermore, the DNase I 

hypersensitive sites (DHS) have significant peaks near the region for all three cell lines. The TSS 

(Celniker) track only shows one annotated TSS by the modENCODE project (Hoskins, et al. 

2011), which suggests that Arl4 has a peaked promoter, and thus should only have one TSS. 

 
Figure 24: The 5’ UTR of D. melanogaster Arl4. The 9-state tracks show that the 5’ UTR of Arl4 is within an 
“Active promoter/TSS region” (red color). A single TSS has been previously annotated, indicated by a red arrow, 
suggesting that Arl4 has a peaked promoter.  
 

A pairwise BLASTn alignment with optimized parameters was carried out using the first 

exon transcript of isoform B in D. melanogaster as the query and contig8 as the subject (Figure 

25). The modified parameters optimize alignments of sequences with 50-70% identity, which is 

expected for the less conserved UTRs, and consist of “Word Size = 7,” “Match/Mismatch Scores 

= 1, -1,” and “Gap Costs = Existence: 2 Extension: 1.” The best BLASTn alignment maps bases 

31-129 of isoform B transcript in D. melanogaster to bases 3345-3445 in contig8. Bases 61-129 

correspond to the coding sequence. The first twenty bases of the 5’ UTR are not conserved. If the 
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size of the 5’ UTR in D. ficusphila is the same as in D. melanogaster, the D. ficusphila Arl4 TSS 

is expected to be found at base 3325 on contig8.  

 
Figure 25: BLASTn alignment of the first exon transcript of isoform B in D. melanogaster (query) with contig8 
DNA sequence (subject). The first 20 bases of the 5’ UTR are not conserved.  
 
 However, in the UCSC Genome Browser, RNA-Seq data extend far upstream of base 

3325 (Figure 26). Several TopHat reads also extend upstream of base 3325. However, significant 

TopHat reads do not extend upstream of base 3315. For example, JUNC00003813 and 

JUNC00001300 have scores of 13 and 1 respectively while JUNC00003817 and JUNC00001174 

have scores of 896 and 569 respectively.  

 All instances of the Initiator (Inr) motif on the plus strand occur upstream of base 3325. 

One instance occurs at bases 3119-3124, right around the upstream edge of significant RNA-Seq 

coverage. Since the Inr motif is located at -2 relative to the TSS, the Inr motif at base 3119 maps 

the TSS to base 3121. The second instance occurs at bases 2979-2984, right around the upstream 

edge of minimal RNA-Seq coverage. This Inr maps the TSS to base 2981. All of this data 

suggests that the 5’ UTR region is longer in D. ficsisphila than in D. melanogaster.  
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Figure 26: 5’UTR location of Arl4 on contig8. Two Inr motifs on the plus strand are circled in red. RNA-Seq and 
TopHat data suggest that the 5’UTR in D. ficusphila is longer than in D. melanogaster. 
 

In order to further narrow the search region, the positions of other conserved core 

promoter motifs were investigated in both D. ficusphila and D. melanogaster (Table 3). A 

majority of other conserved core promoter motifs do not occur in the expected coordinates on 

either D. melanogaster or D. ficusphila. However, the BREd motifs at position +3094 and +3096 

give TSSs at position +3117 and +3119 respectively, which closely correspond to the TSS given 

by the Inr motif at position +3119 (Figure 28) 
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Motif 

Position Relative 
to TSS 

Position in D. ficusphila Position in D. melanogaster 

BREu -38 - - 
TATA Box -31 or -30 - -179,981 
BREd -23 +3094, +3096, +3144, 

+3203, +3205, +3230, 
+3249, +3266, +3329, 
+3331 

-179,394 -179,447, -179,629,  
-179,665, -179,746, -179,916,  
-179,936, -179,990, -180,060,  
-180,101 

Inr -2 +2979, +3119 -179,921 
MTE +18 - - 
DPE +28 +3201 - 
Ohler_motif1 NA - - 
DRE NA - - 
Ohler_motif5 NA - - 
Ohler_motif6 NA - - 
Ohler_motif7 NA - - 
Ohler_motif8 NA - - 
Table 3: Core promoter motifs around bases 3000-3350. The coordinates of the motifs were obtained by using the 
Short Match tool in the UCSC Genome Browser.  
 

 
Figure 28:  The Inr motif at position +3119 (boxed in purple), and the two BREd motifs at position +3094 and 
+3096 (boxed in purple), all converge on a TSS around position +3117-3121, at the upstream edge of the RNA-Seq 
reads.  
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 A search for regions enriched in RNA Polymerase II (RNA PolII) upstream of Arl4 in 

the D. biarmipes Aug. 2013 (GEP/Dot) Assembly revealed a region enriched in RNA PolII 

ChIP-Seq data (Figure 29). However, a BLASTn search using the DNA sequence of this 

enriched area in D. biarmipes, bases 29,300-30,500, (query) against contig8 (subject) did not 

produce any alignments in the region of interest. Thus, RNA PolII data could not be used to 

predict the TSS in D. ficusphila. The RNA PolII data suggests that the 5’ UTR extends over 

1000 bases in D. biarmipes. This is much longer than the expected length of the 5’ UTR in D. 

ficusphila, explaining why the BLASTn search did not produce any significant results. 

  

 
Figure 29: RNA PolII ChIP-Seq data for D. biarmipes tissue shows enrichment centered around position +29773. 
This information cannot be used to inform TSS analysis on D. ficusphila because the 5’ UTR is not conserved 
between D. biarmipes and D. ficusphila.  
 
 Based on the information available, the TSS cannot be assigned to one specific site. 

However, a narrow search can be defined between position +3117-3121 based on data from core 
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promoter motifs and RNA-Seq data. A wider search region would encompass the minimal RNA-

Seq reads up to the Inr motif at position +2979.  

 

Feature 2 
 Feature 2 was annotated following the same protocol as Feature 1 (Figure 30). The 

BLASTp search revealed that feature 2 is the CG31997 ortholog in D. ficusphila (Figure 31, 32).  

 
Figure 30: Close up of Feature 2. SGP Gene predictions closely match the RNA-Seq data. Exons two and three are 
well conserved across many Drosophila species.  
 

 
Figure 31: FlyBase BLASTp results for SGP Gene predicted polypeptide (query) against D. melanogaster 
annotated proteins database (subject). There is high sequence similarity to the A and B isoforms of CG31997 protein.  
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Figure 32: Browser view of CG31997 (D. melanogaster genome). CG31997 is on the reverse strand and is located 
on the fourth chromosome. Isoforms A and B have identical coding sequences, but isoform B has a longer 3’UTR. 
 

The approximate BLASTx coordinates were determined by running a pairwise BLASTx 

search with contig 8 as the query against all of the D. melanogaster peptide sequences (Table 3). 

As for feature 1, the approximate BLASTx coordinates were used to determined exon boundaries.  

FlyBase ID Coding Exon Size 
(amino acids) 

Query Range Query Frame Subject Range 

1_10861_0 62 10012-9869 -3 1-59 
2_10861_2 46 9282-9166 -1 1-46 
3_10861_1 39 9093-8917 -1 1-39 
Table 4: Summary table for approximate exon locations on BLASTx alignments for CG31997. 
  
 Splice sites for all coding exons, as well as the start and stop sites were annotated for 

isoforms A and B (Table 5). The proposed gene model was submitted to the Gene Model 

Checker on the GEP website. The dot plot comparisons and protein alignments between the D. 

melanogaster CG31997 and feature 2 show that there is significant conservation across all 

isoforms throughout the entirety of the gene, although as anticipated, there is less conservation in 

exon 1 (Figure 33). 

Table 5: Summary of the proposed gene model for feature 2. Red arrows show corresponding phases between 
acceptor and donor sites. 
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Figure 33: Gene Model Checker output for CG31997 Isoform A. Isoform B has identical outputs because Isoform 
A and B have identical coding sequences. Left: Dot plot of D. melanogaster isoform A vs. feature 2 isoforms. Right: 
Protein sequence alignment of D. melanogaster CG31997 isoform A vs. feature 2 isoforms.  
 
 
Feature 3 

 Feature 3 was annotated following the same protocol as Features 1 and 2 (Figure 34). 

Due to its large size, the protein sequence from GenScan gene prediction contig8.4 was used to 

conduct a BLASTp search against D. melanogaster annotated proteins. The prediction matched 

to the C and E isoforms of CG33978 (Figure 35). This was expected because the predicted 

protein sequence used for the BLASTp search is only contained in the C and E isoforms (Figure 

36). Based on parsimony, isoforms D, F, and G were also expected to exist in D. ficusphila.    
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Figure 34: Close-up of Feature 3. All gene predictions broadly match RNA-Seq data from approximately bases 
25,000-45,000. This region is also well conserved across many Drosophila species.  
 

 
Figure 35: FlyBase BLASTp results for GenScan predicted polypeptide contig8.4 (query) against D. melanogaster 
annotated proteins database (subject). There is high sequence similarity to the C and E isoforms of CG33978 protein.  
 

 
Figure 36: Browser view of CG33978 in the D. melanogaster genome. CG33978 is on the minus strand and is 
located on the fourth chromosome. Isoforms D, F, and G span significantly further downstream compared to 
isoforms C and E.  
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 Exon-by-exon BLASTx searches were then used to find the approximate coordinates for 

the exon junctions in D. ficusphila. Of the fifteen unique coding sequences compiled from the 

five different isoforms, only eight exons produced alignments (Table 6). In an effort to identify 

the remaining exons, the subject range was reduced to the corresponding alignment region within 

the fasta file for each exon. Additionally, within general parameters, the “expect threshold” was 

raised to ten and “word size” was decreased to two. Within scoring parameters, the “matrix” was 

changed to PAM30. However, none of these adjustments produced BLASTx matches to these 

exons within contig8. A majority of these unmapped exons are relatively small and are 

concentrated in the downstream portion of isoforms D, F, and G. Strangely, there were two 

BLASTx alignments for CDS6_11602_0, one on the -3 frame that spanned amino acids 1-317 

and another on the -1 frame that spanned amino acids 344-1191 (Figure 37). This suggests that a 

novel intron may have been created within CDS6-11602_0, the fifth and largest exon in isoforms 

D, F, and G. It was also noticed that the alignments for CDS3_11602_2 and CDS10_11602_0 are 

significant shorter than expected.  

FlyBase ID Coding Exon Size 
(amino acids) 

Subject Range Query Frame Query Range 

1_11602_0 58    
2_11602_2 17    
3_11602_2 2213 1-2137 -3 38731-32396 
4_11602_2 116 17-112 -2 31001-30705 
5_11602_0 65 1-61 -2 30635-30459 
6_11602_0 1191 1-317, 344-1191 -3, -1 30388-29429, 

29325-26614 
7_11602_2 79 1-79 -2 26552-26316 
8_11602_0 43 1-43 -1 26118-25990 
9_11602_2 169 1-169 -2 25922-25434 
10_11602_0 163 16-89 -2 25349-25152 
11_11602_1 6    
12_11602_0 20    
13_11602_0 26    
14_11602_0 40    
15_11602_0 8    
Table 6: Summary table for approximate exon locations on BLASTx alignments for CG33978 (subject is D. 
melanogaster exons, query is contig 8).  
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Figure 37: The two BLASTx alignments for the 
protein sequence of CDS6_11602_0 (subject) against 
the translated DNA sequence of contig8 (query). The 
first alignment is on the -3 frame and covers amino 
acids 1-317. The second alignment is on the -1 frame 
and spans amino acids 344-1191. 
  
  
 
 
 
 
 
 

 
The UCSC Genome Browser was used to closely inspect CDS6_11602_0 for evidence 

supporting a novel intron. RNA-Seq and gene prediction tracks do, in fact, support this 

prediction (Figure 38). A TopHat read with a score of 97, JUNC00003850, also supports this 

prediction (Figure 39). Henceforth, the upstream novel exon will be referred to as 

CDS6_11602_0A and the downstream novel exon will be referred to as CDS6_11602_0B. 
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 Figure 38: CDS6_11602_0, the fifth exon in isoforms D, F, and G, seems to have acquired a novel intron, splitting 
this coding region into two parts, boxed in blue. The upstream novel exon will be referred to as CDS6_11602_0A 
and the downstream novel exon will be referred to as CDS6_11602_0B. Gene prediction and RNA-Seq tracks 
support this finding. 
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Figure 39: A significant TopHat read with a score of 97 also supports the prediction that CDS6_11602_0 has 
acquired a novel intron, dividing the coding region into CDS6_11602_0A and CDS6_11602_0B. 
 
 Functional splice sites were identified on both ends of the novel intron. The AG donor 

site on CDS6_11602_0A was found at bases 20389-20388 on the -3 frame, giving a phase of 0 

(Figure 40). The GT acceptor site on CDS6_11602_0B was found at bases 29345-29344 on the -

1 frame, giving a phase of 0 (Figure 41). Thus, the AG acceptor site and GT donor site are 

compatible, further supporting the prediction that CDS6_11602_0 has acquired a novel intron in 

D. ficusphila.  
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Figure 40: Donor site on upstream portion of CDS6_11602_0. The most likely GT donor site is boxed in green. The 
closest complete codon is boxed in red. The red arrow points to reading frame -3. The most likely donor site at base 
29425-29424 is phase 0. 

 
Figure 41: Acceptor site on downstream portion of CDS6_11602_0. The most likely AG acceptor site is boxed in 
green. The closest complete codon is boxed in red. The red arrow points to reading frame -1. The most likely 
acceptor site at base 29345-29344 is in phase 0. 
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 By closely examining the UCSC Genome Browser output, CDS1_11602_0 and 

2_11602_2, the first and second exons of all isoforms, were annotated despite the lack of 

BLASTx alignments using RNA-Seq and TopHat data. Close inspection of CDS3_11602_2 

revealed a premature stop codon at bases 32,326-32,324 (Figure 42), providing an explanation 

for the missing seventy-seven amino acids in the BLASTx alignment (Table 6). CDS3_11602_2 

is the third and final exon for isoforms C and E. The evolutionary timing of this mutation is 

unclear due to lack of data available in the conservation tracks. RNA-Seq data continues past the 

stop codon, suggesting that the rest of the exon still continues to be transcribed as a 5’UTR for 

isoforms C and E in D. ficusphila (Figure 43).  

 
Figure 42: A premature stop codon is observed within CDS3_11602_2, the final exon of isoforms C and E, on the  
-3 frame at bases 32326-32324. 
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Figure 43: RNA Seq data extends past the premature stop codon at bases 32,324-26, suggesting that the rest of the 
exon still continues to be transcribed as a 3’UTR for isoforms C and E in D. ficusphila mixed embryo RNA. 
 
Similarly, close inspection of CDS10_11602_2 revealed a premature stop codon at bases 25010-

25008 (Figure 44), providing an explanation for the missing seventy-five amino acids in the 

BLASTx alignment (Table 6). CDS10_11602_2 is the ninth exon for isoforms D, F, and G. The 

evolutionary timing of this mutation is unclear due to lack of data available in the conservation 

tracks. RNA-Seq data continues past the stop codon, suggesting that the rest of the exon still 

continues to be transcribed as a 3’UTR for isoforms D, F, and G in D. ficusphila. No further 

splice sites are indicated in the RNA-Seq or TopHat data tracks, indicating no further 
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downstream exons. This explains why none of the coding sequences downstream of 

CDS10_11602_2 mapped to contig8 in the BLASTx search.  

 
Figure 44: A premature stop codon is observed within CDS10_11602_2, the ninth exon for isoforms D, F, and G, 
on the -2 frame at bases 25010-25008.  
 
 Splice sites for all coding exons, as well as the start and stop were annotated for isoforms 

C and E and isoforms D, F, and G (Table 7). The proposed gene models were submitted to the 

Gene Model Checker on the GEP website. The dot plot comparisons and protein alignments 

between the D. melanogaster CG33978  and feature 3 show that there is limited conservation 

throughout the entirety of the gene, particularly for isoforms D, F, and G (Figure 45 and 46). 
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 Table 7: Summary of the proposed gene model for feature 3. 
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Figure 45: Gene Model Checker output for CG33978 
Isoform C. Isoform E has identical outputs because 
Isoform C and E have identical coding sequences. Top: 
Dot plot of D. melanogaster isoform C vs. feature 3 
isoforms. Bottom: Protein sequence alignment of D. 
melanogaster isoforms vs. feature 3 isoforms.  
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Figure 46: Gene Model Checker output for CG33978 
Isoform D. Isoforms F and G have identical outputs 
because Isoform D, F, and G have identical coding 
sequences. Top: Dot plot of D. melanogaster isoform D 
vs. feature 3 isoforms. Bottom: Protein sequence 
alignment of D. melanogaster isoforms vs. feature 3 
isoforms. Note 3’ exons lacking in D. ficusphila, as well 
as the shift from one to two exons for the largest exon.  
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Transcription Start Sites 
 

Although all isoforms of CG33978 share an identical first coding exon, isoforms C and D 

each have unique 5’UTRs, and isoforms E, F, and G all share yet another unique 5’UTR in D. 

melanogaster  (Figure 47). In order to start investigating the TSSs, the 5’UTR of D. 

melanogaster was viewed in the UCSC Genome Browser (Figure 48). The 9-state epigenomic 

landscape tracks for BG3 and S2 cells indicate that CG33978 is almost entirely located in 

heterochromatic or heterochromatin-like euchromatin regions and is not actively transcribed in 

these cell lines. According to FlyBase ModENCODE cell line expression data, the only cell line 

in which there is moderate expression of CG33978 is wing disc CME-W2 (Figure 49). The 

ModENCODE temporal expression data shows that there is moderately high expression in the 

embryo at 16-18 hours (Figure 50). Furthermore, there are no DHS peaks near the region for all 

three cell lines. The TSS (Celniker) track shows four TSS previously annotated by the 

modENCODE project (Hoskins, et al. 2011). TSS_CG33978_196265 likely corresponds to the 

TSS for isoforms C and D, while the remaining three annotations correspond to isoforms E, F, 

and G. Thus, in D. melanogaster, isoforms C and D have a peaked promoter while isoforms E, F, 

and G have a broad promoter.  

 
Figure 47: 5’ UTR of all CG33978 isoforms in FlyBase Browser View (D. melanogaster). All isoforms are labeled 
to the right of their respective gene models. Isoforms E, F, and G, have identical 5’ UTRs. Isoforms C and D each 
have unique 5’ UTRs. 
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Figure 48: The 5’ UTR of D. melanogaster CG33978. The 9-state tracks show that the gene, including the 5’ UTR, 
is almost entirely located in heterochromatic (dark blue color) or heterochomatin-like euchromatin (light blue color) 
regions. Several TSSs has been previously annotated, circled in red.  
 

 
Figure 49: FlyBase ModENCODE cell line expression data shows moderate expression only in the wing disc CME-
W2 cell line.  
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Figure 50: FlyBase ModENCODE temporal expression data shows moderately high expression in the embryo at 16-
18 hours.  
 
 A pairwise BLASTn alignment with optimized parameters was carried out using the 

first D. melanogaster CG33978 transcript as a query and contig8, subrange bases 42350-45000, 

as the subject. However, regardless of the isoform used, no alignments in the region of interest 

were found. However, if the size of the 5’UTR has remained relatively constant between D. 

melanogaster and D. ficusphila, the TSS for isoform C and D is expected to be found around 

700bp upstream of the first coding exon, at approximately position -43,200. The TSS for isoform 

E, F, and G is expected to be found around 200bp upstream of the first coding exon, at 

approximately position -42,700.  

 Upstream of the first CG33978 coding exon in contig8, there are several significant 

RNA Seq peaks, indicating possible 5’ UTRs (Figure 51). TopHat reads also extend upstream of 

the first coding exon, though most reads do not have scores above 10, with the exception of 
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JUNC00003876 which has a score of 37. The RNA Seq data around bases 42570-42700 most 

likely correspond to the 5’UTR for isoforms E, F, and G. The remaining RNA Seq peaks may 

correspond to 5’UTRs for isoforms C and D. However, a large repeat that extends from around 

bases 43,180 to 44,350 prevents their precise identification. Position -43,200, the estimated 

position of the TSS for isoforms C and D, is contained within this repeat.   

  A variety of core promoter motifs were found using the Short Match tool on the UCSC 

Browser (Table 8). Most notably, an Inr motif was found at position -42,702, which corresponds 

to the upstream edge of the RNA-Seq peak previously predicted to correspond to the 5’ UTR for 

isoforms E, F, and G. This Inr motif gives a TSS coordinate of -42,700. Other motifs that give 

TSS coordinates in this vicinity include the BREd notif at -42,716 and the DPE motif at -42,673. 

The TSS for isoforms C and D cannot be narrowed down using core promoter motifs, though an 

additional Inr motif was found at position -43,875. 

 
Figure 51: UCSC Genome Browser view of 5’ UTR region for CG33978 in D. ficusphila. The RNA-Seq data 
around bases 42570-42700 most likely correspond to the 5’UTR for isoforms E, F, and G. Inr motifs on the minus 
strand are circled in red. The Inr motif at position -42,702 likely corresponds to the TSS of isoforms E, F, and G. 
The large repeat impedes annotation of the TSS for isoforms C and D.  



        Oyama 
 

45 

Table 8: Core promoter motifs around bases -44415-42500. The coordinates of the motifs were obtained by using 
the Short Match tool in the UCSC Genome Browser.  
 
 Inspection of the orthologous region in contig9 of the D. biarmipes Aug. 2013 

(GEP/Dot) Assembly, revealed a region enriched in RNA PolII ChIP Seq data from around bases 

35,500-35,850 (Figure 52). Much of this region is conserved across several Drosophila species 

and a small RNA-Seq peak can also be observed. Furthermore, an Inr motif at position +35,722 

aligns with the RNA PolII ChIP-Seq peak. Thus, in D. biarmipes, +35,744 is a strong candidate 

for the TSS in isoforms E, F, and G. In D. biarmipes, the first coding exon starts at position 

+36,020. Thus, the TSS for isoforms E, F, and G is located 276 bp upstream of the first coding 

exon. This is considerably further upstream than the putative TSS for isoforms E, F, and G in D. 

 
Motif 

Position Relative 
to TSS 

Position in D. ficusphila Position in D. melanogaster 

BREu -38 - - 
TATA Box -31 or -30 -43379, -43810  
BREd -23 -42537, -42716, -42875, -43106, 

-43281, -43283, -43301, -43431, 
-43537, -43557, -43651, -43726, 
-43731, -43837, -44108, -44256, 
-44278, -44391, -44400 

-175242, -175244, -175281,  
-175291, -175298, -175539,  
-175568, -175752, -175820,  
-175868, -175967, -176014,  
-176049, -176137, -176461,  
-176512, -176616, -176792,  
-176856, -176858, -176911,  
-177008, -177096 

Inr -2 -42702, -43875 -175137, -175579, -175704,  
-175755, -176250 

MTE +18 - -175135, -175220, -175443,  
-175536, -175770, -175906,  
-176664, -176732 

DPE +28 -42641, -42673, -42700, -43660, 
-43831, -42880, -43839, -43982, 
-44158, -44164, -441143, -
44321, -44411 

-175135, -175220, -175443,  
-175536, -175770, -175906,  
-176664, -176732 

Ohler_motif1 NA - - 
DRE NA - - 
Ohler_motif5 NA - - 
Ohler_motif6 NA - - 
Ohler_motif7 NA - - 
Ohler_motif8 NA - - 
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ficusphila, which is located 196 bp upstream. However, the conservation tracks show that 

conservation among Drosophila species does not extend throughout the entire 5’UTR in D. 

biarmipes. This suggests that the 5’ UTR is longer in D. biarmpes than D. ficusphila. A BLASTn 

search comparing the DNA sequence of this enriched area in D. biarmipes against contig8 

produced an alignment that maps the D. biarmipes RNA PolII ChIP-Seq data peak to position -

42,692 in contig8, near the TSS suggested by the Inr motif (Figure 53, Figure 51).   

 Based on all of the data available, the TSS for isoforms E, F, and G of D. ficusphila 

CG33978 was assigned to bases -42,692-42,700. The search region for the TSS for isoforms C 

and D was defined as bases 42,800-45,000 in contig 8. However, it is possible that the TSS is 

located on a neighboring contig. This hypothesis is supported by the fact that non-coding RNA 

(ncRNA) CR45198, which overlaps with the 5’UTR of isoforms C and D in D. melanogaster, 

cannot be found on contig8.   

 
Figure 52: The 5’ UTR region of D. biarmpies CG33978. The RNA PolII ChIP Seq peak corresponds with the Inr 
motif at +35,722 and likely represents the TSS for isoforms E, F, and G.  
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Figure 53: BLASTn alignment of DNA sequence of RNA PolI ChIP-Seq data enriched region conserved across 
multiple species (query) against contig 8 (subject). 
 
Feature 4 
 
 The BLASTx alignment and several gene prediction tracks showed a putative gene within 

an intronic region of feature 3 (Figure 54). When a BLASTp search was used to align the 

predicted peptide from Genscan against the D. melanogaster annotated proteins in FlyBase no 

significant results were found (Figure 55).   

 
Figure 54: Close up of Feature 4. The region is found within an intronic region of feature 3. RNA-Seq and Top Hat 
data is inconclusive, but high conservation is observed.  
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Figure 55: FlyBase BLASTp results for GenScan predicted polypeptide contig8.5 (query) against D. melanogaster 
annotated proteins database (subject). No significant results were found.  
 However, due to the high level of conservation across Drosophila species observed in the 

conservation tracks, in addition to the presence of the RNA-Seq data in the region, annotation 

efforts were continued. According to the BLASTx alignment to D. melanogaster proteins in the 

UCSC browser, the putative gene is the A isoform of mRpL20. The Gene Record Finder shows 

that only the A isoform of mRpL20 exists in D. melanogaster (Figure 56). Isoform A has three 

exons. This is notable because the BLASTx alignment in the UCSC browser only has two exons. 

Additionally, mRpL20 is located on chromosome 3L in D. melanogaster (Figure 57).  

 
Figure 56: Gene Record Finder 6.08 record of mRpL20 in D. melanogaster. mRpL20 only has one isoform with 
three exons in D. melanogaster.  
 

 
Figure 57: Brower view of mRpL20 in D. melanogaster genome. The coding regions are show in light orange and 
the translated regions are shown in gray. mRpL20 is located on the reverse frame, chromosome 3L in D. 
melanogaster.  
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 Due to the overwhelming evidence that feature four may not be the real ortholog of 

mRpL20 in D. ficusphila, a FlyBase tBLASTn search of the mRpL20 protein sequence in D. 

melanogaster was conducted against the whole genome assembly of D. ficusphila (Figure 58). 

The best alignment mapped to scaffold 7180000454048 and includes all three exons. The second 

best alignment mapped to scaffold 7180000454086 and does not include the first exon. A 

BLASTn search of contig8 against the whole genome assembly of D. ficusphila mapped to 

scaffold 7180000454086 (Figure 59). This suggests that feature 4 is a pseudogene derived from 

mRpL20. 

 

 
Feature 58: tBLASTn search of D. melanogaster mRpL20 amino acid sequence (query) against whole genome 
assembly of D. ficusphila (subject). The best alignment includes all three exons and mapped to scaffold 
180000454048. The second best alignment mapped to scaffold 7180000454088 and does not include the first exon. 
 

 

 
Figure 59: BLASTn search of contig8 (query) against the whole genome assembly of D. ficusphila (subject) 
mapped to scaffold 7180000454088. 
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 From the UCSC Genome Browser, the repeat upstream of feature 4 was identified as a 

helitron (Figure 54). Thus, it is likely that the last two exons of a mRpL20 duplicate on 

chromosome three were picked up by the helitron’s rolling circle mechanism and transported to 

chromosome four.  

 Exon-by-exon BLASTx searches were then used to find the approximate coordinates for 

the exon junctions in D. ficusphila (Table 9). As expected, the first exon could not be found 

within contig8. The second exon mapped to two frames, amino acids 1-52 and 51-69 on the +2 

and +3 frame respectively. This suggests that the mRpL20 pseudogene has acquired a novel 

intron. This intron contains an unknown repeat at bases 40790-40988. The third exon also 

mapped to two frames, amino acids 1-23 and 24-52 on the +3 and +2 frames respectively (Figure 

60). Inspection of the subject ranges reveals that the second portion of CDS2_7149_0 and the 

first portion of 3_7149_1 are essentially contiguous. These observations suggest that this region 

is derived from a cDNA pseudogene. 

FlyBase ID Coding Exon Size 
(amino acids) 

Subject Range Query 
Frame 

Query Range 

1_7149_0 Not found in contig8 
2_7149_0 69 1-52, 51-69 +2, +3 40598-40753, 40989-41045 
3_7149_1 52 1-23, 24-52 +3, +2 41049-41118, 41126-41212 
Table 9: Summary table for approximate exon locations on BLASTx alignments for mRpL20 pseudogene. 

Figure 60: Left: The two BLASTx alignments for the protein sequence of CDS2_7149_0 (subject) against the 
translated DNA sequence of contig8 (query). The first alignment is on the +2 frame and covers amino acids 1-52. 
The second alignment is on the +3 frame and spans amino acids 51-69. Right: The two BLASTx alignments for the 
protein sequence of CDS3_7149_0 (subject) against the translated DNA sequence of contig8 (query). The first 
alignment is on the +3 frame and covers amino acids 1-34. The second alignment is on the +2 frame and spans 
amino acids 24-52. 
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 Although at first, the conservation tracks seem to suggest that this pseudogene exists in 

most other Drosophila species, the chained alignment tracks for D. melanogaster, D. yakuba, D. 

erecta, D. biarmipes, and D. elegans show that the alignments at feature 4 do not belong to the 

same chain as the surrounding region (Figure 61). This suggests that the alignments at feature 4 

belong to the mRpL20 ortholog and are misaligned to this pseudogene. Thus, it is likely that the 

mRpL20 pseudogene on chromosome four only exists in D. ficusphila.  

 
Figure 61: The chained alignment tracks show that alignments at feature 4 belong to a separate chain from the 
surrounding region. These alignments likely belong to the mRpL20 ortholog and suggest that the pseudogene only 
exists in D. ficusphila.  
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Gene Evolution  
 
CG33978 
 
 Feature 3, the CG33978 ortholog, was unusual in contig8 in that it had significantly lower 

conservation relative to the other features. Thus, the predicted polypeptide from the D. ficusphila, 

obtained using Gene Model Checker, was used as a query for a BLASTp search with the 

reference sequence database as the subject (Figure 62). The BLASTp search identified a 

Calcium-binding EGF-like domain at position 1573-1620 of the gene. In order to investigate 

these conservation patterns, a Clustal Omega multiple sequence alignment was carried out with 

the Drosophila CG33978 orthologs obtained from FlyBase (Figure 63). 

 
Figure 62: BLASTp alignment of D. ficusphila CG33978 isoform D peptide sequence (query) against NCBI Refseq 
database. 
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Figure 63: Clustal Omega multiple sequence 
alignment of Drosophila CG33978. The calcium-
binding EGF-like domain was conserved across 
species. 
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The Clustal OMEGA alignment revealed variable conservation among the four Drosophila 

species for most of the alignment. The Calcium-binding EGF-like domain was conserved. This is 

expected, since the only known molecular function of protein CG33978 is calcium ion binding. 

Approximately forty amino acids upstream and downstream of the Calcium-binding EGF-like 

domain were also conserved to essentially the same degree. The lack of conservation in the rest 

of the CG33978 gene is interesting, and may be related to the lack of CG33978 expression in 

most cell lines across various stages of development. However, further investigation is necessary 

to determine the precise reasons for variation.  

Arl4 

 The evolution of feature 1, the Arl4 ortholog, was also investigated. The predicted 

peptide from the D. ficusphila isoform B, obtained using the Gene Model checker, was used as a 

query for a BLASTp serach with the NCBI reference sequence database as the subject (Figure 

64). The BLASTp search identified a P-loop containing Nucleoside Triphosphate Hydrolase (P-

loop NTPase) superfamily towards the first half and the last fifty amino acids of the query 

sequence. This conserved region includes a GTP/Mg2+ binding sites, Switch I and II regions, and 

G1, G2, G3, G4, and G5 boxes. The concentration of highly conserved sites in the first half of 

the peptide is congruent with the high degree of conservation present in the first three exons in 

all Arl4 isoforms. In order to investigate these conservation patterns, a Clustal OMEGA multiple 

sequence alignment was carried out with Drosophila Arl4 orthologs obtained from FlyBase 

(Figure 65). 
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Figure 64: BLASTp alignment of D. ficusphila Arl4 isoform B peptide sequence (query) against NCBI Refseq 
database. 
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Figure 65: Clustal OMEGA multiple sequence alignment of Drosohpila Arl4  with human and mouse as outgroups. 
The P-loop NTPase superfamily conserved domains are highly conserved across all species. 
 
 The Clustal OMEGA alignment revealed high degrees of conservation at the P-loop 

NTPase superfamily conserved domains. There is poor conservation in other regions. Notably, 
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the human and mouse outgroups do not have a gap in the P-loop NTPase superfamily conserved 

domain, as is observed in all of the Drosophila species.  

 
Repeats 

 Repetitious sequences were analyzed using the UCSC Table Browser in order to process 

contig8 using Repeat Masker with the appropriate repeat database (Table 10). The Repeat 

Masker analysis determined that contig8 is 35.71% repetitive, which corresponds to 

16,071/45,000 bp, and contains nine repeats 500 bp or greater (Table 11). The region in D. 

melanogaster that corresponds to contig8 is 7.93% repetitive (from end of CG33978 to end of 

Arl4), corresponding to 2211/27888 bp, 

and contains no repeats 500 bp or greater.  

Table 10: Left: Summary of all repeats in 
contig8. 35.53% of all bases are contained in 
repeats. Right: Summary of all repeats in 
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corresponding region in D. melanogaster. 7.93% of all bases are contained in repeats.  
Repeat Name Repeat 

Class/Family 
Strand Begin  End Size (bp) 

Rnd01_family-
108 

DNA/MITE - 4435 4984 549 

rnd-1_family-
107 

DNA/MITE - 21336 21939 603 

rnd-1_family-
244 

LTR/Pao - 14599 15235 636 

rnd-1_family-89 LTR/Pao - 13675 14313 638 
rnd-6_family-34 RC/Helitron - 19391 20097 706 
rnd-2_family-34 Unknown + 43192 43902 710 
rnd-1_family-14 RC/Helitron + 2198 2912 714 
rnd-4_family-33 RC/Helitron + 16241 17107 866 
rnd-1_family-
450 

DNA - 1195 2175 980 

Table 11: Details of repeats greater than 500 bp in contig8. 
 

In some species of Drosophila, a subset of the repeats identified by RepeatMasker can be 

derived from genomic fragments of Wolbachia that have been integrated into the genome. A 

BLASTn search comparing the Wolbachia endosymbiont of the Riverside strain of D. simulans 

against contig8 revealed eleven alignments under the Expect threshold of 1e-2 (Figure 66).  
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Figure 66: BLASTn results comparing the Wolbachia 
endosymbiont of the Riverside strain of D. simulans 
against contig8. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Synteny 

 In order to analyze synteny between the annotated genes in contig8 and D. melanogaster, 

the annotated genes were compared with FlyBase D. melanogaster Browser View (Figure 67). 

The D. melanogaster region that corresponds to contig8 shows that the three annotated genes are 

not in the same relative position and orientation. In contig8, Arl4 is found upstream of CG31997 

on the forward strand. This suggests that an inversion has taken place in D. ficusphila. Thus, 

these genes are not in synteny. In addition, the mRpL20 paralog found in contig8 is not present in 

D. melanogaster.  

The D. melanogaster annotations also include a 361 bp non-coding RNA CR45198 in the 

same region as the 5’ UTR for CG33978 in D. melanogaster that is unaccounted for in D. 

ficusphila. A BLASTn search with the DNA sequence of CR45198 in D. melanogaster (query) 
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against the contig8 DNA sequence (subject) did not produce any significant results. Since 

CR45198 is found on the forward strand and overlaps with the 5’UTR of isoforms C and D of 

CG33978 in D. melanogaster, CR45198 should also exist on the forward strand in D. ficusphila 

in the putative 5’UTR region for CG33978. The only alignment that fits these parameters had an 

e-value of 0.87 (Figure 68). It is possible that CR45198 exists in a neighboring contig as the 

5’UTR for CG33978 could not be identified in contig8. In order to determine whether CR45198 

is present in D. ficusphila, a Blastn search was carried out within FlyBase with CR45198 isoform 

A gene region as a query and the D. ficusphila whole shotgun sequence assembly as the subject. 

The search did not return any significant results. This gene has therefore been lost in the D. 

ficusphila genome.  

Figure 67: Comparison of gene order and orientation in contig8 and D. melanogaster. Repeat elements greater than 
500 bp in contig8 are marked with a red arrow. Black alignment lines show inversion of Arl4 with CG31997 and 
CG33978. 

 
Figure 68: Only alignment in expected region and strand for BLASTn search of DNA sequence of D. melanogaster 
CR45198 (query) against contig8 DNA sequence (subject). The alignment is insignificant because it has an e-value 
of 0.87. 
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 Lastly, any exons predicted by any gene predictor that were unaccounted for, as well as 

intergenic sequences within contig8 were used as queries for BLASTx searches with non-

redundant (nr) database in NCBI to ensure that all genes were annotated. GenScan contig8.2 

produced significant alignments to Atf6 across many Drosophila species (Figure 69). However, 

Atf6 is located on chromosome 2R in Drosophila melanogaster, and is thus unlikely to 

correspond to a real gene on the dot chromosome. Given its position within a high repeat density 

region, it is likely that GenScan contig8.2 is a pseudogene of Dmel\Atf6 that has been transposed 

from chromosome two to four in the D. ficusphila line. Chained alignment tracks show that 

GenScan contig8.2 aligns to chromosome 2R in D. melanogaster and chromosome 2L in D. 

yakuba, further supporting this hypothesis (Figure 70).  

 
Figure 69: BLASTx search of GenScan prediction contig8.2 translated DNA sequence (query) against the nr 
database (subject) produced significant alignments to Atf6 across many Drosophila species.  
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Figure 70: GenScan prediction contig8.2 in the UCSC Genome Browser. Though RNA-Seq coverage is significant 
on the second exon, chained alignment tracks show that this feature aligns to chromosomes 2R and 2L in D. 
melanogaster and D. yakuba respectively, evidence that contig8.2 represents a transposition event, potentially a 
pseudogene.   
  
 Similarly, SGP Genes contig8.2 produced significant alignments to ribosomal protein 

S14a (RpS14a) across many Drosophila species (Figure 71). However, RpS14a is located on the 

X chromosome in all other Drosophila, and is thus unlikely to correspond to a real gene on the 

dot chromosome. Given its position within a high repeat density region, it is likely that SGP 

Genes contig8.2 is a pseudogene of RpS14a that has been transposed from the X chromosome to 

chromosome four in the D. ficusphila line. Chained alignment tracks show that SGP Genes 
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contig8.2 aligns to chromosome 2R in D. melanogaster and chromosome 2L in D. yakuba, 

further supporting this hypothesis (Figure 72).  

 
Figure 71: BLASTx search of SGP Genes contig8.2 translated DNA sequence (query) against the nr database 
(subject) produced significant alignments to RpS14a across many Drosophila species.  
 

 
Figure 72: SGP genes contig8.2 in the UCSC Genome Browser. Chained alignment tracks show that this feature 
aligns to the X chromosome in D. melanogaster and D. yakuba respectively, evidence that contig8.2 represents a 
transposition event. Notably, the feature is surrounded by LINEs.  
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Discussion 

 Despite being surrounded by high quantities of repetitious sequences usually associated 

with heterochromatin formation, the approximately eighty genes found on the 1.3 Mb arm of the 

Muller F element in Drosophila are expressed. Contig8 exemplifies this unique nature of the dot 

chromosome, as evidence of a high level of gene expression was apparent in two of the three 

annotated genes, Arl4 and CG31997, despite a repeat content of 35.71%. ModENCODE data 

shows that the remaining annotated gene, CG33978 is moderately expressed in wing disc CME-

W2 cells in the embryo at 16-18 hours and the pupae. Annotation of these genes through 

integration of information in the UCSC Genome Brower, BLAST, and Clustal Omega multiple 

sequence alignment revealed varying levels of conservation relative to D. melanogaster 

orthologs. The most notable changes were found in CG33978; premature stop codons were found 

in all isoforms. In addition, TSSs were annotated for Arl4 and CG33978. Further analyses of the 

TSSs of genes on the fourth chromosome may provide further insights into the mechanism for 

gene expression in heterochromatic environments.   

 Contig8 also included three pseudogenes, derived from mRpL20, Atf6, and RpS14a, that 

were transported by neighboring transposons to the dot chromosome. The presence of these 

pseudogenes is very interesting because a pseudogene is a rare feature in Drosophila. Further 

characterization of these genes could contribute to future studies that reveal how transposons are 

able to multiply so rapidly (or be maintained) in the seemingly inaccessible heterochromatic 

environment of the F element.  

 Investigation of overall synteny of Contig8 compared to the orthologous region in D. 

melanogaster revealed an inversion involving three genes. This finding is in congruence with 

previous work by the GEP which showed that the F element has smaller syntenic blocks than 
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genome averages (3.4-3.6 vs. 8.4-8.8 genes per block), indicating greater rates of inversion 

despite lower rates of recombination (Leung et al., 2015). In addition, the lack of ncRNA 

CR45198 in the D. ficusphila genome supports previous research that has found that the 

relatively low number of ncRNA genes in the Drosophila is likely due to the rapid rates of 

evolution in these types of genes (Drosophila 12 Genomes Consortium, 2007). 

 The final map of contig8 is shown in Figure 73. 

 
Figure 73: Final map of contig8 with annotated genes in blue custom tracks. 
 
 
Appendix 

Fasta, pep, and gff files are submitted electronically. 
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