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Introduction
One of the key steps in the GEP comparative annotation strategy is to map each unique coding exon
(CDS) in the D. melanogaster gene model onto the project sequence of a target species. The “Align two
or more sequences” (bl2seq) functionality provided by the blastx or tblastn programs are typically used
to perform these searches. Annotators can then examine each conserved region and elucidate the
correct splice sites for each CDS using the experimental and computational evidence provided by the
GEP UCSC Genome Browser. This strategy works well for CDSs longer than 10 amino acids when the
default scoring matrix (i.e. BLOSUM62) is used in the BLAST searches.
However, the 5' and 3' coding exons of many D. melanogaster genes tend to be much shorter than the
internal coding exons. The heuristics used by the BLAST algorithm (e.g., word size) means that it is
difficult to identify these small CDSs using either blastx or tblastn. In addition, BLAST alignments for
small exons tend to have high E-values because it is more likely for short regions of sequence similarity
to occur by chance. Hence we need to use a different strategy to identify small CDSs in a gene model.
Since coding regions are under stronger selective pressure than untranslated regions and intergenic
regions, they tend to accumulate changes at a slower rate than other regions of the genome.
Consequently, the GEP annotation strategy will seek to minimize the number of changes compared to
the D. melanogaster ortholog when we create gene models in other Drosophila species (i.e.
parsimony). Our past annotation experiences suggest that the CDS size in other Drosophila species
tend to remain similar to the size of the orthologous CDS in D. melanogaster.
The Small Exons Finder is designed to look for open reading frames that satisfy a set of biological
constraints. These constraints include the locations of adjacent CDSs and genes, the type of CDS (i.e.
initial, internal, or terminal CDS), the phases of the splice donor and acceptor sites, and the expected
CDS size according to the D. melanogaster ortholog. The Small Exons Finder will search the genomic
sequence provided by the user and report a list of open reading frames that satisfy these constraints.

Acknowledgements
The Small Exons Finder is developed by Wilson Leung at Washington University in St. Louis for the
Genomics Education Partnership (GEP).

Questions about the Small Exons Finder
Please contact Wilson (wleung@wustl.edu) if you have any questions or encounter any problems with
the Small Exons Finder.

Availability
The Small Exons Finder is available under the “Resources & Tools” section of the F Element project
page and the Pathways project page on the GEP website.

2

Genomics Education Partnership

Last Update: 01/13/2021

Overview of the Small Exons Finder
To illustrate the key features of the Small Exons Finder, we will use it to find the first CDS of unc-13 in
Drosophila mojavensis. Preliminary analysis has placed the ortholog of unc-13 on scaffold_6498 of the
D. mojavensis May 2011 (Agencourt dmoj_caf1/DmojCAF1) assembly.

Retrieve the CDS record for unc-13 from the Gene Record Finder
Before we can annotate the first CDS of unc-13 in D. mojavensis, we need to obtain a better
understanding of the gene structure of unc-13 in D. melanogaster. We can retrieve this information
from the Gene Record Finder. (See the Gene Record Finder User Guide for an overview of the program.)
Open a new web browser window and navigate to the F Element project page on the GEP website.
Click on the “Gene Record Finder” link under the “Resources & Tools” section. Enter “unc-13” into the
text box and then click on the “Find Record” button (Figure 1).

Figure 1. Retrieve the unc-13 gene record from the Gene Record Finder.

The CDS usage map under the “Polypeptide Details” section shows that CDS 1_2126_0 is the initial
coding exon for the G, A, C, F, and D isoforms of unc-13 (Figure 2).

Figure 2. The CDS 1_2126_0 is the initial coding exon for the G, A, C, F, and D isoforms of unc-13.
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Scroll down to the bottom of the page. The CDS sequence table shows that CDS 1_2126_0 only consists
of two amino acids (Figure 3).

Figure 3. The CDS sequence table for unc-13-PG shows that the CDS 1_2126_0 consists of only two amino acids (MT).

Because NCBI blastx and tblastn has a minimum word size of two, the CDS 1_2126_0 cannot be
identified by the bl2seq search strategy even if these amino acids were conserved in D. mojavensis.
Hence we need to use a different search strategy to determine the best location for this CDS in the D.
mojavensis scaffold_6498.

Define the end of the search region for CDS 1_2126_0
When searching for small CDSs, we typically expect to find large number of potential candidates within
a genomic region (since small CDSs are more likely to arise by chance). Hence it is important to impose
constraints on our search criteria in order to reduce the number of candidates we need to analyze.
We will examine the genomic region surrounding the unc-13 gene to identify landmarks that could be
used to define the search region for CDS 1_2126_0. Open a new web browser window and navigate to
the GEP UCSC Genome Browser. Click on the “Genome Browser” link on the left sidebar.
Enter “D. mojavensis” into the “Enter species or common name” text box under the “Browse/Select
Species” section. Select “May 2011 (Agencourt dmoj_caf1/DmojCAF1)” under the “D. mojavensis
Assembly” field. Enter “unc-13” into the “Position/Search Term” text box, and then click on the “GO”
button (Figure 4).

Figure 4. Search for the unc-13 gene in the D. mojavensis May 2011 (Agencourt dmoj_caf1/DmojCAF1) assembly.

In the search results page, click on the “unc-13-PA at scaffold_6498:744485-800890” link under the
“Spaln Alignment of D. melanogaster Proteins” section to navigate to the D. mojavensis scaffold that
shows sequence similarity to the D. melanogaster protein unc-13-PA (Figure 5).
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Figure 5. Click on the unc-13-PA link to navigate to the Spaln alignment for unc-13-PA on the D. mojavensis scaffold_6498.

To examine the region surrounding the unc-13 gene, enter “scaffold_6498:740,000-805,500” into the
“enter position or search terms” text box, and then click on the “go” button. Click on the “hide all”
button beneath the Genome Browser image, and then change the display settings for the following
evidence tracks:
Under “Mapping and Sequencing Tracks”:
• Base Position: dense
• Gap: dense
• INSDC: pack
Under “Genes and Gene Prediction Tracks”:
• D. mel Proteins: pack
• Genscan Genes: pack
• Augustus Genes: pack
Under “RNA-Seq Tracks”:
• RNA-Seq Coverage: full
Click on one of the “refresh” buttons. The Genome Browser view shows that unc-13 is on the minus
strand relative to scaffold_6498, and Rad23 is the gene closest to the start of unc-13 (Figure 6).

Figure 6. The “Spaln Alignment of D. melanogaster Proteins” track shows that the Rad23 gene is closest to the start of unc-13.
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The Rad23 gene is on the plus strand relative to scaffold_6498. Because nested genes are rare in
Drosophila, we can define one end of the search boundary for CDS 1_2126_0 of unc-13 based on
where Rad23 starts in scaffold_6498. Open a new web browser window and navigate to the Gene
Record Finder. Search for the “Rad23” gene record. The Genome Browser image in the “mRNA Details”
section of the gene record indicates that Rad23 has three isoforms (A, B, and C). However, the initial
CDS for the B isoform is located within the second CDS of the A and C isoforms (Figure 7).

Figure 7. The Genome Browser image in the “mRNA Details” shows that Rad23 has three isoforms in D. melanogaster. The thick blue
rectangles in the image correspond to the CDSs, the thin rectangles correspond to untranslated regions, and the lines with arrows
correspond to introns. Since the arrows are pointing from left to right, the Rad23 is on the plus strand relative to chr4. The initial CDS
of the B isoform is nested within the larger second CDS of the A and C isoforms (red arrow).

Consequently, we will use the initial CDS of the A and C isoforms of Rad23 to define one end of the
search boundary. Select the “Rad23-RC” row in the table under the “mRNA Details” section and then
scroll down to the “Polypeptide Details” section. The CDS usage map indicates that CDS 1_2309_0 is
the initial CDS for the A and C isoforms of Rad23. Click on the row with the FlyBase ID “1_2309_0” in
the CDS sequence table (Figure 8). Copy the sequence (including the header line which begins with the
“>” symbol) onto the clipboard.

Figure 8. Retrieve the sequence for the initial CDS (1_2309_0) of the A and C isoforms of Rad23 from the Gene Record Finder.
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We will use tblastn to map the Rad23 CDS 1_2309_0 onto the D. mojavensis scaffold_6498. Open a
new web browser window and navigate to the NCBI BLAST home page. Click on the “tblastn” image
under the “Web BLAST” section. Select the “Align two or more sequences” checkbox. Paste the amino
acid sequence for CDS 1_2309_0 into the “Enter Query Sequence text box”.
For the subject sequence of the tblastn search, we need to determine the accession number for the D.
mojavensis scaffold_6498. Go back to the web browser window with the GEP UCSC Genome Browser.
The “INSDC” track shows the accession number for scaffold_6498 is CH933813.1 (Figure 9).

Figure 9. The “INSDC” track indicates that the accession number for the D. mojavensis scaffold_6498 is CH933813.1.

Go back to the web browser window with the tblastn search interface. Enter “CH933813.1” into the
“Enter Subject Sequence” text box. To limit the size of the search region, change the “From” field to
“740000” and the “To” field to “805000” under the “Subject subrange” section (Figure 10).

Figure 10. Configure tblastn to search the D. melanogaster Rad23 CDS 1_2309_0 (query) against the 740,000-805,000 region of the D.
mojavensis scaffold_6498 (CH933813.1; subject).
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Click on the “Algorithm parameters” link to expand the section. Select “No adjustment” under the
“Compositional adjustments” field, and uncheck the “Low complexity regions” filter (Figure 11). Click
on the “BLAST” button to run the search.

Figure 11. Turn off compositional adjustments and the low complexity filter when mapping CDSs to the project sequence with tblastn.

Once the tblastn search is complete, click on the “Alignments” tab to examine the results. The tblastn
alignment covers all 22aa of Rad23 CDS 1_2309_0, and it places the CDS at 803,184-803,249 in the D.
mojavensis scaffold_6498 in frame +3 (Figure 12).

Figure 12. The tblastn search placed the start of CDS 1_2309_0 from the Rad23 gene at 803,184 in scaffold_6498.

Since the tblastn alignment begins at 803,184 in scaffold_6498, we can define the end of the search
region for the initial CDS of unc-13-PA (1_2126_0) at 803,183.
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Define the start of the search region for CDS 1_2126_0
We can impose additional restrictions on the possible locations for the initial CDS of unc-13-PA
(1_2126_0) by determining the location of the second CDS (5_2126_0; Figure 2) and the phase of its
splice acceptor site. Using the strategy described in the previous section, the tblastn search of CDS
5_2126_0 against the D. mojavensis scaffold_6498 placed the CDS at 801,355-796,358 in frame -2.
However, the first seven amino acids of the CDS are missing from the alignment (Figure 13).

Figure 13. The tblastn search of CDS 5_2126_0 from the D. melanogaster unc-13 gene (query) against the D. mojavensis scaffold_6498
(CH933813.1; subject) placed the CDS at 801,355-796,358 in frame -2 (blue boxes), but the first seven residues of the CDS are missing
from the alignment (red arrow).

Based on the number of residues of CDS 5_2126_0 that are missing from the tblastn alignment, we will
examine the region surrounding 801,376 (i.e. 801,355 + (7*3)) for possible splice acceptor sites. Enter
“scaffold_6498:801376” into the “enter position or search terms” text box, and then click on the “go”
button. Zoom out 10x and then zoom out another 3x. Scroll down to the track configuration section
and change the display settings for the following evidence tracks:
Under “Mapping and Sequencing Tracks”:
• Base Position: full
Under “RNA-Seq Tracks”:
• Splice Junctions: pack
Click on one of the “refresh” buttons to update the Genome Browser view.
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Since the unc-13 gene is on the minus strand, click on the arrow at the top left corner of the “Base
Position” track so that it points from right to left (Figure 14).

Figure 14. Click on the arrow at the top left corner of the “Base Position” track so that it points from right to left (red oval). The three
rows in the “Base Position” track will show the amino acid translations in the three reading frames on the minus strand.

Examination of the Genscan and Augustus gene predictions, RNA-Seq read coverage, and the splice
junction prediction JUNC00044341 (score = 145) on the GEP UCSC Genome Browser support placing the
splice acceptor site for CDS 5_2126_0 at 801,381-801,380. Since the tblastn alignment indicates that
CDS 5_2126_0 is in frame -2, this splice acceptor site is in phase 0 (Figure 15). This also means that CDS
1_2126_0 must be located downstream of 801,379 relative to scaffold_6498, and it must have a phase
0 splice donor site.

Figure 15. Since there are no nucleotides between the splice acceptor site at 801,381-801,380 and the start of the first complete codon
of CDS 5_2126_0 at 801,379, this splice acceptor site is in phase 0 relative to frame -2.
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Search for CDS 1_2126_0 candidates using the Small Exons Finder
Collectively, our analyses defined a search region for unc-13 CDS 1_2126_0 that spans from 801,380803,183 in scaffold_6498. The CDS must begin with a start codon and has a phase 0 splice donor site.
The CDS should consist of two amino acids based on the size of the CDS in D. melanogaster.
In order to use the Small Exons Finder to identify potential candidates that satisfy all of these
constraints, we must first create a FASTA sequence file that contains the region of interests. Enter
“scaffold_6498:801380-803183” into the “enter position or search terms” text box and then click on
the “go” button. In the top navigation bar, select “DNA” under the “View” menu of the GEP UCSC
Genome Browser. Verify that the position field is set to “scaffold_6498:801380-803183”, then click on
the “get DNA” button (Figure 16).

Figure 16. Retrieve the DNA sequence for the CDS 1_2126_0 search region (i.e. 801,380-803,183) in D. mojavensis scaffold_6498 via
the “get DNA” functionality of the GEP UCSC Genome Browser.

Copy the sequence and paste it into a text editor (e.g., Notepad on MS Windows, TextEdit on macOS).
Save the file as a plain text document with the .fasta file extension. For this tutorial, we will name the
sequence file DmojCAF1_unc-13_CDS_1_search_region.fasta.
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Open a new web browser tab and navigate to the F Element project page on the GEP website. Click on
the “Small Exons Finder” link under the “Resources & Tools” section, and then enter the following into
the Small Exons Finder search form (Figure 17):
Field

Value

Sequence File

DmojCAF1_unc-13_CDS_1_search_region.fasta

Coding Exon Type

Initial Exon (with start codon)

Start Position

801380

End Position

803183

Strand

Minus

CDS Size (aa)

2

Donor Site

GT

Donor Phase

0

Figure 17. Configure the parameters for the Small Exons Finder search of unc-13 CDS 1_2126_0 in the extracted region of the D.
mojavensis scaffold_6498.

Note: The header of the FASTA sequence produced by the “get DNA” functionality of the
GEP UCSC Genome Browser includes the start and end coordinates of the extracted region
(e.g., range=scaffold_6498:801380-803183). The Small Exons Finder will transform the “Start
Position” and “End Position” in the search configuration form based on the coordinates of
the extracted region. Hence you can provide just a portion of the scaffold sequence to the
Small Exons Finder for analysis.
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The Small Exons Finder identified three potential candidates that satisfy our search criteria (Figure 18).
Among these candidates, only one (at 801,459-801,454) contains the same amino acid sequence (MT)
as the CDS 1_2126_0 in D. melanogaster.

Figure 18. The Small Exons Finder identified three candidates for CDS 1_2126_0 that satisfy the search constraints. The third candidate
(at 801,454-801,459) has the amino acid sequence MT, which is identical to the amino acids in the D. melanogaster CDS 1_2126_0.

Furthermore, when we examine the three possible candidates using the GEP UCSC Genome Browser,
we find that multiple gene predictors (i.e. Genscan and Augustus), the RNA-Seq read coverage, and the
splice junction prediction JUNC00044341 strongly favors the candidate at 801,459-801,454 compared
to the two other candidates (Figure 19). Consequently, we will place the CDS 1_2126_0 of unc-13 at
801,459-801,454 in scaffold_6498.

Figure 19. The third CDS candidate identified by the Small Exons Finder has the amino acid sequence MT in frame -3 (red arrow). This
candidate is supported by multiple gene predictors and RNA-Seq data.
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Iterative search for the best CDS candidate
In some cases, the size of the CDS could have changed compared to the orthologous CDS in D.
melanogaster. In that case, the GEP comparative annotation strategy will prefer the candidate that
minimizes the change in CDS size (i.e. parsimony).
When the Small Exons Finder failed to find a candidate with the requested CDS size, it will
automatically run an iterative search by changing the target CDS size by 1 amino acid at each step. This
iterative search will terminate when it finds the first candidate that satisfies the rest of the search
criteria or if the target CDS size has decreased to 0. The result of this iterative search is listed under the
“Matches with the smallest changes in CDS size” section.
For example, the CDS 19_945_0 from the D. melanogaster bt gene consists of 13 amino acids (Figure
20). A Small Exons Finder search of the region at 52,639-52,674 in contig41 of the D. biarmipes Aug.
2013 (GEP/Dot) assembly did not find a candidate with a CDS size of 13aa but it found a candidate with
a CDS size of 12aa (Figure 21).

Figure 20. The Gene Record Finder shows that CDS 19_945_0 of the bt gene in D. melanogaster consists of 13aa.

Figure 21. Results of the Small Exons Finder iterative search for candidates with the smallest change in CDS size (12aa) compared to
the requested CDS size (13aa).
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Small Exons Finder configuration options
Field

Description

Sequence File

Sequence file in FASTA format. This file can be created using the “get DNA”
functionality of the GEP UCSC Genome Browser and a text editor (e.g.,
Notepad on MS Windows, TextEdit on macOS).

Coding Exon Type

Available options:
Initial Exon (with start codon)
Internal Exon
Terminal Exon (with stop codon)

Start Position

Start coordinate of the search region

End Position

End coordinate of the search region

Strand

Orientation of the CDS relative to the query sequence

CDS Size (aa)

Target size of the open reading frame
(e.g., based on the size of the CDS in D. melanogaster)

Donor Site

The splice donor site sequence (GT or GC)
[Only available for initial and internal exons]

Acceptor Phase

The phase of the splice acceptor site (0, 1, 2, or Any)
[Only available for internal and terminal exons]

Donor Phase

The phase of the splice donor site (0, 1, 2, or Any)
[Only available for initial and internal exons]
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