Pillmann et al. BMC Bioinformatics 2011, 12:270
http://www.biomedcentral.com/1471-2105/12/270

BMC
Bioinformatics

RESEARCH ARTICLE Open Access

Predicting mutually exclusive spliced exons based
on exon length, splice site and reading frame
conservation, and exon sequence homology

Holger Pillmann’, Klas Hatje, Florian Odronitz, Bjérn Hammesfahr and Martin Kollmar

Abstract

Background: Alternative splicing of pre-mature RNA is an important process eukaryotes utilize to increase their
repertoire of different protein products. Several types of different alternative splice forms exist including exon
skipping, differential splicing of exons at their 3- or 5-end, intron retention, and mutually exclusive splicing. The
latter term is used for clusters of internal exons that are spliced in a mutually exclusive manner.

Results: We have implemented an extension to the WebScipio software to search for mutually exclusive exons.
Here, the search is based on the precondition that mutually exclusive exons encode regions of the same structural
part of the protein product. This precondition provides restrictions to the search for candidate exons concerning
their length, splice site conservation and reading frame preservation, and overall homology. Mutually exclusive
exons that are not homologous and not of about the same length will not be found. Using the new algorithm,
mutually exclusive exons in several example genes, a dynein heavy chain, a muscle myosin heavy chain, and
Dscam were correctly identified. In addition, the algorithm was applied to the whole Drosophila melanogaster X
chromosome and the results were compared to the Flybase annotation and an ab initio prediction. Clusters of
mutually exclusive exons might be subsequent to each other and might encode dozens of exons.

Conclusions: This is the first implementation of an automatic search for mutually exclusive exons in eukaryotes.
Exons are predicted and reconstructed in the same run providing the complete gene structure for the protein

query of interest. WebScipio offers high quality gene structure figures with the clusters of mutually exclusive exons
colour-coded, and several analysis tools for further manual inspection. The genome scale analysis of all genes of
the Drosophila melanogaster X chromosome showed that WebScipio is able to find all but two of the 28 annotated
mutually exclusive spliced exons and predicts 39 new candidate exons. Thus, WebScipio should be able to identify
mutually exclusive spliced exons in any query sequence from any species with a very high probability. WebScipio is
freely available to academics at http://www.webscipio.org.

Background

Eukaryotes can enhance their repertoire of different pro-
tein products by alternative splicing of the correspond-
ing genes [1]. Since the first description of alternative
splicing of precursor mRNA almost 30 years ago [2,3]
the suggested and verified percentage of human genes
that are spliced into alternative transcripts has steadily
risen (for reviews see for example [4,5]). Very recently,
two studies using high-throughput sequencing indicate
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that every single human gene containing more than one
exon is transcribed and processed to yield multiple
mRNAs [6,7].

Mainly, five different types of alternative splicing affect
the resulting translated protein product [8-10]: The first
type is exon skipping, in which an exon, also called cas-
sette exon, is spliced out of the transcript together with
its flanking introns. The second and third types are the
alternative splicing of the 3’ splice site and 5’ splice site,
respectively. Here, two or more splice sites are recog-
nized at one end of the exon. The fourth type is intron
retention in which part of an exon is either spliced (like
a regular intron) or retained in the mature mRNA
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transcript. While exon skipping and alternative 3’ splice
site selection account for most alternative splicing
events in higher eukaryotes [11,12], the most prevalent
type of alternative splicing in plants, fungi, and protozoa
is intron retention [13]. The fifths type is called
mutually exclusive splicing and is used for clusters of
internal exons that are spliced in a mutually exclusive
manner. It is important to note that the term mutually
exclusive splicing is only used for these specific clusters
of exons. Mutually exclusive splicing demands a specific
mechanism for the regulated splicing of exactly one of
the exons of such a cluster. Recent analyses have shown
that this mechanism might be based on intra-intronic
RNA pairings that are conserved at the secondary struc-
ture level [14-16]. These alternatively spliced exons
must not be mixed up with exons that seem to be
spliced in a mutually exclusive manner based on their
annotation. This especially accounts for terminal exons
that are alternatively spliced in conjunction with the use
of alternative promoters or 3’-end processing sites (for a
review see for example [17]). The regulation of the spli-
cing of these types need not be at the level of splicing.

To our knowledge, the only study to identify and pre-
dict regions in silico that might contain mutually exclu-
sive spliced exons used a method of local similarity of
genomic regions at the nucleotide level [18]. Assuming
that clusters of mutually exclusive exons evolved by one
or several rounds of single-exon duplications, given gene
locations were self-aligned using a pairwise local align-
ment algorithm to derive similar regions. Those regions
were regarded as candidate regions, and mutually exclu-
sive exons were only predicted by verification through
EST and ¢cDNA data. The method itself cannot deter-
mine exons including intron splice sites, and is not able
to identify mutually exclusive exons whose DNA
sequences have diverged considerably. False positive
candidates are detected in regions that contain clusters
of duplicated genes, and in regions containing pseudo-
exons (e.g. exons that are in the process of being lost
containing frame-shifts and in-frame stop codons, and
missing correct splice sites).

Here, we propose a different approach that is based on
the knowledge of creating meaningful transcripts. We
presume that most mutually exclusive exons encode the
same region of the resulting protein structure. These
regions are embedded in the surrounding three-dimen-
sional structure and thus alternative exons must pre-
serve all structurally important contacts between the
corresponding local structure elements. A demonstrative
example is the alternatively spliced motor domain of the
muscle myosin heavy chain in arthropods [19]. In Droso-
phila, four clusters of mutually exclusive spliced exons
encode regions of the motor domain, and the variability
of creating different transcripts and further fine-tune the
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motor domain function is even enhanced in the water-
flea Daphnia magna by four additional clusters. One of
the clusters contains exons encoding the so-called relay
helix and subsequent relay loop, a structural element
that starts at switch-2 embedded in the middle of the
motor domain and ends at the connection to the
converter domain. This whole relay element converts
small conformational changes at the ATP-binding site to
large movements of the lever arm [20]. Retaining struc-
tural integrity is therefore indispensible for mutually
exclusive exons. Of course, parts of the exons might also
encode loop regions, but also those parts must at least
partly be conserved to retain their general function.

Based on these preconditions we apply the following
constrains to our search for mutually exclusive exons:
A) Mutually exclusive exons must have about the same
length (allowing some length difference for e.g. parts
encoding loop regions). B) They must have conserved
splice site patterns (e.g. a GT 5 intron splice site cannot
be combined with a AC 3’ splice site) and the reading
frame of the exon must be conserved. C) They must
show sequence similarity. These features have been
implemented in an extension to the WebScipio software.
The application of the algorithm to various genes from
several eukaryotes, and to all genes of the X chromo-
some of Drosophila melanogaster is demonstrated.

Methods

The search algorithm has been implemented as an
extension to the WebScipio web application [21]. It is
based on the exon-intron gene structure reconstructed
by Scipio [22]. The extension is written in the Ruby
programming language [23] and fully integrated into
WebScipio to facilitate user interaction, and visualiza-
tion and analysis of the results. WebScipio uses the web
framework Ruby on Rails [24]. To make the session
storage fast, flexible, and scalable a database backend
consisting of Tokyo Cabinet and Tokyo Tyrant [25] is
used. To run jobs in background the Rails plug-in
Workling in combination with Spawn [26,27] is applied.

Search algorithm

The new algorithm divides into several steps, which are
executed for each original exon (Figure 1, a detailed
activity diagram is available as Additional file 1). It
assumes that mutually exclusive spliced exons share the
following features: Firstly, mutually exclusive spliced
exons have a similar length; secondly, their splice sites
and reading frames are conserved; thirdly, they are
homologous.

For each internal exon ("original exon”) the two sur-
rounding introns (or optionally all introns of the gene)
are scanned for exon candidates that have a similar
length. These exon candidates must introduce introns
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Figure 1 Activity diagram of the search algorithm. The activity diagram shows the processing steps of the search algorithm and
the influence of the parameters on each step. The run starts with an exon-intron gene structure determined by Scipio. Based on the chosen
parameters the exons and corresponding introns are selected and searched for mutually exclusive spliced exon candidates. The candidates are
processed and filtered. These steps are repeated in the case of a recursive run. In the end, the algorithm outputs the exon-intron structure
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with the following splice site pattern: GT—AG, GC—
AG, GG—AG, and AT—AC. Firstly, the algorithm looks
for the nucleotide pairs AG or AC in the intron
sequence, which define start sites of exon candidates
and 3’ splice sites of the proposed intron. If the intron
in front of the original exon starts with GT, GC or GG
the algorithm searches for AG, if it starts with an AT
the algorithm searches for AC. Secondly, the algorithm
looks for the nucleotide pairs GT, GC, GG and AT in
the intron sequence, which define ends of exon candi-
dates and 5’ splice sites of the proposed intron. If the
intron following the original exon ends with AG the
algorithm searches for GT, GC and GG, if it ends with
AC the algorithm searches for AT. The nucleotide
sequences between two possible 3’ and 5’ splice sites of
the scanned intron that have a length similar to the
length of the original exon are considered as exon can-
didates. The maximum length difference between an
exon and its candidate can be adjusted by the allowed
length difference parameter in number of amino acids.
The default value of this parameter is 20 aa.

For terminal exons, the algorithm is able to scan the
up- and downstream regions of the gene for exon candi-
dates. The first exon of a protein-coding gene has to
start with the start codon ATG. Thus, for the first exon,
alternative candidates must start with ATG instead of
sharing a theoretical splice site pattern with the first
exon. The last exon is followed by a stop codon (TAG,
TAA, or TGA) and all exon candidates must be fol-
lowed by a stop codon instead of sharing a splice site
pattern with the last exon. The use of the start codon
and stop codon instead of the splice sites can be
adjusted by the search with start codon for first exon
and search with stop codon for last exon parameters. For
example it would be useful to release this restriction in
the case where the algorithm searches for alternative
exons in a protein fragment. The default of these para-
meters is to search with a start codon if the first amino
acid of the user-provided protein query sequence starts
with methionine, and to search with stop codons if the
last exon is followed by a stop codon. To reduce the
number of candidates it is possible to set the minimal
exon length parameter. Original exons, which are shorter
than this length, are not considered in the candidate
search. The default value for this parameter is 15 aa.

The nucleotide sequences of the exon candidates are
translated into amino acid sequences using the BioRuby
library [28]. The candidates are translated in the same
reading frame as the original exon, because their nucleo-
tide sequences appear mutually exclusive in the resulting
mRNA and thus share the same reading frame. If the
translation results in an in-frame stop codon, the candi-
date is rejected.
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Each candidate sequence is aligned to the original
exon sequence. If the alignment score is high, the prob-
ability that the two exons are homologous is high as
well. The optimal global alignment of the two amino
acid sequences is calculated with the Gotoh algorithm,
which extends the Needleman-Wunsch algorithm by
affine gap costs [29,30]. For this task, the pair_align pro-
gram of the SeqAn package [31] is used. The gap penal-
ties are set to -10 for initial gaps and -2 for extending
gaps. The Blosum62 matrix is used as substitution
matrix [32,33]. Because of differences in length and
amino acid composition of the clusters of mutually
exclusive exons the resulting global alignment scores are
not directly comparable. To normalise the alignment
scores each score is divided by the score of the
alignment of the original exon sequence to itself. This
relative score shows the similarity of the two sequences
on a scale from zero to one. Candidates, which have a
low alignment score, are rejected. The threshold for
rejection can be adjusted in percent by the minimal score
for exons parameter (default: 15%). If candidate regions
overlap the highest scoring candidates are retained or, if
scores are identical, the longest candidates.

An optional recursive search was implemented to find
less similar alternative exons. If this option is selected,
the search is repeated with the found alternatively
spliced exons as query exons. The number of recursive
runs can be adjusted with the maximal recursion depth
parameter up to three rounds of recursion (default:
recursive search disabled).

WebScipio integration

The WebScipio tool allows reconstructing an exon-
intron gene structure based on a protein sequence
query. This reconstruction step is the basis for the
mutually exclusive spliced exon search. The user can
enable the search and adjust several parameters in the
Advanced Options section of WebScipio. The search
will run subsequently to the gene structure reconstruc-
tion step. In addition, the user can enable the search
after uploading a previously calculated and downloaded
Scipio result.

The result of the search is displayed in the Result sec-
tion of the WebScipio interface (Figure 2, top). The
standard gene structure picture is extended by the pre-
dicted mutually exclusive spliced exons. The alternative
exons corresponding to the same original exon consti-
tute a cluster. Exons of a cluster get the same colour.
The original exon is dark coloured and the correspond-
ing predicted ones are lighter coloured depending on
their similarity with respect to the original exon. In the
Statistics section the number of exons in each cluster is
shown in colour.
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Figure 2 Gene structure representation and detailed alignment view. The figure shows the WebScipio gene structure representation of the
Drosophila melanogaster Dscam gene with mutually exclusive spliced exons and a section of the alignment view including exon 5 and the first
two identified alternative exon candidates. The colours in the gene structure figure are the same as the colours of the exon identifiers in the
text alignment. The opacity of the colours of each alternative exon corresponds to the alignment score of the alternative exon to the original
one. This score is shown in the detailed alignment view next to the exon identifier. For each exon the genomic sequence, its translation, and
the translation of the original exon is shown. Identical residues are illustrated as dashes and mismatches as red highlighted crosses. The crosses
are highlighted in light red for amino acids, which are chemically similar. Gaps are marked as green hyphens.
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The Alignment view (Figure 2, bottom) offers a
detailed analysis at the sequence level. For each alterna-
tive exon the genomic sequence, its translation, and the
alignment to the original translated exon are shown.
The alignment score is given in percent. The alternative
exons are also marked in the Genomic DNA result
view. In the Coding DNA and Translation result view
the user can choose the alternative exons that should
build the alternative coding DNAs or protein sequences.
The results can be downloaded in several data formats.
The YAML file contains all corresponding information
and can later be uploaded and used for future analysis
[34]. Additionally, the results can be downloaded as
General Feature Format (GFF) file [35]. The figures can
be downloaded in the Scalable Vector Graphics (SVG)
format for further high quality processing [36]. Example
searches as well as further descriptions of the search
parameters are provided on the help pages of
WebScipio.

Results and Discussion

Identification of mutually exclusive spliced exons

The search for mutually exclusive spliced exons is based
on three criteria: (1) The lengths of the mutually exclu-
sive exons must be very similar, because these exons are
supposed to code for the same part in the resulting pro-
tein structure, including identical secondary structural
elements. (2) To be spliced in a mutually exclusive way,
the exons must have similar splice sites and reading
frames to be compatible with the previous and following
exons. (3) The exons must encode homologous protein
sequences, because their inclusion into the protein
structure must be compatible with the corresponding
local structural environment. The search implemented
in WebScipio is based on the availability of the gene
structure. Firstly, mutually exclusive exon candidates are
searched for using corresponding splice sites to the
query exons and restricting the candidate length to simi-
lar reading frames (e.g. split codons in the query exon
must result in split codons in the candidate exons).
Total length difference is less restricted allowing length
differences between query and candidate exons at the
DNA level in multiples of three for each additional or
missing codon. These candidate exons are then filtered
and scored based on the Blosum62 matrix. The best
scoring, non-overlapping candidates are proposed to be
alternative exons to the respective query exon, resulting
in a cluster of mutually exclusive exons. With this
approach, the absolute necessary constraints at the
DNA-level that can be obtained by bioinformatics
means are combined with biological information. Based
on these criteria several cases can be distinguished: (A)
alternative exons found in the surrounding introns of
single internal exons should form true clusters of
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mutually exclusive exons, (B) alternative exons found
for terminal exons most probably constitute multiple
promoters or multiple poly(A) sites, (C) clusters of
several exons in combination, which can be found by
searching for candidates for all exons in all introns and
up- and downstream regions, most probably represent
cases of tandemly arrayed gene duplications or
trans-spliced genes.

Example genes with clusters of mutually exclusive exons

To test the quality of the new algorithm, several well-
known genes with clusters of mutually exclusive exons
with different characteristics were analysed (Figure 3).
The first test case is the cytoplasmic dynein heavy chain
from Schistosoma mansoni (SmDHC1). Dynein heavy
chains belong to the longest genes in eukaryotes encod-
ing 4000 - 5000 residues and are spread over several
dozens of exons. The mutually exclusive exon is clearly
identified in the middle of the gene, encoding split
codons at the 3’- and 5’-end of the exon. The query
exon and the candidate exon have identical lengths and
show strong homology. Based on the multiple sequence
alignment of more than 2000 DHCs these exons are
mutually exclusive and not constitutive or differentially
included. The second case represents the muscle myosin
heavy chain gene from the waterflea Daphnia magna
[19]. The arthropod muscle myosin heavy chain genes
contain several clusters of mutually exclusive exons to
fine tune the mechanochemical characteristics of the
motor domain that are needed to accomplish the differ-
ent tasks in the various muscle types [37]. The
DapMhcl is an example with nine clusters of mutually
exclusive exons of which several are adjacent and not
interrupted by constitutive exons. The new algorithm
found all mutually exclusive exons that have manually
been identified previously [19]. The two example align-
ments show that the new algorithm is able to correctly
identify even short exons with limited complexity, and
subsequent clusters of mutually exclusive exons encoded
in different reading frames. The third example shows
the prediction of the mutually exclusive exons in Dscam
(Down syndrome cell adhesion molecule) from Droso-
phila melanogaster, which is known to encode the lar-
gest set of mutually exclusive exons of any gene
analysed so far [38,39]. The potentially 95 mutually
exclusive exons of the Dscam gene are organized into
four clusters that are separated by constitutive exons.
The exon 4, 6, 9, and 17 clusters are supposed to con-
tain 12, 48, 33, and 2 exons, respectively [39]. In the
publicly available Drosophila melanogaster reference
genome sequence (chromosome assembly version 4.1 as
provided by Flybase [40,41]) mutually exclusive exons
were searched using a gene translation containing the
first exons of each of the clusters as query sequence.
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Figure 3 Example cases of mutually exclusive spliced exons, multiple promoters and multiple poly(A) sites. The figure illustrates three
examples of genes containing mutually exclusive spliced exons, one example containing multiple promoters, and one containing multiple poly
(A) sites. Dark grey bars and light grey bars mark exons and introns, respectively. The small blue bar represents an “intron?” that does not have
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Pillmann et al. BMC Bioinformatics 2011, 12:270
http://www.biomedcentral.com/1471-2105/12/270

If clusters contain that many exons as are found in the
Dscam genes it might be possible that the exon, that
has been included in the query sequence, is the most
divergent of the exons of the cluster. Therefore, a para-
meter to the search algorithm that enforces recursive
searches in all introns with the newly identified exon
candidates was introduced. Exons that might not be
identified in the first round might then be found in the
second, third, or later round. Of course, the recursive
depth should not be too large to avoid the inclusion of
false positive exons because of the decreasing stringency
of the query exons. Including every first exon of the
Dscam mutually exclusive exon clusters in the query
sequence, all twelve exons of the exon 4 cluster were
identified, both exons of the exon 17 cluster, and 46
and 32 exons for the exon 6 and exon 9 cluster, respec-
tively (Figure 3, Table 1). Increasing the recursive depth
to one also revealed exon 6.11, which is the most diver-
gent exon of the cluster, and which has not been
detected in transcriptome studies yet [42-44]. Exon 6.47
was not identified because the intron before exon 6.47
does not have an “AG” at the 3’-end and is therefore
not compatible with the “GT” at the 5-end of the intron
succeeding exon 5. The supposed 5-end sequence of
exon 6.47 is different to the published sequence [39] but
is supported by many genomic DNA reads available
from GenBank (a genomic DNA read identical to the
published sequence was not found). Exon 9.13 was also
not identified because it contains a frame shift in the
Drosophila reference genome assembly, supported by
many genomic DNA reads. Therefore, the translations
of the predicted transcripts containing exon 9.13 all stop
shortly behind this frame shift (e.g. NM_001043054.1,
NM_001043034.1, and NM_001043065.1). However,
both exon 6.47 and exon 9.13 were identified in many
transcripts [42-44]. Thus, either the genome assembly
based on the many genomic DNA reads is wrong, which
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is unlikely, or the many EST/cDNA-reads are wrong,
which is also unlikely, or the genomic DNA has been
obtained from a different strain than the one that has
been used in the transcriptome studies. WebScipio is,
however, not able to identify mutually exclusive exons if
those do not correspond to the exon length (e.g. frame
shifts will result in other reading frames and exon
lengths) and corresponding splice site restrictions. The
strength of the new algorithm is illustrated at the exon
17 cluster that encodes two highly divergent but
mutually exclusive spliced exons (Figure 3). When
applying the search for mutually exclusive exons in the
Dscam gene against the published genomic sequence
(NCBI accession number AF260530 [39]) all proposed
95 mutually exclusive exons were identified (Table 1).
Less mutually exclusive exons in the search against the
Drosophila melanogaster reference genome sequence
compared to the search against the published sequence
are therefore not due to problems with the search
algorithm.

In addition, mutually exclusive exons in the Dscam
genes of the other sequenced Drosophila species were
searched ([45]; Table 1). Here, all mutually exclusive
exons were found immediately, and only three further
exons were identified by a second recursive round of
exon search. As found for the Drosophila melanogaster
gene, WebScipio identified sometimes more sometimes
less exons compared to the published analyses
[15,16,46]. However, the WebScipio searches were per-
formed against the official reference genome assemblies,
while the published analyses were based on manually
performed genomic clone assemblies of the Dscam gene
regions. Therefore, the differences in exon numbers do
not result from shortcomings of the search algorithm,
but from differences in the assembly of the reference
genome data and the manually assembled genomic
regions.

Table 1 Mutually exclusive exons in the Drosophila species Dscam genes

exon Dm AF260530 Dse® Dy Der Da Dp Drp?® Dw Dmo Dv Dg
4 12 12 12 12 12 12 12 10 12 12 12 12
6° 46/47 47/48 46° 39/40 44 47 49 49 48/49 50 52 53
9 32 33 29 32 33 33 32 29 29 32 32 32
17 2 2 2 2 2 2 2 2 2 2 2 2
total 92/93 94/95 90 85/86 91 94 95 90 91/92 96 98 99
[16,46] 95 95 95 87 94 93 94 95 95 95 98 94
[15] 95 95 88 93 94 95 98

Dm = Drosophila melanogaster; Dse = Drosophila sechellia Rob3c; Dy = Drosophila yakuba Tai18E2; Der = Drosophila erecta TSC#14021-0224.01; Da = Drosophila
ananassae TSC#14024-0371.13; Dp = Drosophila pseudoobscura MV2-25; Drp = Drosophila persimilis MSH-3; Dw = Drosophila willistoni TSC#14030-0811.24;
Dmo = Drosophila mojavensis TSC#15081-1352.22; Dv = Drosophila virilis TSC#15010-1051.87; Dg = Drosophila grimshawi TSC#15287-2541.00.

@ Genomes are fragmented and contain gaps in the Dscam genes.

® The first number corresponds to a search with standard parameters, the second to searches with one round of recursion.

€ One of the exons is a pseudo-exon because it misses the last forth of the exon because of an in-frame stop codon.
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Example genes encoding 5’- and 3’-terminal exons with
features of mutually exclusive spliced exons

Terminal exons are often not selected at the level of
splicing. Instead, initial (5’-terminal) exons are most
probably selected at the level of transcription that starts
at different promoters. Terminal exons (or better alter-
native exons encoding for the terminal stop codon)
might either be spliced as differentially included exons,
like in the case of the Drosophila muscle myosin heavy
chain gene [19], or as multiple poly(A) sites. Neverthe-
less, these terminal exons might contain an important
structural part of the encoded protein and thus often
have similar length and show sequence similarity.
Figure 3 shows two examples of genes that contain
5’- and 3’-terminal exons sharing the described features
of mutually exclusive exons, but are spliced as multiple
promoters or multiple poly(A) sites. The silver protein
of Drosophila melanogaster illustrates a case where two
initial exons, which are transcribed/spliced as multiple
promoters, share the features of mutually exclusive
exons. The capping protein beta (Capp) from Homo
sapiens represents a case where homologous 3’-terminal
exons containing multiple poly(A) sites are found. The
detection of these cases can be suppressed by disabling
the search for mutually exclusive exons for 5’- and 3’-
terminal exons. By default, WebScipio enables the
search for homologous exons for all exons, because it is
not known whether the user is searching with a com-
plete, partial or fragmented query sequence. In the case
of partial and fragmented sequences the search would
provide significant results. Also, genes sometimes con-
tain untranslated 5’- and/or 3’-terminal exons whereby
the first translated exon could well be part of a cluster
of mutually exclusive spliced exons. In addition, alterna-
tive terminal exons by themselves might provide inter-
esting perspectives to the corresponding genes
independently of whether they are mutually exclusively
spliced or not. WebScipio cannot distinguish between
the described cases and thus the user has to be careful
when alternative terminal exons are proposed.

Detection of trans-spliced genes and arrays of tandem
gene duplications

The trans-splicing of separate pre-mRNAs involving
coding exons to reveal a joined transcript is a relatively
uncommon event [47]. In general, trans-spliced genes in
Drosophila melanogaster can be distinguished into those
with multiple first exons or multiple 3’-terminal exons,
or those with very large introns. Many of the trans-
spliced genes contain variable single terminal exons (e.g.
mod(mdg4) [48,49] or lola [50]) or alternative terminal
exon groups (e.g. CG42235 [47]). When searching for
mutually exclusive spliced exons based on one of the
annotated isoforms of a trans-spliced gene potentially
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alternative exons of internal exons might be identified.
An example of the trans-spliced Drosophila melanoga-
ster gene CG1637 is shown in Figure 4A. Three iso-
forms of the CG1637 gene exist (Isoform A, B, and C)
that result in transcripts of a common 5’ exon spliced to
isoform-specific sets of three 3’ exons. The sequences of
the isoform-specific sets are homologous although the
intron positions are different between the isoform A/B
exons and the isoform C exons. When searching with
the isoform A exons for mutually exclusive exons in
surrounding introns the homologous exon of isoform B
is found for the first of the three isoform A-specific
exons (Figure 4A-I). When only searching in surround-
ing introns (search in up- and downstream regions dis-
abled) further exons are not found for isoform B
(homologous exons would only exist in the downstream
region, Figure 4A-II) and for isoform C (the introns are
at different positions so that the similar-length condition
does not apply anymore, Figure 4A-III). Thus, if only
isoform A were known a mutually exclusive exon would
have been proposed. To avoid the mis-annotation of
exons of trans-spliced clusters a parameter was intro-
duced that allows searching for candidate exons not
only in the neighbouring introns but also in all introns.
In Figure 4A-IV the exons of isoform B were identified
by searching with the exons of isoform A in all introns
revealing the trans-spliced nature of the cluster.

If searching in up- and downstream regions for alter-
natively spliced exons, it is possible that candidate exons
belong to gene duplicates (Figure 4B). In this case, the
WebScipio option to search for candidates in all introns
including up- and downstream regions and not only in
surrounding introns helps identifying exons of gene
duplications. In many cases, gene duplications result in
genes arranged in tandem. Those gene duplicates often
share the complete gene structure meaning that for
every exon there is a corresponding exon in the dupli-
cated gene. Figure 4B illustrates this behaviour and pro-
vides means by which users can judge between a true
cluster of mutually exclusive exons belonging to one
gene and a set of duplicated genes. If the search for can-
didate exons is only allowed in surrounding introns, a
set of six homologous exons is found for the Drosophila
melanogaster gene CG14502 (Figure 4B, I). Performing
the search in all introns results in five homologous
exons also for the second exon of the CG14502 gene,
and shows one homologous exon for exon 1
(Figure 4B, II). The first exons of the genes seem to be
very divergent. Allowing one additional recursive
round of candidate search reveals the first exons for
two additional gene homologs (Figure 4B, III). In addi-
tion lowering the score reveals the exon 1 candidates
of the remaining two gene homologs, although two
further regions with very low homology to exon 1
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Figure 4 Examples of a trans-spliced gene and an array of tandem gene duplications. A) Schematic representation of the trans-spliced
Drosophila melanogaster CG1637 gene. The three annotated isoforms A-C are shown consisting of the common 3'-terminal start exon and
different groups of alternative exons. If only isoform A were known a potentially mutually exclusive exon would have been found by a search for
candidates in surrounding introns (case ). However, a search for candidates of all exons in all introns reveals the two groups of homologous
exons that are trans-spliced in isoform A and B (case IV). Isoform C also encodes a cluster of trans-spliced exons whose sequence is homologous
to that of isoform A/B. However, the exonic sequence is interrupted at different intron positions (case Ill). Note, that the gene structure
annotated by Flybase (shown here) is different to the published one ([46], supplementary Figure 3). B) Gene duplications of the Drosophila
melanogaster CG14502 gene. The figure shows the tandem arrangement of the duplicated genes of the Drosophila melanogaster CG14502 gene
as found by WebScipio. The parameters minimal score for exons, maximal recursion depth, search in all introns and region size were adjusted for
each search. With less restrict parameters less similar exons are found.
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appear in the upstream region of the CG14502 gene
(Figure 4B, IV). This example illustrates the use of the
search parameters so that gene duplications can be
identified. Gene duplicates that are not arranged in
tandem but are distributed in the genome do not pro-
vide problems in evaluating exon candidates, because
the search is restricted to a certain size of the up- and
downstream regions. If needed, these gene duplicates
can be identified with WebScipio using the general
multiple results option.

Application of the search algorithm for mutually exclusive
exons to genome scale data

The described search algorithm identifies three types of
exons as described above: (A) mutually exclusive exons,
(B) terminal exons that are spliced as multiple promo-
ters or multiple poly(A) sites but share similar length,
reading frame, and sequence homology, and (C) exons
with the characteristics of mutually exclusive exons that
are actually part of tandemly arrayed gene duplicates or
groups of alternative exons in trans-spliced genes. Type
B and type C exons are false positives, when looking for
mutually exclusive exons. In addition, false positive
exons are those exons that show all characteristics of
type A exons but are constitutively or differentially
included spliced. False negatives exons, which are not
identified by WebScipio, are those mutually exclusive
exons that do not have similar length and sequence
homology. To quantify the amount of each of these
exon types we searched the complete X chromosome of
the fruit fly Drosophila melanogaster for mutually exclu-
sive spliced exons with WebScipio and compared the
results to the Flybase annotation.

Protein sequences for the search were obtained from
the Flybase annotation (version 5.27) and mapped to the
genomic sequence of the X chromosome using Scipio.
2,967 transcripts containing more than one exon were
derived from 1,705 genes. For each exon mutually exclu-
sive alternative splice variants have been searched for in
the surrounding introns. The search parameters were set
to 20 amino acids for the allowed length difference, to
15% for the minimal score for exons, and to 15 amino
acids for the minimal exon length. We did not search for
alternative exons in up- and downstream regions of
genes, and we did not apply the recursive search, which
means the repeated search for further alternative exons
with the newly identified exons that we demonstrated for
Dscam (see above). Three genes (lethal (1) G0193,
CG1637, and CG42249), in which mutually exclusive
exons were found, were excluded from the analysis,
because the respective exons are spliced in a mutually
exclusive manner in groups of two, three, and four exons,
instead of single exons within a cluster. Those genes are
probably trans-spliced (for an example see Figure 4A).
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Search for non-mutually exclusive exons sharing similar
length, same reading frame, and sequence homology

It could well be possible that internal exons with similar
length, same reading frame, and showing sequence
homology are not mutually exclusive spliced exons, but
constitutive exons or exons spliced by one of the other
types of alternative splicing. To get a statistically rele-
vant number of these types of exons we collected all
genes of the Drosophila melanogaster X chromosome
containing at least two exons based on the Flybase
annotation version 5.27. The transcripts of each gene
were analysed independently because alternative splicing
produces different exon neighbours. Thus exons are
counted for each transcript (not each gene) even if the
transcripts have the same start and end points in the
genomic sequence. In total, the 2,967 transcripts of the
Drosophila melanogaster X chromosome include 16,180
exons. All neighbouring exons were compared with
respect to having similar length (allowed length differ-
ence 20 aa), sharing high similarity (minimal score for
exons 15%), coding for at least fifteen amino acids (mini-
mal exon length 15 aa), and encoding the same reading
frame. The results are summarized in Table 2 (for
detailed information see Additional file 2). Only 0.56%
of the non-mutually exclusive exons (90 out of 16180)
share the features of mutually exclusive exons. These
exons are located in only six genes out of 1705 (0.35%).
In one of the six genes (Ciboulot) the two homologous
exons are terminal exons and would represent a case of
multiple poly(A) sites if alternatively spliced. This analy-
sis shows that the chance that the exons predicted by
WebScipio as mutually exclusive exons will later (e.g.
after obtaining cDNAs) be reannotated as constitutive
or differentially included exons, is very low.

Search for mutually exclusive spliced exons in the
Drosophila melanogaster X chromosome

Some categories have to be defined to separate true
(annotated) mutually exclusive spliced exons from pre-
dicted ones and false positives and false negatives. As
real mutually exclusive exons we regard those with the
following criteria: An exon is part of a cluster of
mutually exclusive spliced exons if each transcript of the

Table 2 Search for exons annotated as constitutively
spliced or differentially included sharing similar length,
same reading frame and sequence homology in the
Drosophila melanogaster X chromosome

Total Hits® Percentage
Exons 16180 90 0.56%
Transcripts 2967 20 0.67%
Genes 1705 6 0.35%

2 Exons (or transcripts/genes containing exons) which share similar length,
same reading frame and sequence homology
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gene contains exactly one exon of the cluster (not none
or more than one), the cluster contains at least two
exons, the exons of the cluster are neighbouring exons,
and the cluster is surrounded by further exons. The lat-
ter criterion distinguishes the mutually exclusive spliced
exons from clusters of initial exons (5-terminal exons)
and 3’-terminal exons that are spliced in a mutually
exclusive manner and share sequence similarity, similar
length, and splice site conservation. In contrast to real
mutually exclusive spliced exons the exons of these clus-
ters appear mutually exclusive in the transcripts but
their transcription and splicing is regulated in a different
way. These clusters are therefore regarded as types of
multiple promoters and types of multiple poly(A) sites,
and are false positives. Other types of false positives are
those exons that are predicted by WebScipio but overlap
with already annotated exons and do not match exactly
the positions of these exons. False negatives are those
exons that do not meet the preconditions of similar
length and sequence homology. However, if those exons
are mutually exclusive spliced they must have conserved
splice sites and reading frames.

In total, 94 exons of similar length, same splice sites
and reading frames, and sequence homology have been
identified by WebScipio, of which 65 are potentially in
clusters of mutually exclusive exons, 21 in clusters of
multiple promoters, and 8 in clusters of multiple poly
(A) sites (Figure 5). Of the 65 exons predicted to belong
to internal clusters of mutually exclusive spliced exons,
26 exons are already annotated in Flybase. 39 exons are
predictions by WebScipio that have not been described
before. These 39 exons are distributed into 18 clusters
that belong to 17 genes. Thus, there are several clusters
with more than two alternative exons, and one gene
with two clusters. If the Flybase based annotation is
assumed to represent true mutually exclusive exons, the
chart represents the specificity of our method. The 26
already known mutually exons divided by 65 predicted
exons result in 40% specificity. However, the value for
the specificity is misleading because it depends on the
“known” mutually exclusive exons. We expect that
many of the additional exons predicted by WebScipio
will be experimentally confirmed in the future and thus
will become “known” mutually exclusive exons. The true
specificity will therefore be much higher than the value
of 40% suggests. To analyse whether the additional
exons predicted by WebScipio contain general features
of exons (for example a higher GC content than the
surrounding region), the found exons were compared to
those of an ab initio prediction performed by AUGUS-
TUS [51] (Figure 5). In many cases the WebScipio pre-
dictions are supported by the ab initio prediction, which
is based on the genomic sequence alone. The AUGUS-
TUS prediction matches 27 of the 94 exons with exact

Page 12 of 16

exon borders (Figure 5, orange numbers) and overlaps
with 46 of them (Figure 5, yellow numbers).

The results show that about 70% of all predicted
exons (65 out of 94) comprise clusters of internal
mutually exclusive exons. The false positive prediction
of 5’- and 3’-terminal exons as mutually exclusive exons,
which comprise the remaining 30% of predicted exons,
could even be suppressed by a WebScipio option. We
can also conclude that WebScipio correctly identifies all
but one (see following section) of the annotated
mutually exclusive exons. This suggests that most of the
WebScipio predictions of new mutually exclusive exon
candidates will also be real mutually exclusive exons.
This is supported by the ab initio exon prediction by
AUGUSTUS that showed exon probability for about
50% of the newly predicted exons, which is comparable
to the ab initio prediction of the already annotated
exons. However, we cannot completely exclude the
possibility that some of the newly predicted exons might
in truth be constitutive or differentially included exons
(see previous section).

False negatives would be those mutually exclusive
spliced exons that do not share a similar length and
sequence similarity. To figure out how often clusters of
mutually exclusive exons with such characteristics exist
in comparison to mutually exclusive exons with similar
length and sequence similarity, all internal clusters of
exons on the X chromosome that were annotated as
mutually exclusive based on Flybase transcripts were
manually analysed (Figure 6). Of the annotated genes
only the Phosphorylase kinase y gene contains two
mutually exclusive spliced exons that do not have
similar length and sequence (Figure 6, bottom). If the
Flybase annotation is assumed as true, the chart in
Figure 6 represents the sensitivity of the algorithm.
26 predicted mutually exclusive spliced exons divided by
28 annotated exons results in 93% sensitivity for internal
exons. These data likely indicate that not many mutually
exclusive spliced exons will be missed given the con-
straints of similar length and sequence similarity as
implemented in WebScipio.

Mutually exclusive exons predicted for 5’- and
3’-terminal exons were regarded as false positives
because these rather present cases of multiple promo-
ters, multiple poly(A) sites, and differentially included
exons. However, additional untranslated terminal exons
might exist that were not analysed here, and in those
cases the exons, based on the translation predicted as
terminal, become internal and thus true mutually exclu-
sive exons. For comparison all terminal exons annotated
as transcribed or spliced in a mutually exclusive manner
have been analysed (Figure 7). Of the 101 terminal
exons only 14 terminal exons share the features of
mutually exclusive spliced exons. A reason for the
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; 3’-terminal exons annotated as multiple poly(A) sites 4
H |nitial exons not annotated as multiple promoters 11
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3’-terminal exons not annotated as multiple poly(A) sites 4

Total number of exons found by new algorithm 94
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Figure 5 Exons located on the Drosophila melanogaster X chromosome sharing similar length, same splice sites and reading frames,
and sequence similarity. The pie chart shows the total number of exons of the Drosohpila melanogaster X chromosome, which share the
features used by the new search algorithm. The blue and red slices represent the number of exons found by the new algorithm compared to
existing annotations and to the ab initio prediction by AUGUSTUS, shown in the middle. The blue part illustrates the exons already annotated by
Flybase, in contrast to the exons in clusters additionally predicted by WebScipio in red. The pie is divided in slices for initial, internal, and 3'-
terminal exons. In addition to the number of exons, the chart indicates the number of clusters and genes, in which these exons were found. The
orange numbers in the middle part of the pie indicate how many of the respective exons are found and reconstructed with correct exon
borders by the ab initio prediction with AUGUSTUS, while the yellow numbers reveal the number of exons to which exons predicted by
AUGUSTUS at least overlap. The green slices indicate constitutive exons, which share the features of mutually exclusive exons. These are the
same exons, clusters, and genes as listed in Table 2 and Additional file 2. At the bottom, the figure illustrates the different types of alternatively
spliced exons (multiple promoters, multiple poly(A) sites, mutually exclusive exons) in comparison with the cassette exon type.

sequence and length variability of terminal exons is that
the N- and C-termini of proteins are not as restricted in
their structure as internal parts. Thus, the number of
false positives predicted by WebScipio is rather low.

Future developments and applications

Due to the precondition that mutually exclusive exons
encode the same part of the protein product, we also
want to include the comparison of the prediction of sec-
ondary structural elements for the query and the candi-
date exons as an additional scoring, analysis, and
validation parameter. Also, other substitution matrices

might be offered for the scoring of the aligned query and
candidate exons. Scipio and WebScipio have been shown
to be suitable for the prediction of genes in cross-species
searches [21,22]. Of course, both approaches can be com-
bined and users can search, for example, with a human
protein query sequence in other mammals to identify
homologous genes and simultaneously predict mutually
exclusive exons in the target sequence. Because the
search for mutually exclusive exons relies on the transla-
tion of the exons as found in the genomic DNA, it does
not depend on the initial query sequence but on the qual-
ity of the exons identified in the cross-species search.
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Figure 6 Mutually exclusive exons in genes of the Drosophila melanogaster X chromosome. The figure illustrates how many of the
mutually exclusive exons, which were annotated based on Flybase transcripts, share the following features: high sequence similarity, similar
length, same reading frame, and a minimal exon length (15 residues). The blue slice indicates exons characterised by these features and found
by the new algorithm. The red slice indicates exons not sharing these features. At the bottom, the figure shows the exon-intron structure of the
Phosphorylase kinase y gene, which includes the only cluster of mutually exclusive exons that was not found by the new algorithm.

B Multiple promoter exons with features 10
“ Multiple poly(A) site exons with features 4
B Multiple promoter exons without features 64
“ Multiple poly(A) site exons without features 23

Figure 7 Exons belonging to clusters of multiple promoters and multiple poly(A) sites in the Drosophila melanogaster X chromosome.
The figure shows the number of multiple promoter exons and multiple poly(A) sites exons based on the Flybase annotation and illustrates how
many of these exons share the following features: high sequence similarity, similar length, same reading frame, and a minimal exon length (15
residues). Blue slices indicate exons characterised by these features, and red slices indicate exons not sharing these features.
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Another application would be to search for mutually
exclusive spliced genes in the complete genomes of
sequenced eukaryotes.

Conclusions

The extension of WebScipio to search for mutually
exclusive exons is based on the precondition that these
exons encode regions of the same structural part of the
protein product. This precondition provides restrictions
to the search for candidate exons concerning their
length, splice site conservation and reading frame pre-
servation, and overall homology. The implemented algo-
rithm has been shown to identify all known mutually
exclusive spliced exons in many example genes from
various species, like the muscle myosin heavy chain
gene of Daphnia pulex or the Dscam gene of Drosophila
melanogaster. The search for homologs of terminal
exons might, however, result in the prediction of multi-
ple promoters, multiple poly(A) sites, groups of trans-
spliced exons, or tandemly arrayed gene duplicates, and
can therefore optionally be disabled. To quantify the
quality of WebScipio to correctly predict already anno-
tated mutually exclusive exons and to predict so far
unrecognized exon candidates, an analysis of the whole
X chromosome of Drosophila melanogaster has been
performed. All but two of the 28 annotated mutually
exclusive exons were found by WebScipio. In addition,
WebScipio predicts 39 new mutually exclusive exon
candidates of which about 50% are supported by an ab
initio exon prediction by AUGUSTUS. In conclusion,
WebScipio should be able to identify mutually exclusive
spliced exons in any query sequence from any species
with a very high probability.

Additional material

Additional file 1: Detailed activity diagram. The detailed activity
diagram shows each step of the search algorithm including points of
decision and loops.

Additional file 2: Search for non-mutually exclusive exons sharing
similar length, same reading frame and sequence homology. The file
provides detailed information of the found genes and their gene
structures.
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DHC: Dynein heavy chain; Dscam: Down Syndrome Cell Adhesion Molecule;
GFF: General Feature Format; Mhc: Myosin heavy chain; SVG: Scalable Vector
Graphics; YAML: YAML ain't markup language

Acknowledgements
MK has been funded by grants KO 2251/3-1, KO 2251/3-2, and KO 2251/6-1
of the Deutsche Forschungsgemeinschaft.

Authors’ contributions
HP, FO, and MK set the requirements for the system. HP and KH wrote the
software. FO assisted in and supervised the implementation of the software.

Page 15 of 16

BH implemented improvements to the software, and KH committed the
final version. KH performed the whole chromosome search and evaluation.
HP, KH, BH, and MK performed extensive testing. KH and MK wrote the
manuscript. All authors read and approved the final version of the
manuscript.

Received: 23 March 2011 Accepted: 30 June 2011
Published: 30 June 2011

References

1. Nilsen TW, Graveley BR: Expansion of the eukaryotic proteome by
alternative splicing. Nature 2010, 463:457-463.

2. Early P, Rogers J, Davis M, Calame K, Bond M, Wall R, Hood L: Two mRNAs
can be produced from a single immunoglobulin mu gene by alternative
RNA processing pathways. Cell 1980, 20:313-319.

3. Alt FW, Bothwell AL, Knapp M, Siden E, Mather E, Koshland M, Baltimore D:
Synthesis of secreted and membrane-bound immunoglobulin mu heavy
chains is directed by mRNAs that differ at their 3’ ends. Cell 1980,
20:293-301.

4. Mendes Soares LM, Valcarcel J: The expanding transcriptome: the
genome as the ‘Book of Sand’. EMBO J 2006, 25:923-931.

5. Black DL: Mechanisms of alternative pre-messenger RNA splicing. Annu
Rev Biochem 2003, 72:291-336.

6. Wang ET, Sandberg R, Luo S, Khrebtukova |, Zhang L, Mayr C, Kingsmore SF,
Schroth GP, Burge CB: Alternative isoform regulation in human tissue
transcriptomes. Nature 2008, 456:470-476.

7. Pan Q, Shai O, Lee LJ, Frey BJ, Blencowe BJ: Deep surveying of alternative
splicing complexity in the human transcriptome by high-throughput
sequencing. Nat Genet 2008, 40:1413-1415.

8. Keren H, Lev-Maor G, Ast G: Alternative splicing and evolution:
diversification, exon definition and function. Nat Rev Genet 2010,
11:345-355.

9. Zavolan M, van Nimwegen E: The types and prevalence of alternative
splice forms. Curr Opin Struct Biol 2006, 16:362-367.

10.  Blencowe BJ: Alternative splicing: new insights from global analyses. Cell
2006, 126:37-47.

11. Alekseyenko AV, Kim N, Lee CJ: Global analysis of exon creation versus
loss and the role of alternative splicing in 17 vertebrate genomes. RNA
2007, 13:661-670.

12. Sugnet CW, Kent WJ, Ares M, Haussler D: Transcriptome and genome
conservation of alternative splicing events in humans and mice. Pac
Symp Biocomput 2004, 66-77.

13. Kim E, Goren A, Ast G: Alternative splicing: current perspectives. Bioessays
2008, 30:38-47.

14. Yang Y, Zhan L, Zhang W, Sun F, Wang W, Tian N, Bi J, Wang H, Shi D,
Jiang Y, Zhang Y, Jin Y: RNA secondary structure in mutually exclusive
splicing. Nat Struct Mol Biol 2011, 18:159-168.

15. Anastassiou D, Liu H, Varadan V: Variable window binding for mutually
exclusive alternative splicing. Genome Biol 2006, 7:R2.

16.  Graveley BR: Mutually exclusive splicing of the insect Dscam pre-mRNA
directed by competing intronic RNA secondary structures. Cell 2005,
123:65-73.

17. Matlin AJ, Clark F, Smith CW: Understanding alternative splicing: towards
a cellular code. Nat Rev Mol Cell Biol 2005, 6:386-398.

18. Stephan M, Moller F, Wiehe T, Kleffe J: Self-alignments to detect mutually
exclusive exon usage. Silico Biol 2007, 7:613-621.

19.  Odronitz F, Kollmar M: Comparative genomic analysis of the arthropod
muscle myosin heavy chain genes allows ancestral gene reconstruction
and reveals a new type of ‘partially’ processed pseudogene. BMC Mol
Biol 2008, 9:21.

20. Geeves MA, Holmes KC: The molecular mechanism of muscle contraction.
Adv Protein Chem 2005, 71:161-193.

21. Odronitz F, Pillmann H, Keller O, Waack S, Kollmar M: WebScipio: an online
tool for the determination of gene structures using protein sequences.
BMC Genomics 2008, 9:422.

22. Keller O, Odronitz F, Stanke M, Kollmar M, Waack S: Scipio: using protein
sequences to determine the precise exon/intron structures of genes and
their orthologs in closely related species. BMC Bioinformatics 2008, 9:278.

23.  Ruby Programming Language. [http://www.ruby-lang.org/].

24, Ruby on Rails. [http://rubyonrails.org].


http://www.biomedcentral.com/content/supplementary/1471-2105-12-270-S1.PDF
http://www.biomedcentral.com/content/supplementary/1471-2105-12-270-S2.PDF
http://www.ncbi.nlm.nih.gov/pubmed/20110989?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20110989?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6771020?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6771020?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6771020?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6771018?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6771018?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16511566?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16511566?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12626338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18978772?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18978772?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18978789?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18978789?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18978789?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20376054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20376054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16713247?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16713247?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16839875?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17369312?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17369312?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18081010?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21217700?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21217700?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16507134?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16507134?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16213213?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16213213?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15956978?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15956978?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18254963?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18254963?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18254963?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16230112?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18801164?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18801164?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18554390?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18554390?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18554390?dopt=Abstract
http://www.ruby-lang.org/
http://rubyonrails.org

Pillmann et al. BMC Bioinformatics 2011, 12:270
http://www.biomedcentral.com/1471-2105/12/270

25. Tokyo Cabinet: a modern implementation of DBM. [http://fallabs.com/
tokyocabinet/].

26. purzelrakete’s workling at master - GitHub. [http://github.com/
purzelrakete/workling].

27. tra's spawn at master - GitHub. [http://github.com/tra/spawn].

28. Goto N, Prins P, Nakao M, Bonnal R, Aerts J, Katayama T: BioRuby:
Bioinformatics software for the Ruby programming language.
Bioinformatics 2010.

29. Gotoh O: An improved algorithm for matching biological sequences. J
Mol Biol 1982, 162:705-708.

30. Needleman SB, Wunsch CD: A general method applicable to the search
for similarities in the amino acid sequence of two proteins. J Mol Biol
1970, 48:443-453.

31. Doring A, Weese D, Rausch T, Reinert K: SeqAn an efficient, generic C++
library for sequence analysis. BMC Bioinformatics 2008, 9:11.

32. Eddy SR: Where did the BLOSUM62 alignment score matrix come from?
Nat Biotechnol 2004, 22:1035-1036.

33, Henikoff S, Henikoff JG: Amino acid substitution matrices from protein
blocks. Proc Natl Acad Sci USA 1992, 89:10915-10919.

34, The Official YAML Web Site. [http://www.yaml.org/].

35. GFF (General Feature Format) Specifications Document - Wellcome Trust
Sanger Institute. [http://www.sanger.ac.uk/resources/software/gff/spec.
html].

36.  W3C SVG Working Group. [http://www.w3.0rg/Graphics/SVG/].

37. George EL, Ober MB, Emerson CP Jr: Functional domains of the
Drosophila melanogaster muscle myosin heavy-chain gene are encoded
by alternatively spliced exons. Mol Cell Biol 1989, 9:2957-2974.

38. Graveley BR, Kaur A, Gunning D, Zipursky SL, Rowen L, Clemens JC: The
organization and evolution of the dipteran and hymenopteran Down
syndrome cell adhesion molecule (Dscam) genes. RNA 2004,
10:1499-1506.

39, Schmucker D, Clemens JC, Shu H, Worby CA, Xiao J, Muda M, Dixon JE,
Zipursky SL: Drosophila Dscam is an axon guidance receptor exhibiting
extraordinary molecular diversity. Cell 2000, 101:671-684.

40. Tweedie S, Ashburner M, Falls K, Leyland P, McQuilton P, Marygold S,
Millburn G, Osumi-Sutherland D, Schroeder A, Seal R, Zhang H: FlyBase:
enhancing Drosophila Gene Ontology annotations. Nucleic Acids Res 2009,
37:D555-559.

41. Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD, Amanatides PG,
Scherer SE, Li PW, Hoskins RA, Galle RF, George RA, Lewis SE, Richards S,
Ashburner M, Henderson SN, Sutton GG, Wortman JR, Yandell MD,

Zhang Q, Chen LX, Brandon RC, Rogers YH, Blazej RG, Champe M,
Pfeiffer BD, Wan KH, Doyle C, Baxter EG, Helt G, Nelson CR, et al: The
genome sequence of Drosophila melanogaster. Science 2000,
287:2185-2195.

42. Zhan XL, Clemens JC, Neves G, Hattori D, Flanagan JJ, Hummel T,
Vasconcelos ML, Chess A, Zipursky SL: Analysis of Dscam diversity in
regulating axon guidance in Drosophila mushroom bodies. Neuron 2004,
43:673-686.

43. Neves G, Zucker J, Daly M, Chess A: Stochastic yet biased expression of
multiple Dscam splice variants by individual cells. Nat Genet 2004,
36:240-246.

44, Hummel T, Vasconcelos ML, Clemens JC, Fishilevich Y, Vosshall LB,
Zipursky SL: Axonal targeting of olfactory receptor neurons in Drosophila
is controlled by Dscam. Neuron 2003, 37:221-231.

45. Clark AG, Eisen MB, Smith DR, Bergman CM, Oliver B, Markow TA,
Kaufman TC, Kellis M, Gelbart W, lyer VN, Pollard DA, Sackton TB,
Larracuente AM, Singh ND, Abad JP, Abt DN, Adryan B, Aguade M,

Akashi H, Anderson WW, Aquadro CF, Ardell DH, Arguello R, Artieri CG,
Barbash DA, Barker D, Barsanti P, Batterham P, Batzoglou S, Begun D, et al:
Evolution of genes and genomes on the Drosophila phylogeny. Nature
2007, 450:203-218.

46. Lee C, Kim N, Roy M, Graveley BR: Massive expansions of Dscam splicing
diversity via staggered homologous recombination during arthropod
evolution. RNA 2010, 16:91-105.

47. McManus CJ, Duff MO, Eipper-Mains J, Graveley BR: Global analysis of
trans-splicing in Drosophila. Proc Natl Acad Sci USA 2010, 107:12975-12979.

48.  Labrador M, Mongelard F, Plata-Rengifo P, Baxter EM, Corces VG,
Gerasimova TI: Protein encoding by both DNA strands. Nature 2001,
409:1000.

Page 16 of 16

49. Dorn R, Reuter G, Loewendorf A: Transgene analysis proves mRNA trans-

splicing at the complex mod(mdg4) locus in Drosophila. Proc Natl Acad
Sci USA 2001, 98:9724-9729.

50. Horiuchi T, Giniger E, Aigaki T: Alternative trans-splicing of constant and

variable exons of a Drosophila axon guidance gene, lola. Genes Dev 2003,
17:2496-2501.

Stanke M, Waack S: Gene prediction with a hidden Markov model and a
new intron submodel. Bioinformatics 2003, 19(Suppl 2):i215-225.

doi:10.1186/1471-2105-12-270

Cite this article as: Pillmann et al: Predicting mutually exclusive spliced
exons based on exon length, splice site and reading frame
conservation, and exon sequence homology. BMC Bioinformatics 2011
12:270.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central



http://fallabs.com/tokyocabinet/
http://fallabs.com/tokyocabinet/
http://github.com/purzelrakete/workling
http://github.com/purzelrakete/workling
http://github.com/tra/spawn
http://www.ncbi.nlm.nih.gov/pubmed/7166760?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/5420325?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/5420325?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18184432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18184432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15286655?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1438297?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1438297?dopt=Abstract
http://www.yaml.org/
http://www.sanger.ac.uk/resources/software/gff/spec.html
http://www.sanger.ac.uk/resources/software/gff/spec.html
http://www.w3.org/Graphics/SVG/
http://www.ncbi.nlm.nih.gov/pubmed/2506434?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2506434?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2506434?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15383675?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15383675?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15383675?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10892653?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10892653?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18948289?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18948289?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10731132?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10731132?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15339649?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15339649?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14758360?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14758360?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12546818?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12546818?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17994087?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19934230?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19934230?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19934230?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20615941?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20615941?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11234000?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11493677?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11493677?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14522953?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14522953?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14534192?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14534192?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Search algorithm
	WebScipio integration

	Results and Discussion
	Identification of mutually exclusive spliced exons
	Example genes with clusters of mutually exclusive exons
	Example genes encoding 5’- and 3’-terminal exons with features of mutually exclusive spliced exons
	Detection of trans-spliced genes and arrays of tandem gene duplications
	Application of the search algorithm for mutually exclusive exons to genome scale data
	Search for non-mutually exclusive exons sharing similar length, same reading frame, and sequence homology
	Search for mutually exclusive spliced exons in the Drosophila melanogaster X chromosome
	Future developments and applications

	Conclusions
	Acknowledgements
	Authors' contributions
	References

