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Abstract: 
 
 Contig11, part of the dot (fourth) chromosome in Drosophila elegans, was annotated using a 

variety of bioinformatics tools, including the Basic Local Alignment Search Tool (BLAST), the UCSC 

Genome Browser, and gene predictors such as GENSCAN and N-SCAN, as well as RNA-Seq data and 

TopHat junctions. The Drosophila melanogaster genome was used as a reference for gene orthology. 

Four genes were annotated in contig11, ATPsynbeta, CaMKII, Zyx, and Rfabg. All genes except Rfabg 

had one missing isoform compared to their respective D. melanogaster orthologs. The missing isoforms 

in each case are most likely due to the evolution of a new isoform in D. melanogaster, since only very 

closely related fly species, such as D. yakuba and D. erecta share the new isoform. Zyx has an 

additional exon that could be unique to D. elegans. The transcription start site (TSS) of ATPsynbeta 

was found to be part of a peaked promoter. Due to the lack of evidence aside from homology, a search 

region was proposed in addition to the exact coordinates of the TSS.19.67% of contig11 is composed 

of repetitious sequences, with only three repeats spanning more than 500 bases (2 helitrons and 1 

unknown repeat). All four genes are syntenic with respect to D. melanogaster. Additionally, D. 

melanogaster contains genes CG11076 and CG11077 and the non-coding RNA CR44031, but these all 

translocated together to a different part of the D. elegans genome.  

 

Introduction 
 
 In eukaryotic organisms, chromatin packaging is essential in the determination of how genes 

are regulated and expressed. Chromatin is usually found in two states, euchromatin or 

heterochromatin. While euchromatic gene expression and regulation is well documented, far less is 
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know about heterochromatic genes. In the common fruit fly, Drosophila melanogaster, the fourth 

chromosome (Muller F element) is mostly composed of constitutive heterochromatin, and yet it contains 

about 80 genes that exhibit euchromatic levels of gene expression, which makes it an ideal model for 

comparative analysis between euchromatic and heterochromatic gene regulation. 

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

genomes of several Drosophila species have been sequenced and assembled, which can now be used 

to perform powerful multispecies comparative genomic analysis. These studies can provide insights on 

how genes and chromosomes evolve, as well as how regulatory motifs and repeat density impact the 

architecture of the genome. This project is part of a larger collaborative effort that seeks to annotate the 

F element assembly of Drosophila elegans, a fly species close to D. melanogaster, but with enough 

evolutionary divergence that will allow for conserved motif finding. 

 Contig11 spans 51000 bases, and has three features predicted by the ab initio gene predictor 

GENSCAN, but four genes suggested by conservation (Figure 1). The most upstream prediction, 

feature 1, where there is a congruence of evidence, was annotated first. 

	  

Figure	  1.	  Contig11	  on	  the	  GEP	  UCSC	  Genome	  Browser	  of	  the	  D.	  elegans	  Jan.	  2015	  Dot	  Assembly.	  Features	  1,	  2,	  3,	  and	  4	  are	  
shown	  in	  red,	  blue,	  green,	  and	  yellow	  respectively.  
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Feature 1 
 
 Using the UCSC Genome Browser, the preliminary properties of feature 1 can be assessed 

(Figure 2). Feature 1 lies on the plus strand, and gene predictors such as genBlastG and N-SCAN 

predict three exons that closely match the RNA-Seq data. Although GENSCAN does not predict the 

small first exon, it is highly likely that the predictor missed it, since there is RNA-Seq data present and 

good support from TopHat junctions. In order to determine the D. melanogaster ortholog, the predicted 

peptide from N-SCAN was used to conduct a BLASTp search in FlyBase (Figure 3). 

	  

Figure	  2.	  Close	  up	  of	  Feature	  1.	  genBlastG	  and	  N-‐SCAN	  predictions	  closely	  match	  the	  RNA-‐Seq	  data.	  The	  predicted	  coding	  
sequences	  are	  well	  conserved	  across	  many	  Drosophila	  species. 
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Figure	  3.	  FlyBase	  BLASTp	  results.	  Query:	  Feature	  1	  N-‐SCAN	  predicted	  peptide,	  Subject:	  D.	  melanogaster	  Annotated	  Proteins	  
(AA)	  database. 

 The BLASTp results show very high sequence similarity to the three isoforms of ATPsynbeta 

and to ATPsynbetaL. Since both genes have an e-value of zero, further investigation was needed in 

order to ensure that ATPsynbeta is indeed the correct ortholog. According to the Gene Record Finder, 

ATPsynbeta and ATPsynbetaL are located on the D. melanogaster chromosomes 4 and 3L 

respectively. See Figure 4 for flanking genes.  
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Figure	  4.	  Browser	  view	  of	  the	  locations	  of	  ATPsynbeta	  (left)	  and	  ATPsynbetaL	  (right).	  

 Based on synteny and the BLASTp e-values, it is very likely that ATPsynbeta is the correct D. 

melanogaster ortholog, since contig11 is part of the fourth chromosome. In order to obtain further 

evidence that ATPsynbeta is the correct ortholog, a series of BLAST searches were done using the D. 

elegans genome in order to determine how well each gene matches (Figure 5). 

	  

Figure	  5.	  A)	  tBLASTn	  search	  with	  the	  ATPsynbeta	  protein	  sequence	  as	  a	  query	  and	  the	  D.	  elegans	  WGS	  database	  as	  a	  
subject.	  B)	  tBLASTn	  search	  with	  ATPsynbetaL	  protein	  sequence	  as	  a	  query	  and	  the	  D.	  elegans	  WGS	  database	  as	  a	  subject.	  C)	  
BLASTn	  search	  with	  contig11	  as	  a	  query	  and	  the	  D.	  elegans	  WGS	  database	  as	  a	  subject. 

 The BLAST searches revealed that ATPsynbeta matches best to Contig7716, as does contig11. 

ATPsynbetaL matches best to Contig7821 and only poorly to Contig7716. Thus, since there is a better 

match for ATPsynbetaL elsewhere in the D. elegans genome, and contig11 and ATPsynbeta match to 

the same contig, it can be concluded that ATPsynbeta is the correct D. melanogaster ortholog. 

 Using the Gene Record Finder V1.2, ATPsynbeta from D. melanogaster was determined to 

have three isoforms: C, D, and A (Figure 6). Isoforms A and D share identical coding sequences but 
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have different 3’ untranslated regions. Isoform C’s second exon is slightly larger than the other two 

isoform’s second exon and it also has a different untranslated region pattern (Figure 7). 

	  

Figure	  6.	  FlyBase	  6.03	  record	  on	  ATPsynbeta.	  ATPsynbeta	  is	  transcribed	  on	  the	  plus	  strand. 

	  

Figure	  7.	  Browser	  view	  of	  ATPsynbeta	  (D.	  melanogaster	  genome).	  The	  coding	  regions	  are	  shown	  in	  light	  orange	  and	  the	  
untranslated	  regions	  are	  shown	  in	  gray. 

 In order to start mapping the coordinates of feature 1, a series of pairwise BLASTx searches 

was conducted using contig11 as a query and each unique coding sequence (CDS) of ATPsynbeta as 

the subject (Figure 8). 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). A match to the approximate 

coordinates in Table 1 will thus be considered to be a match with the BLASTx results, and the BLASTx 

track in the Genome Browser will no longer be considered. 
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Figure	  8.	  BLASTx	  alignments.	  Query:	  contig11.	  Subjects:	  D.	  melanogaster	  ATPsynbeta	  unique	  CDSs.	  All	  matches	  covered	  the	  
entirety	  of	  the	  ATPsynbeta	  CDSs	  except	  for	  CDS	  2_1009_2. 

	  

Table	  1.	  Summary	  table	  for	  approximate	  exon	  locations	  based	  on	  BLASTx	  alignments	  for	  ATPsynbeta. 

 To determine the exact exon boundaries, the UCSC Genome Browser output and the 

approximate coordinates and reading frames obtained through the BLASTx alignments, were used to 

locate the CDS donor and acceptor splice sites for each exon. Only one start codon was located on 

reading frame +1 near the beginning of CDS 1_1009_0, and no other start codons were available within 

the reading frame (Figure 9). The start site coordinates match the ones obtained from the BLASTx 

match to the D. melanogaster sequence, and are supported by N-SCAN and genBlastG predictions. 
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Figure	  9.	  USCS	  Genome	  Browser	  showing	  CDS	  1_1009_0	  (exon	  1).	  Only	  one	  start	  site	  (shown	  in	  green)	  is	  on	  reading	  frame	  
+1	  which	  is	  supported	  by	  amino	  acid	  sequence	  conservation. 

 There were three potential GT donor sites close to the 3’ end of CDS 1_1009_0 that could 

potentially be the correct donor site (Figure 10). The GT at site 2411-2412 was determined to be the 

most likely donor site, as it matched the BLASTx results and has strong evidence from RNA-Seq data 

and TopHat junctions. Since CDS 1_1009_0 is on reading frame +1, the most likely donor site at 2411 

bp is then in phase 1, since there is one T nucleotide between the donor site and the closest complete 

codon. The other potential donor sites, at 2409 and 2415 bp, are in phase 2. If the donor site at 2411-

2412 is indeed the correct donor site, the acceptor site in both CDS 2_1009_2 (isoform C) and CDS 

3_1009_2 (isoforms A and D) should be in phase 2 in order to complete the extra codon formed upon 

splicing. 
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Figure	  10.	  Potential	  donor	  sites	  on	  CDS	  1_1009_0	  (exon	  1).	  The	  GT	  donor	  sites	  are	  highlighted	  in	  black.	  For	  the	  most	  
supported	  donor	  site	  (2411-‐2412),	  the	  donor	  site	  is	  highlighted	  in	  green,	  the	  closest	  complete	  codon	  is	  highlighted	  in	  red,	  
and	  the	  extra	  nucleotide	  in	  between	  is	  highlighted	  in	  blue.	  The	  red	  arrow	  points	  to	  reading	  frame	  +1.	  The	  topmost	  Top	  Hat	  
junction	  has	  a	  score	  of	  14241. 

 The AG acceptor site that corresponds to CDS 2_1009_2, based on the approximate BLASTx 

results, was not present on contig11 (Figure 11). This is likely the reason why the BLASTx alignment 

was not a 100% match (Figure 8). The absence of the acceptor site could have been caused by either 

an error in the consensus sequence, or a lack of conservation between Drosophila species. Using the 

USCS Genome Browser Multiz alignment track on the D. melanogaster July 2014 assembly, it was 

determined that there is a broader lack of conservation on the AG acceptor site that is not present on 
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contig11 (Figure 12). Thus, it is less likely to be a sequencing error. This AG acceptor site is only 

conserved between D. melanogaster, D. yakuba, and D. erecta, so it likely arose during the split of 

these species from the rest of the other Drosophila species, including D. elegans (Figure 13). Thus, it 

was concluded that CDS 2_1009_2, and thus isoform C, is not present in D. elegans. 

	  

Figure	  11.	  No	  AG	  acceptor	  site	  for	  CDS	  2_1009_2	  between	  the	  upstream	  stop	  codon	  and	  the	  AG	  acceptor	  site	  for	  CDS	  
3_1009_2	  on	  reading	  frame	  +1.	  The	  AG	  site	  at	  3065-‐3066	  has	  an	  incompatible	  phase	  (phase	  0),	  so	  it	  was	  not	  considered. 

	  

Figure	  12.	  Conservation	  of	  the	  AG	  acceptor	  sites	  for	  CDS	  2_1009_2	  in	  D.	  melanogaster.	  Only	  D.	  melanogaster,	  D.	  yakuba,	  and	  
D.	  erecta	  share	  conservation	  on	  the	  acceptor	  site. 
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 There was only one AG acceptor site present in CDS 3_1009_2 (Figure 14). This acceptor site 

matches the site suggested by BLASTx (Table 1) and is well supported by RNA-Seq data and Top Hat 

junctions. The acceptor site is in phase 2, and thus is in agreement with the donor site of CDS 

1_1009_0 which is in phase 1. The donor site on CDS 3_1009_2 and acceptor site on CDS 4_1009_2 

were determined following the same protocol as the first two splice sites (Figures 15 and 16).  

	  
Figure	  14.	  Acceptor	  site	  on	  CDS	  3_1009_2	  (exon	  2).	  The	  AG	  acceptor	  site	  is	  highlighted	  in	  black	  and	  shaded	  green	  (3045-‐
3046),	  the	  closest	  complete	  codon	  is	  highlighted	  in	  red,	  and	  the	  extra	  nucleotides	  in	  between	  are	  highlighted	  in	  blue.	  The	  
red	  arrow	  points	  to	  reading	  frame	  +1. 

	  
Figure	  13.	  Shared	  ancestry	  of	  Drosophila	  
species.	  The	  Drosophila	  species	  enclosed	  in	  
red	  contain	  the	  AG	  acceptor	  site.	  D.	  sechellia	  
and	  D.	  simulans	  are	  not	  included	  in	  the	  
conservation	  track	  in	  the	  D.	  melanogaster	  
Genome	  Browser	  (Figure	  11)	  due	  to	  poor	  
quality	  sequence,	  but	  it	  is	  likely	  that	  the	  AG	  
acceptor	  site	  is	  conserved	  in	  these	  two	  
species	  as	  well.	  Thus,	  the	  splice	  site	  
probably	  arose	  following	  the	  split	  of	  the	  five	  
species	  from	  the	  rest	  of	  the	  Drosophila	  
species,	  indicated	  by	  the	  orange	  star.	  
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Figure	  15.	  Potential	  donor	  sites	  on	  CDS	  3_1009_2	  (exon	  2).	  The	  GT	  donor	  sites	  are	  highlighted	  in	  black.	  For	  the	  most	  
supported	  donor	  site	  (3359-‐3360),	  the	  donor	  site	  is	  highlighted	  in	  green,	  the	  closest	  complete	  codon	  is	  highlighted	  in	  red,	  
and	  the	  extra	  nucleotide	  in	  between	  is	  highlighted	  in	  blue.	  The	  red	  arrow	  points	  to	  reading	  frame	  +1. 

 

	  
Figure	  16.	  Potential	  acceptor	  sites	  on	  CDS	  4_1009_2	  (exon	  3).	  The	  AG	  acceptor	  sites	  are	  highlighted	  in	  black.	  For	  the	  best	  
supported	  acceptor	  site	  (3410-‐3411),	  the	  donor	  site	  is	  highlighted	  in	  green,	  the	  closest	  complete	  codon	  is	  highlighted	  in	  
red,	  and	  the	  extra	  nucleotides	  in	  between	  are	  highlighted	  in	  blue.	  The	  red	  arrow	  points	  to	  reading	  frame	  +3. 

 Both the donor site on CDS 3_1009_2 and acceptor site on CDS 4_1009_2 matched the 

approximate BLASTx results (Table 1) and are well supported by RNA-seq data and Top Hat junctions. 

Since the donor site in CDS 3_1009_2 is in phase 1 and the acceptor site in CDS 4_1009_2 is in phase 

2, the phases are in agreement. Other splice site pairs had compatible phases, but based on maximum 
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conservation with the D. melanogaster genome, the RNA-Seq data, and Top Hat junction evidence, 

these pairs did not hold the correct splice sites. The only stop codon at the 3’ end of CDS 4_1009_2 on 

reading frame +3 matches with the BLASTx searches (Table 1) and with all the gene predictors (Figure 

17).  

 All coding exons as well as the start and stop were annotated for isoforms A and D, which share 

identical coding sequences (Table 2). Isoform C was determined to not be present in D. elegans. The 

proposed gene model was thus ready to be processed by the Gene Model Checker on the GEP 

website. 

	  

Figure	  17.	  USCS	  Genome	  Browser	  showing	  the	  3’	  end	  of	  CDS	  4_1009_2	  (exon	  3).	  The	  stop	  codon	  on	  reading	  frame	  +3	  is	  at	  
4551-‐4553. 

	  

Table	  2.	  Summary	  of	  the	  proposed	  gene	  model	  for	  feature	  1. 

 The proposed coordinates for feature 1 were submitted to the Gene Model Checker. Since both 

isoforms, A and D, share identical coding sequences, the same output was generated for both 

isoforms. The dot plot comparison between the D. melanogaster ATPsynbeta and feature 1 shows that 

there is significant conservation throughout the entirety of the gene. The sequence alignment output 
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also shows that the additional amino acid created by the exon splicing is conserved between the two 

(Figure 18). 

	  
Figure	  18.	  Gene	  Model	  Checker	  output	  for	  isoform	  A.	  The	  output	  is	  identical	  for	  isoform	  D.	  	  Left:	  Dot	  plot	  of	  ATPsynbeta-‐PA	  
vs	  feature	  1	  model.	  Right:	  Sequence	  alignment	  of	  ATPsynbeta-‐PA	  and	  feature	  1	  model.	  

	   ATPsynbeta codes for the beta subunit of ATP synthase, a key enzyme in metabolism that 

synthesizes adenosine triphosphate (ATP). Since ATP synthesis is essential for most organisms, 

mutations on genes that code its subunits, such as ATPsynbeta are most likely under strong negative 

selection. Therefore, the high degree of conservation between the D. melanogaster ATPsynbeta and 

feature 1 on D. elegans is expected (Figure 18). 

 

Feature 2 

 Feature 2 was annotated following the same protocol as Feature 1 (Figure 19). The BLASTp 

search revealed that feature 2 is the CaMKII ortholog in D. elegans (Figure 20). Feature 2 also shows 

significant similarity with CaMKI, however, the large increase in e-values and decrease in scores show 

that CaMKII is the most likely ortholog (Figure 20). 

  



	   Cui	  Zhou	  15	  

	  

Figure	  19.	  Close	  up	  of	  Feature	  2.	  genBlastG	  and	  N-‐SCAN	  predictions	  closely	  match	  the	  RNA-‐Seq	  data.	  Most	  of	  the	  predicted	  
coding	  sequences	  are	  well	  conserved	  across	  many	  Drosophila	  species. 

	  

	  
Figure	  20.	  Left:	  FlyBase	  BLASTp	  results.	  Query:	  Feature	  2	  genBlastG	  isoform	  1	  predicted	  peptide,	  Subject:	  D.	  melanogaster	  
Annotated	  Proteins	  (AA)	  database.	  Right:	  Browser	  view	  of	  CaMKII	  (D.	  melanogaster	  genome).	  CaMKII	  is	  on	  the	  minus	  
strand,	  in	  synteny	  with	  the	  previously	  annotated	  ATPsynbeta	  gene,	  and	  is	  located	  on	  the	  fourth	  chromosome. 

 Due to the large number of isoforms for this feature, the approximate BLASTx coordinates were 

determined by running a pairwise BLASTx search with contig11 as the query against all the isoforms’ 
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peptide sequences as the subject (Table 3). As for feature 1, the BLASTx track in the UCSC Genome 

Browser was no longer considered and the approximate BLASTx coordinates were used to determine 

exon boundaries. 

	  
Table	  3.	  Summary	  table	  for	  approximate	  exon	  locations	  based	  on	  BLASTx	  alignments	  for	  CaMKII. 

 It was determined that CaMKII isoform G does not exist in D. elegans, and is an isoform unique 

to D. melanogaster (Figure 21). A candidate AG acceptor site in D. elegans is located very close to the 

D. melanogaster CDS 15_13504_2 acceptor site; however its phase is not in congruence with the 

upstream donor site (Figure 22). Thus, this site cannot serve as an acceptor site that could replace the 

D. melanogaster acceptor site.  
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Figure	  21.	  Conservation	  of	  the	  AG	  acceptor	  site	  for	  CDS	  15_13504_2	  in	  D.	  melanogaster.	  The	  red	  box	  denotes	  the	  D.	  
melanogaster	  acceptor	  site	  for	  isoform	  G.	  The	  green	  box	  shows	  a	  nearby	  acceptor	  site	  in	  D.	  elegans	  that	  could	  be	  used	  for	  
the	  orthologous	  isoform	  G	  in	  D.	  elegans	  (Figure	  22). 

	  

Figure	  22.	  Potential	  acceptor	  sites	  on	  CDS	  15_13504_2.	  The	  rightmost	  AG	  acceptor	  site	  is	  close	  to	  the	  D.	  melanogaster	  
acceptor	  site,	  but	  is	  in	  the	  wrong	  phase. 
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 All coding exons as well as the start and stop were annotated for the rest of the isoforms, with a 

total of 7 isoforms with unique coding sequences. Isoform G was determined to not be present in D. 

elegans as noted above (Table 4). 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 CaMKII and feature 2 show that there is significant conservation across all isoforms 

throughout the entirety of the gene (Figure 23). 

	  

Table	  4.	  Summary	  of	  the	  proposed	  gene	  model	  for	  feature	  2. 
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Figure	  23.	  Gene	  Model	  Checker	  output	  for	  CaMKII.	  Isoforms	  C,	  A,	  and	  H;	  E	  and	  B;	  and	  D	  and	  I	  have	  identical	  outputs	  
respectively.	  	  Left:	  Dot	  plot	  of	  D.	  melanogaster	  CaMKII	  isoforms	  vs	  feature	  2	  isoforms.	  Right:	  Sequence	  alignment	  of	  D.	  
melanogaster	  CaMKII	  isoforms	  vs	  feature	  2	  isoforms. 
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Feature 3 

 Feature 3 was annotated following the same protocol as Features 1 and 2 (Figure 24). The 

BLASTp search revealed that feature 3 is the Zyx ortholog in D. elegans (Figure 25). 

	  

Figure	  24.	  Close	  up	  of	  Feature	  3.	  genBlastG	  and	  SNAP	  predictions	  closely	  match	  the	  RNA-‐Seq	  data	  except	  for	  the	  reads	  
enclosed	  in	  red.	  Most	  of	  the	  predicted	  coding	  sequences	  are	  well	  conserved	  across	  many	  Drosophila	  species. 

 The exon-by-exon BLASTx alignments yielded the approximate coordinates for the exon 

junctions in D. elegans, with two exceptions. The D. melanogaster Zyx isoform G first exon was unable 

to be processed by BLAST, since it only consists of two amino acids, and thus required the use of the 

Small Exon Finder from the GEP website (Figure 26). Furthermore, D. melanogaster does not have any 

exons that correspond to the RNA-Seq data boxed above (that none of the gene predictors predicted) 

that could be an additional exon that D. melanogaster does not have (Figure 24). 



	   Cui	  Zhou	  23	  

 

	  

Figure	  25.	  Left:	  FlyBase	  BLASTp	  results.	  Query:	  Feature	  3	  genBlastG	  predicted	  peptide,	  Subject:	  D.	  melanogaster	  Annotated	  
Proteins	  (AA)	  database.	   

	  

Figure	  26.	  Left:	  Browser	  view	  of	  Zyx	  (D.	  melanogaster	  genome).	  Zyx	  is	  on	  the	  minus	  strand	  and	  isoform	  G	  contains	  a	  very	  
small	  first	  exon.	  Right:	  Gene	  Record	  Finder	  entry	  on	  Zyx,	  depicting	  the	  two	  amino	  acid	  exon	  of	  isoform	  G. 

 In order to set the minimum size search region for the Small Exon Finder, the other exons 

boundaries were annotated first. Thus, it was determined that the downstream acceptor site for the 

small exon is in phase 0, so the small exon must have a phase 0 donor site. Additionally, the upstream 

gene (Rfabg, feature 4) was already previously annotated, and thus the search region for the Small 
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Exon Finder spanned from the downstream exon to the start of the first coding exon of Rfabg, focusing 

only on phase 0 donor exons. 

 The Small Exon Finder was able to identify two potential exons that fit the search parameters 

(Figure 27). However, none of them had supporting RNA-Seq data or Top Hat junctions. Additionally, 

there is no conservation of these amongst other Drosophila species. 

	  

Figure	  27.	  Small	  exons	  with	  phase	  0	  donor	  sites	  found	  by	  the	  Small	  Exon	  Finder.	  Top:	  Reading	  frame	  -‐1.	  Bottom:	  Reading	  
frame	  -‐3.	  The	  red	  arrows	  point	  at	  the	  donor	  site.	  Neither	  of	  these	  sites	  had	  any	  supporting	  RNA	  evidence. 
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In order to investigate the lack of conservation, the Multiz and phastCons conservation scores 

for the July 2014 D. melanogaster were viewed in the UCSC Genome Browser (Figure 28). Only D. 

melanogaster and D. yakuba contain the GT donor site that corresponds to the small exon.  

	  

Figure	  28.	  Conservation	  around	  the	  small	  first	  exon	  of	  isoform	  G	  in	  D.	  melanogaster.	  Only	  D.	  melanogaster	  and	  D.	  yakuba	  
share	  conservation	  at	  the	  GT	  splice	  site. 

In order to check that either of the two small exons found by the Small Exon Finder do not 

correspond to the D. melanogaster exon, a ClustalW2 alignment was carried out with the D. 

melanogaster small exon, along with additional upstream and downstream bases to enhance 

specificity, and the search region sequence of contig11 used for the Small Exon Finder (Figure 29). The 

resulting alignment shows that the GT (complementary AC) splice site on D. elegans is present, 

however a mutation changed the start codon CAT (complementary ATG) into CAA, thus removing the 

start codon for the small exon. Since it is very unlikely that the other small exons found by the Small 

Exon Finder replaced this exon due to the lack of any supporting evidence, it was determined that 

isoform G does not exist in D. elegans. 
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Figure	  29.	  ClustalW2	  alignment	  of	  the	  D.	  melanogaster	  small	  exon	  with	  some	  surrounding	  bases	  and	  the	  search	  region	  
sequence	  of	  contig11	  used	  for	  the	  Small	  Exon	  Finder.	  The	  red	  box	  shows	  the	  aligned	  donor	  site.	  The	  highlighted	  green	  
bases	  show	  the	  start	  codon	  (complementary	  ATG)	  present	  in	  D.	  melanogaster	  that	  has	  been	  lost	  in	  D.	  elegans. 

 Since the putative additional exon is not present in D. melanogaster, the rest of the exons were 

analyzed first. All coding exons as well as the start and stop were annotated for all isoforms except 

isoform G (no longer present in D. elegans), where isoforms B and G share identical coding sequences 

(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 Zyx and feature 3 show 

that there is weak conservation in general, except for the last three very well conserved exons (Figure 

30). Most of the big gaps in the dot plots are due to the low resolution of the dot plot itself, however; the 

weak conservation can be observed with the protein alignments.  

	  

Table	  5.	  Summary	  of	  the	  proposed	  gene	  model	  for	  feature	  3. 
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Figure	  30.	  Gene	  Model	  Checker	  output	  for	  Zyx.	  Isoforms	  B	  and	  L	  have	  identical	  outputs.	  	  Left:	  Dot	  plot	  of	  D.	  melanogaster	  
Zyx	  isoforms	  vs	  feature	  3	  isoforms.	  Right:	  Sequence	  alignment	  of	  D.	  melanogaster	  Zyx	  isoforms	  vs	  feature	  3	  isoforms. 

 Due to conservation with D. melanogaster, an additional exon in D. elegans must be very well 

supported by experimental data. The putative exon is not predicted by any gene predictors, but has a 

high number of RNA-Seq reads (about 180 reads) and about 300 supporting Top Hat junctions overall 

(Figures 31 and 32). Thus, this additional exon is well supported and is most likely transcribed.  

	  

Figure	  31.	  About	  300	  Top	  Hat	  junctions	  connecting	  the	  putative	  additional	  exon	  with	  the	  upstream	  and	  downstream	  
exons.	   
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Figure	  32.	  About	  180	  RNA-‐Seq	  reads	  support	  the	  splice	  sites	  of	  the	  putative	  additional	  exon.	  The	  splice	  sites	  are	  boxed	  in	  
red.	   

 A BLASTx search with the additional exon on the nr database returned no matches. Thus, 

without a reference reading frame, the donor and acceptor site reading frames and phases for this exon 

were determined based on the upstream and downstream phases. Both the upstream and downstream 

splice sites are in phase 0, and so the only compatible frame is reading frame -1. Additionally, frame -1 

has no stop codon. No other exons have both a donor and acceptor site in phase 0, so the additional 

exon cannot replace any exon. However, it can be included between the last 4 exons and one of the 

two alternative prior exons, 6_1220_2 or 5_1220_2, or not at all (Table 6).  
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Table	  6.	  Summary	  of	  the	  proposed	  gene	  model	  for	  feature	  3	  including	  the	  additional	  exon. 

 Since there is no available D. melanogaster isoform to align with that contains this additional 

exon, a dot plot or protein alignment was not generated. However, the compatibility of the phases was 

checked with the Gene Model Checker. It is likely that this exon is unique to D. elegans due to the lack 

of any BLASTx alignments. In order to determine the precise pattern of splicing that includes this 

additional exon in D. elegans, further data is needed. 

Feature 4 

 Feature 4 was annotated following the same protocol as the previous genes (Figure 33). The 

BLASTp search revealed that feature 4 is the Rfabg ortholog in D. elegans (Figure 34). 

	  

Figure	  33.	  Close	  up	  of	  Feature	  4.	  The	  genBlastG	  prediction	  closely	  matches	  the	  RNA-‐Seq	  data.	  The	  predicted	  coding	  
sequences	  are	  well	  conserved	  across	  most	  Drosophila	  species. 
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Figure	  34.	  FlyBase	  BLASTp	  results.	  Query:	  Feature	  4	  genBlastG	  predicted	  peptide,	  Subject:	  D.	  melanogaster	  Annotated	  
Proteins	  (AA)	  database. 

 The exon-by-exon BLASTx alignments yielded the approximate coordinates for the exon 

junctions in D. elengans. All the Rfabg isoforms have identical coding sequences. The coding exons as 

well as the start and stop were annotated using the same protocol as the previous genes (Table 7). The 

proposed gene model was submitted to the Gene Model Checker on the GEP website. The dot plot 

comparison and protein alignment between the D. melanogaster Rfabg and feature 4 show that there is 

significant conservation throughout the entirety of the gene (Figure 35). 
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Table	  7.	  Summary	  of	  the	  proposed	  gene	  model	  for	  feature	  4. 
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Figure	  35.	  Gene	  Model	  Checker	  output	  for	  Rfabg.	  Isoforms	  A,	  B,	  C,	  and	  D	  have	  identical	  outputs.	  	  Left:	  Sequence	  alignment	  of	  
D.	  melanogaster	  Rfabg	  vs	  feature	  4.	  	  Right:	  Dot	  plot	  of	  D.	  melanogaster	  Rfabg	  vs	  feature	  4.	  

Transcription Start Sites 

 The transcription start site (TSS) of ATPsynbeta was chosen for annotation due to its high 

degree of conservation between D. elegans and D. melanogaster. Since isoform C was determined to 

not exist in D. elegans, only isoforms A and D were considered, both of which have identical 5’ 

untranslated regions (Figure 36). 

	  

Figure	  36.	  Browser	  view	  of	  ATPsynbeta	  (D.	  melanogaster	  genome).	  The	  coding	  regions	  are	  shown	  in	  light	  orange	  and	  the	  
untranslated	  regions	  are	  shown	  in	  gray.	  Isoforms	  A	  and	  D	  share	  identical	  5’	  untranslated	  regions. 
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 In order to start investigating the TSS, the 5’UTR of D. melanogaster was viewed in the UCSC 

Genome Browser (Figure 37). The 9-state epigenomic landscape tracks for BG3 and S2 indicate that 

ATPsynbeta is actively transcribed in these cell lines. 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 

ATPsynbeta has a peaked promoter, and thus should have only one TSS. 

	  

Figure	  37.	  5’	  UTR	  of	  D.	  melanogaster	  ATPsynbeta.	  The	  9-‐state	  tracks	  show	  that	  the	  5’	  UTR	  of	  ATPsynbeta	  is	  within	  an	  
“Active	  promoter	  /	  TSS	  region”	  (red	  color).	  A	  single	  TSS	  has	  been	  previously	  annotated,	  indicated	  by	  a	  red	  arrow,	  which	  
indicates	  that	  ATPsynbeta	  has	  a	  peaked	  promoter. 

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

melanogaster ATPsynbeta untranslated exon as a query and contig11 as the subject (Figure 38). The 

modified parameters optimize alignments of sequences with 50-70% identity, which is expected for the 

less conserved untranslated regions, and consist of: “Word Size = 7”, “Match/Mismatch Scores = 1, -1”, 

“Gap Costs = Existence: 2 Extension: 1.” The BLASTn result maps the coordinates of the D. elegans 

ATPsynbeta TSS at site 2321 on contig11.  
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Figure	  38.	  BLASTn	  alignment	  of	  the	  5’	  untranslated	  region.	  Query:	  D.	  melanogaster	  5’	  UTR	  exon.	  Subject:	  contig11.	  

 The site at 2321 in contig 11 has a few RNA-seq reads extending past it. There are also no Top 

Hat junctions and the region is not conserved among Drosophila species (Figure 39). Furthermore, 

conserved core promoter motifs do not occur in the expected coordinates on either D. melanogaster or 

D. elegans (Table 8). These are all negative results. 

	  

Figure	  39.	  5’	  UTR	  location	  of	  ATPsynbeta	  on	  contig11.	   
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Table	  8.	  Core	  promoter	  motifs	  ±300	  bp	  around	  the	  TSS.	  None	  of	  these	  motif	  locations	  correspond	  to	  the	  annotated	  TSSs.	  
The	  coordinates	  of	  the	  motifs	  were	  obtained	  by	  using	  the	  Short	  Match	  tool	  in	  the	  UCSC	  Genome	  Browser. 

Since the TSS in D. elegans is only supported by the BLASTn alignment, the TSS was assigned 

to site 2321, however, a search region was designed to encompass the entirety of the RNA-Seq reads 

up until the beginning of the first coding exon. This search region spans from 2297 bp - 2347 bp. 

Gene Evolution 

 Feature 3, the Zyx ortholog, was unusual in contig11 in that it had significantly lower 

conservation relative to the other features. Thus, the predicted peptide from the D. elegans Zyx isoform 

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

reference sequence database as the subject (Figure 40). The BLASTp search identified a LIM 

superfamily conserved domain with multiple Zinc (Zn) binding sites towards the end of the query 

sequence. This is congruent with the high degree of conservation present within the last three exons in 

all Zyx isoforms, as expected due to the presence of the conserved motifs (Figure 30). In order to 

investigate these conservation patterns, a ClustalW2 multiple sequence alignment was carried out with 

the Drosophila Zyx orthologs obtained from the BLASTp search (Figure 41). 
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Figure	  40.	  BLASTp	  results.	  Query:	  D.	  elegans	  Zyx	  isoform	  A	  peptide	  sequence,	  Subject:	  NCBI	  Refseq	  database.	  
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Figure	  41.	  ClustalW2	  multiple	  sequence	  alignment	  of	  Drosophila	  Zyx	  with	  human,	  mouse,	  and	  frog	  as	  outgroups.	   

 The ClustalW2 alignment revealed poor conservation amongst species for most of the 

alignment. As expected, there is even less conservation when comparing Drosophila species with the 

human, mouse, and frog outgroups. However, the last 200 amino acids are very highly conserved 

relative to the rest of the alignment; this area corresponds to the conserved domain (Figure 40). Even 

the Xenopus laevis protein, which differs the most from the rest of the species, is relatively well 

conserved within this region. This is expected, since Zn binding sites have critical roles in organisms, 

such as helping transcription factors bind DNA, and thus should be well conserved through evolutionary 

time. The lack of conservation in the rest of the Zyx gene is interesting; however, needs further 

investigation to determine the reason for the variation.  
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Repeats 

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

contig11 using Repeat Masker with the appropriate repeat database (Table 9). The Repeat Masker 

analysis determined that contig11 is made up of 19.67% repeats, which corresponds to 10033/51000 

bp. The region in D. melanogaster that corresponds to contig11 is 16.50% repeats, corresponding to 

7737/51000 bp. Of these, contig11 contains 3 >500 bp repeats, two helitron transposons and one 

unknown repeat. In D. melanogaster, there are 4 >500 bp repeats, two helitron transposons and two 

TcMar-TC1 repeats.  

	  

Table	  9.	  A)	  All	  of	  the	  >500	  bp	  repeats	  in	  the	  D.	  melanogaster	  region	  that	  corresponds	  to	  contig11.	  B)	  All	  and	  >500	  bp	  
repeats	  in	  contig11.	  C)	  Details	  of	  the	  >500	  bp	  repeats	  in	  the	  D.	  melanogaster	  region	  that	  corresponds	  to	  contig11.	  D)	  
Details	  of	  the	  >500	  bp	  repeats	  in	  contig11.	   

Synteny 

 In order to analyze synteny between the annotated genes in contig11 and D. melanogaster, the 

annotated genes were compared with the FlyBase D. melanogaster Browser View (Figure 42). The D. 

melanogaster region that corresponds to contig11 shows that the four annotated genes, ATPsynbeta, 

CaMKII, Zyx, and Rfabg, are in the same relative position and orientation. Thus, these genes are in 

synteny. However, genes CG11076 and CG11077 and non-coding RNA (ncRNA) CR44031 are present 

towards the beginning of the region in D. melanogaster, but are unaccounted for in all of the D. elegans 

evidence tracks.  
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Figure	  42.	  Fly	  Base	  Browser	  view	  of	  the	  D.	  melanogaster	  region	  that	  corresponds	  to	  contig11.	   

 A BLASTx search was carried out with the sequence between the beginning of contig11 and the 

start of ATPsynbeta as a query and the NCBI Refseq database as the subject. The search did not 

return any results, suggesting that these genes may not be in contig11. Looking at contig12, the 

upstream contig, however, showed these genes were also missing. These genes have therefore either 

been lost, or have moved somewhere else in the D. elegans genome through the course of 

evolutionary time. 

 A tBLASTn alignment within Fly Base with the CG11076 isoform A peptide sequence as a query 

and the D. elegans whole shotgun sequence assembly as the subject was carried out to determine 

whether CG11076 is present in D. elegans (Figure 43). CG11076 was mapped to the D. elegans 

genomic scaffold scf7180000491087. Thus, CG11076 is indeed present somewhere in the D. elegans 

genome. In order to place contig11 on the D. elegans genomic scaffolds, a BLASTn alignment within 

Fly Base was carried out with about a thousand bases at the beginning and end of contig11 as the 

query and the D. elegans whole shotgun sequence database as the subject (Figure 44). The results 

map contig 11 to D. elegans genomic scaffold scf7180000491238.  
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Figure	  43.	  FlyBase	  tBLASTn	  results.	  Query:	  D.	  melanogaster	  CG11076	  isoform	  A,	  Subject:	  D.	  elegans	  whole	  genome	  shotgun	  
sequence	  database.	  	  

	  

	  

	  
	  
Figure	  44.	  FlyBase	  BLASTn	  results.	  Query:	  about	  1000	  bp	  from	  the	  beginning	  and	  end	  of	  contig11,	  Subject:	  D.	  elegans	  
whole	  genome	  shotgun	  sequence	  database.	  	  
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Since the scaffolds are different, it was determined that the most likely location of CG11076 is 

not in contig11. Similar tBLASTn and BLASTn alignments were carried out for CG11077 and CR44031 

respectively, and both of these mapped to the same scaffold as CG11076, suggesting that these three 

genes moved as a group somewhere else in the D. elegans genome. Leung et al. (2015) reported that 

CG11076 and CG11077 are F element wanderer genes. CG11076 is located on the F element in D. 

melanogaster and D. erecta, in the A element in D. mojavensis, and on the E element in D. grimshawi. 

CG11077 is located on the F element in D. melanogaster and D. erecta, but in the A element in D. 

mojavensis and D. grimshawi. 

 CG11076 and CG11077 are located on the same genomic scaffold in D. elegans, which 

suggests that these genes, and CR44031, moved together, possibly through a transposon mediator. 

However, since they are not found together in D. grimshawi, these genes are not limited to moving 

together. Further investigation on the mechanism underlying these wanderer genes is needed to 

understand how and when do these genes jump together or on their own around the Drosophila 

genomes. 

In order to investigate how these wanderer genes differ depending on their chromosomal 

contexts, the sequences for CG11076 were obtained using a BLASTp alignment following a similar 

procedure as for the Zyx gene. Based on the information available in NCBI, it was possible to 

categorize these genes into either on the fourth chromosome or on the X chromosome. Each of these 

were grouped and aligned against each other using ClustalW2 (Figure 45). 

Overall, the ClustalW2 output suggests that fourth chromosome vs X chromosome CG11076 

genes are more different between each other than within. Furthermore, the fourth chromosome 

CG11076s seem to share more sequence similarity between each other as compared with the copies 

on the X chromosome (155 vs 83 conserved amino acids across the species used).  
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Figure	  45.	  ClustalW2	  multiple	  sequence	  alignments	  of	  CG11076.	  Left:	  Chromosome	  4	  alignments.	  Right:	  Chromsome	  X	  
alignments.	   

 Based on Leung et al (2015), it seems that CG11076 was originally located on the X 

chromosome and subsequently jumped into the fourth chromosome across evolutionary time. If so, it is 

interesting that there seems to be more sequence similarity of CG11076 within the fourth chromosome 

than within the X chromosome. This could be due to more recent divergence of species with CG11076 

within the fourth chromosome or due to small sample size. The constitutive heterochromatic 

environment of the fourth chromosome could perhaps play a role in maintaining sequence similarity 

(limiting evolutionary drift); however further research is needed to determine the behavior and evolution 

of wanderer genes such as CG11076. For example, more wanderer genes that have jumped in and out 

of the fourth chromosome can be analyzed to determine if the patterns of differing degrees of sequence 

similarity persist. 

 Lastly, any exons predicted by any gene predictor that were unaccounted for, as well as 

intergenic sequences within contig11 were used as queries for BLASTx searches with the non-

redundant (nr) database in NCBI to ensure all genes were annotated. None of the searches returned 
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matches with > 40% identity that would require further investigation. The combined gene models are 

shown in Figure 46. 

	  

	  
	  
Figure	  46.	  Final	  annotation	  map	  of	  contig11.	  The	  top	  track	  shows	  all	  annotated	  genes	  in	  blue.	  	  
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Conclusion 

 Contig11 contains four genes, ATPsynbeta, CaMKII, Zyx, and Rfabg. Of the four, all except 

Rfabg have one isoform less than D. melanogaster, and Zyx has a potential new exon. The TSS of 

ATPsynbeta was annotated, but the only supporting evidence was the BLASTn alignment. A ClustalW2 

alignment revealed that Zyx is poorly conserved throughout most of the gene, however the last 200 

amino acids, which contain a conserved domain and multiple Zn binding sites, are very highly 

conserved. CG11076, CG11077, and CR44031 were found to have moved together somewhere on the 

D. elegans genome. It is possible, however, that these genes weren’t originally found in the dot 

chromosome, and subsequently jumped into the fourth chromosome of D. melanogaster. This project 

thus completed the annotation of contig11 in D. elegans and contributes towards the full annotation of 

another Drosophila species, adding to the knowledge generated by the Drosophila 12 Genomes 

Consortium and modENCODE, which will be valuable data for future comparative genomics studies. 
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