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Alternative splicing is a crucial mechanism by which diverse gene products can be generated from a limited
number of genes, and is thought to be involved in complex orchestration of eukaryotic gene expression. Next-
generation sequencing technologies, with reduced time and cost, provide unprecedented opportunities for
deep interrogation of alternative splicing at the genome-wide scale. In this study, an integrated software Spli-
cingViewer has been developed for unambiguous detection, annotation and visualization of splice junctions
and alternative splicing events from RNA-Seq data. Specifically, it allows easy identification and characteriza-
tion of splice junctions, and holds a versatile computational pipeline for in-depth annotation and classifica-
tion of alternative splicing with different patterns. Moreover, it provides a user-friendly environment in
which an alternative splicing landscape can be displayed in a straightforward and flexible manner. In conclu-
sion, SplicingViewer can be widely used for studying alternative splicing easily and efficiently. SplicingViewer
can be freely accessed at http://bioinformatics.zj.cn/splicingviewer.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Alternative splicing is a highly regulated and conserved process by
which the exons of pre-mRNA are reconnected in a number of ways
to form different mRNAs that are then translated into protein iso-
forms. Therefore, a limited number of genes in an organism's genome
are able to form a large complex proteome [1]. Alternative splicing is
a notable phenomenon commonly found in eukaryotes that is empir-
ically classified into several different patterns according to the struc-
tures of exons, including skipped exons, mutually exclusive exons,
alternative 5′ splice sites, alternative 3′ splice sites, alternative first
exons, alternative last exons and retained introns [1,2]. Aberrant
splicing has been reported to be linked to many diseases, such as spi-
nal muscular atrophy, tauopathies and Hutchinson–Gilford progeria
syndrome [3]. Thus, the detection and annotation of alternative splic-
ing are essential to better understand cellular process and develop-
ment in biological and medical research. Recently, RNA-Seq, a
powerful and rapidly evolving high-throughput sequencing technolo-
gy, has opened new horizons in understanding the transcriptome
[4–6].

To study alternative splicing from RNA-Seq data, a number of use-
ful tools have been introduced. Tophat is an efficient pipeline that can
identify splice junctions in large-scale mapping of RNA-Seq reads [7].
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QPalma is a junction alignment tool thatmaximizes alignment accura-
cy by using optimum parameters that are estimated based on SVM-
like algorithm [8]. SpliceMap is an implementation of split-read align-
ment algorithm using the mapping of half-reads to identify locations
of junctions [9]. Supersplat is a method for unbiased splice junction
detection in empirical RNA-Seq data [10]. MMES [11], a new statistical
metric, is developed to not only measure the quality of junction reads
but also implement empirical statistical models for detection of exon
junctions. MapNext is a software tool for spliced and unspliced align-
ments and detection in short read sequences [12]. In addition, other
splicing detection tools were newly developed recently, including
SplitSeek [13], MapSplice [14], HMMSplicer [15], NSMAP [16] and
SOAPsplice (http://soap.genomics.org.cn/soapsplice.html).

In this study, an integrated tool SplicingViewer has been developed
to enable users to detect splice junctions, annotate alternative splicing
events, and visualize alternative splicing patterns. Additionally, Spli-
cingViewer can also efficiently display genomemapping reads and junc-
tion mapping reads at high speed and low memory cost. In conclusion,
SplicingViewer is, to our knowledge, the first software dedicated not
only to detection of splice junctions, but also to annotation, visualization
and manipulation of alternative splicing events.

2. Results

2.1. Validation and parameter evaluation

To evaluate the performance of SplicingViewer, we simulated Illu-
mina sequencing short reads from 92,543 transcripts of the human
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genome in ASTD (the Alternative Splicing and Transcript Diversity da-
tabase) [17] at various sequencing depths. Initially, the performance
of different short read aligners in splice junction calling was evaluat-
ed (Fig. 2A). For all the aligners evaluated, including MAQ [18], BWA
[19], Bowtie [20] and SOAP2 [21], the sensitivity shows a similar as-
cending trend when the short read depth increases from 1× to 20×,
reaching the highest (>99%) value at a depth of 20×, and remains
relatively constant when the depth is >20×. In contrast, the PPVs
(positive predictive value) of all aligners exhibit a descending trend
when the depth is >20× (Fig. 2B). This can be explained by the fact
that increased false mappings will be generated when more reads
are introduced. MAQ and BWA were noted to have a relatively higher
performance among the four aligners. However, BWA can also sup-
port multiple threads and have a higher speed. Therefore, BWA was
chosen as the aligner in the following analyses.

In order to evaluate the ability of SplicingViewer to identify junc-
tions with different read lengths, we simulated short reads with dif-
ferent lengths at a depth of 20×. The sensitivity of SplicingViewer
remains relatively constant when the read length is b75 bp, but
shows a decreasing trend when the read length is >75 bp (Fig. 2C).
However, the PPV increases with the read length (Fig. 2D). The min-
imum number of reads needed to support the junction is a critical pa-
rameter in SplicingViewer. We evaluated the performance of
SplicingViewer using different values of this parameter (Figs. 2E and
F). Sensitivity sharply decreases when the value is >4. However, the
PPV reaches ~99% when the value is 2 and remains steady when the
value goes up from 2 to 10. Accordingly, we set the default minimum
junction read number parameter to 2.

2.2. Implementation and visualization

The splice junction detection and alternative splicing event anno-
tation are integrated into one command line program containing two
Fig. 1. The schematic diagram of SplicingViewer pipeline. (A) The overall procedure of Splic
resent the reads mapped to the genome sequence, while unmapped short reads are represen
inside the gene bounds. (D) Detection of the candidate splice sites and splice junctions. (E) M
(F) Pattern annotation of alternative splicing events.
steps that is written in JAVA programming language. Based on the
sorted short read mapping BAM file, reference genome sequence
and the known gene models, the first step generates splice junctions,
and the second step generates the annotated patterns of alternative
splicing that can be used for the visualization in SplicingViewer.

The inputs for the visualization in SplicingViewer include: 1) the
reference genome sequence, 2) sorted BAM file of genome mapping,
3) sorted BAM file of junction mapping, 4) the known gene models,
and 5) the annotation result of alternative splicing patterns obtained
from the command line program.

SplicingViewer offers a user-friendly interface and can be used in a
platform-independent manner (Fig. 3). Patterns of alternative splic-
ing are displayed with different shapes, with rectangle and polygonal
lines representing the exon and junction, respectively. When the
mouse hovers on and clicks a polygonal line, the short reads support-
ing that junction will be displayed in a popup dialog. All short reads,
including reads mapped to the reference genome and the junctions,
are optimally placed in multiple lines with a compact arrangement
that can be visualized intuitively. In order to get a better view, Spli-
cingViewer also provides users with many adjustable options, includ-
ing the zoom in/out option, which can be used to adjust the
alignment and annotation view resolution, and the font, color, and
shape options, which can be used to change the appearance of the vi-
sualization. In addition, SplicingViewer has a query system, which al-
lows users to search gene models and alternative splicing events by
their IDs.

2.3. Computer performance

The computational performance of SplicingViewer was evaluated
in two steps. Firstly, we tested the performance of command line pro-
gram on RNA-Seq data from LNCaP prostate cancer (30,784,244 pair-
end short reads, 75 bp). The command line program was run on a HP
ingViewer. (B) Mapping of short reads to the reference genome. Black short lines rep-
ted by short lines colored green. (C) The coverage calculation of the loci on the genome
apping of unmapped reads to the junction sequences to detect the real splice junctions.



Fig. 2. Validation and parameter evaluation. (A) Sensitivity of different aligners in real splice junction detection at different short read depths (ranging from 1× to 100×). (B) PPVs of
different aligners in real splice junction detection at different sequencing depths. (C) Sensitivity in real splice junction detection, measured by mapping simulated short reads with dif-
ferent sequence lengths. (D) PPV in real splice junction detection, measured by mapping simulated short reads with different sequence lengths. (E) Sensitivity in real splice junction
detection with different thresholds of minimum junction read number. (F) PPV in real splice junction detection with different thresholds of minimum junction read number.
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cluster work station (AMD 64-bit 2.2 GHz CPU, 32 GB of RAM) with
the result of mapping short reads to reference genome as input. The
mapping result is in BAM format and contains 20,558,742 mapped
reads and 10,225,502 unmapped reads. It took the program approxi-
mately 5 h and a 5.5 GB memory to finish the analysis and obtain the
final annotated patterns of alternative splicing. Then, the visualization
process was tested on a typical Windows XP system with Intel Core 2
Duo E7400 (2.80 GHz) and 2 GB memory. It took SplicingViewer
4.156 s and 120 MB of RAM to load the data. After loading the data,
SplicingViewer ran smoothly in displaying short reads, alternative
splicing patterns and various other kinds of important information.

3. Discussion

Compared with traditional methods, such as microarray or align-
ing gene sequences against EST sequences, RNA-Seq shows high su-
periority because it can be used for comprehensive transcription
profiling and deciphering the mechanisms of alternative splicing
with unprecedented accuracy and at a low error rate. To provide an
integrated framework for identification, in-depth annotations of al-
ternative splicing events and visualization of alternative splicing pat-
terns from RNA-Seq data, we have developed SplicingViewer. As an
ongoing project, SplicingViewer will in the future allow users to per-
form the comparison of alternative splicing events among multiple
samples. Additionally, SplicingViewer will be further improved
according to users' feedbacks and suggestions. Taken together, Spli-
cingViewer, a promising tool for globally characterizing the alterna-
tive splicing landscape of the transcriptome, would enhance our
understanding of transcriptome complexity and accelerate research
progress in biological and medical areas.

4. Materials and methods

In brief, SplicingViewer uses threemain steps to deeply survey alter-
native splicing complexity from RNA-Seq data: 1) alignment of short
reads to reference genome, 2) detection of candidate splice junctions,
and 3) alignment of unmapped short reads to splice junctions (Fig. 1A).

Firstly, short reads are mapped to the reference genome using
short read aligners, including MAQ [18], BWA [19], Bowtie [20] and
SOAP2 [21] (Fig. 1B). The mapping results are then converted into
SAM/BAM format with SAMtools [22], the common input format
used in the following analyses. Using GATK (the Genome Analysis
Toolkit) [23], depth of coverage at each locus of the known gene
model is calculated based on the genome mapping records of short
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Fig. 3. Screenshots of SplicingViewer windows.
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reads in BAM file (Fig. 1C). The short reads that are not mapped to the
genome will be used in the following splice junction alignment.

Then, the reference genome sequence, together with the known
gene models, is used to determine the candidate splice junctions
according to the splice site rule. Among the canonical splice site
pairs (donor–acceptor), GT-AG accounts for 98.3% with GC-AG and
AT-AC accounting for only 1.5% and 0.2%, respectively [24]. In Spli-
cingViewer, GC-AG and AT-AC can also be detected according to
users' requirement. Let I= {I1, I2, …, In}, be the collection of introns
in gene model G, where n is the number of introns. The splice donor
and acceptor sites in splice site pair will be searched separately on
each element of I. For intron Ii, donor dinucleotide is searched along
its sequence from 5′ end. Let s and d be the leading 5′ end dinucleo-
tide site of Ii and the hit donor site, respectively. The genomic coordi-
nates of s and d will be represented by Ss and Sd, respectively. Let Di

represent the genomic coordinate i on the genome sequence, then
the coverage rate of the genomic intron region from Ss to Sd will be

Md ¼ ∑Ss≤i≤Sd
Di

Sd−Ss þ 1
:

For the hit donor site d, if Sd is not equal to Ss and Md≥0.98, indi-
cating that the genomic intron region between s and d is covered by
short reads with a small tolerance, then the search will move for-
ward; and if Sd is not equal to Ss and Mdb0.98, indicating that the
hit site d resides at the border of the intron region covered by the
short reads, then, to avoid missing candidate splice sites, the search
will be extended forward with a distance equal to the length of
short read and then terminated. However, when Sd is not equal to Ss
and Mdb0.98, if d is adjacent to s, indicating that there is no short
read covering the intron region between s and d then the search
will be terminated immediately.

Let di={di,1, di,2, …, di,n} be all hit donor sites of Ii, where n repre-
sents the number of hit donor sites, we then add s to di, forming di′=
{s, di,1, di,2, …, di,n}. Let dir be the potential donor sites of Ii. If |di′|=1,
we set dir=di′; otherwise di

r={s, di,t−2, di,t−1, di,t, …, di,n}, where di,t
is the hit donor site which resides at the border of the 5′ intron region
covered by the short reads.

The Acceptor dinucleotide is searched on the sequence of Ii from
the 3′ end. Let e and a be the leading 3′ end dinucleotide site of Ii
and the hit acceptor site, respectively. The genomic coordinates of e
and a will be represented by Se and Sa, respectively. The coverage
rate of the genomic region from Se to Sa will be

Ma ¼
∑Sa≤i≤Se

Di

Se−Sa þ 1
:

The search criteria are set to be the same as those of the donor site.
ai={ai,1, ai,2,…, ai,n}, which represents that all the hit acceptor sites of
Ii, will be generated. Let ai′={e, ai,1, ai,2,…, ai,n}, then the potential ac-
ceptor site set of Ii, represented by ai

r is set to be equal to ai′ if |ai′|=1;
otherwise, air={e, ai,t−2, ai,t−1, ai,t,…, ai,n}, where ai,t is the hit accep-
tor site which resides at the border of the 3′ intron region covered by
the short reads.

Let Ji={dir, air} be the splice site set of Ii. J={J1, J2, …, Jn} represents
all splice sites of the intron set I in gene model G, and all candidate
splice junctions of gene model G will be generated by grouping all
donor–acceptor site pairs (GT-AG/GC-AG/AT-AC) from di

r in Ji and ai
r
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in Jj with all combinations of Ji and Jj, where 1≤ i≤n−1 and ib j≤n. In
each donor–acceptor site pair, genome sequences upstream of the
donor site coordinate and downstream of the acceptor site coordi-
nate, both of which are equal in length to the read, are cut off and
joined to form a continuous splice junction sequence (Fig. 1D). This
process is applied to all gene models, and the candidate splice junc-
tion sequences of each gene model will be generated.

Finally, the unmapped short reads in the genome mapping step are
mapped to the splice junction sequences to identify the real splice junc-
tions (Fig. 1E). By default, a real junction site must be supported by at
least two unambiguously mapped short reads with non-repetitive
match positions. All the splice junctions identified, together with the
splice junction site information, are used to annotate the patterns of
alternative splicing (Fig. 1F).
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