
RESEARCH ARTICLE

Genome-wide survey of Alternative Splicing in Sorghum Bicolor
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Abstract Sorghum bicolor is a member of grass family which
is an attractive model plant for genome study due to interesting
genome features like low genome size. In this research, we
performed comprehensive investigation of Alternative Splicing
and ontology aspects of genes those have undergone these
events in sorghum bicolor. We used homology based align-
ments between gene rich transcripts, represented by tentative
consensus (TC) transcript sequences, and genomic scaffolds to
deduce the structure of genes and identify alternatively spliced
transcripts in sorghum. Using homologymapping of assembled
expressed sequence tags with genomics data, we identified
2,137 Alternative Splicing events in S. bicolor. Our study
showed that complex events and intron retention are the main
types of Alternative Splicing events in S. bicolor and highlights
the prevalence of splicing site recognition for definition of
introns in this plant. Annotations of the alternatively spliced
genes revealed that they represent diverse biological process
and molecular functions, suggesting a fundamental role for
Alternative Splicing in affecting the development and physiol-
ogy of S. bicolor.
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Abbreviations
AS Alternative Splicing
GO Gene Ontology
EST Expression Sequence Tag
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Introduction

Alternative Splicing is a means that process pre-mRNA into
mature isoforms. Alternative RNA splicing permits the produc-
tion of diverse transcript isoforms and protein products from an
individual gene and it is a significant mechanism in tran-
scriptome and proteome plasticity especially in distinct devel-
opmental stages and also different environmental conditions.
Based on the sites that undergo Alternative Splicing events, this
process can affect structural properties, function, and cellular
localization (Labadorf et al. 2010). There are several different
types of Alternative Splicing (AS) events, which can be classi-
fied into four main subgroups. The first type is exon skipping,
in which a type of exon known as a cassette exon is spliced out
of the transcript together with its flanking introns (Fig. 1a). The
second and third types are alternative 3′ splice site (3′ SS) and 5′
SS selection (Fig. 1b, c). These types of AS events occur when
two or more splice sites are recognized at one end of an exon.
The fourth type is intron retention (Fig. 1d), in which an intron
remains in the mature mRNA transcript. This is the rarest AS
event in vertebrates and invertebrates, accounting for less than
5 % of known events (Alekseyenko et al. 2007; Kim et al.
2008; Sakabe and de Souza 2007; Sugnet et al. 2004). In
contrast, intron retention is the most prevalent type of AS in
plants, fungi, and protozoa (Kim et al. 2008; Reddy 2007;
Johnson et al. 2003). Less frequent, complex events that give
rise to alternative transcript variants include mutually exclusive
exons (Fig. 1e), alternative promoter usage (Fig. 1f) and alter-
native polyadenylation (Fig. 1g) (Ast 2004; Kim et al. 2008;
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Black 2003). Another rare form of AS involves reactions
between two primary transcripts in trans (Labrador and
Corces 2003). The dissimilarities in these splice-variant
ratios can be associated to common splice site recogni-
tion mechanism, granted that splicing variations are more
expected to result in retained introns with the intron
definition model (fungi and plants), and in cassette
exons with the exon definition model (animals) (Reddy
2007; McGuire et al. 2008) These different proportions of
AS types have clear implications for the functional meaning
of AS events.

Genome wide investigation of AS is an important
approach that can help to disclose the global influence
the this process on gene function. Considering this,
whole genome sequences and expression sequencing
tags get a critical chance to discover knowledge of the
distribution and biological impacts of AS events by
homology mapping-based approach of ESTs to genome
sequences (Gupta et al. 2004).

Computational investigations based on alignment of
ESTs/complementary DNAs (cDNAs) against the human ge-
nome and experimental analyses using RT-PCR and more
recently splicing-sensitive microarrays that can differentiate
between AS isoforms have estimated that over 70% of human
genes undergo AS (Modrek and Lee 2002; Johnson et al.
2003; Blencowe 2006).

In plants, such comprehensive investigates are limited
mainly because of relatively smaller numbers of ESTs and
lack of high-throughput tools such as splicing-sensitive arrays
(Blencowe 2006; Reddy 2007). Nevertheless, with available
plant ESTs/cDNAs, it is now approximated that at least 30 %
of plant genes are alternatively spliced (Wang and Brendel
2006; Chen et al. 2007).

Ner-Gaon et al. (2004) identified 436 alternatively spliced
genes in Arabidopsis by EST-pair alignment. Three other
investigations with a lesser assembled of EST/cDNA data
briefly described fewer AS events in Arabidopsis (Iida et al.
2004; Zhu et al. 2003; Haas et al. 2003). All these pioneering
investigations revealed that reduced parts of genes of 5–10 %
are alternatively spliced, with Intron retention the most prev-
alent AS type in Arabidopsis (Iida et al. 2004). However, none
of the above studies included comprehensive analyses on the
position and conclusion of AS. Two recent studies with full-
length cDNAs described alike fractions of alternatively
spliced genes but conflicting predominant AS types and
places of AS events relative to the coding regions (Nagasaki
et al. 2005; Alexandrov et al. 2006).

S. bicolor is a member of grass family, that for its
interesting features of genome such as low genome size
(in comparison to crop plants), its low grade of gene
duplication and his high number of repetitive elements, is an
appealing model plant for functional and structural genomics
studding.

In this research, we performed comprehensive inves-
tigation of alternative splicing and ontology aspects of
genes those have undergone these events in S. bicolor.
We used homology based alignments between gene rich
transcripts, represented by tentative consensus (TC) tran-
script sequences, and genomic scaffolds to deduce the
structure of genes and identify alternatively spliced tran-
scripts in sorghum.

Materials and methods

Data sets for AS analysis

First of all, the 209835 EST of S. bicolor were searched in
NCBI Gen Bank and then those ESTs were analyzed for the
contaminating vectors and then homo polymer tails were
removed from the EST. After cleaning of the EST, 191300
ESTs were clustered into the tentative 42181 unique genes.
Unique genes were mapped onto the Sorghum Chromosome
available as scaffold from the Phytozome. Only the 10 chro-
mosome (SBI-01–SBI-10) were used for the further analysis
and rest of the short contigs were avoided to prevent spurious
mapping.

Fig. 1 Different types of alternative splicing. a Exon skipping. b
Alternative 3′ SS selection. c Alternative 5′ SS selection. d Intron reten-
tion. e Mutually exclusive exons. f Alternative promoters. g Alternative
poly (A). (Form e, f, g and other trans forms (not shown) categorized as a
complex events). In the figure, constitutive exons are shown in blue and
alternatively spliced regions in purple. Introns are represented by solid
lines and dashed lines indicate splicing options
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Homology mapping

Mapping of the transcripts on the chromosome was
done using the sim4 algorithm, and then, exon files
were parsed for the generation of the GTF file. For
genome mapping using tentatively unique gene se-
quences, we have utilized a threshold of 95 % identity,
a smallest alignment of 40 bp, and a smallest criterion
that the aligned length of a tentatively unique gene
sequence should be 75 % of the total tentatively unique
gene sequence length. The GTF file was further inves-
tigated using the Astalavista web server (http://genome.
crg.es/astalavista/), and landscape files were produced for
further analysis.

Functional impact of Alternative Splicing

GO analysis was conducted by using data obtained from
Ensemble using the BioMart tool. The text file
consisting of Gene Ontology for AS-affected genes
was analyzed through the AgriGO tool (http://bioinfo.
cau.edu.cn/agriGO/) (Du et al. 2010) to obtain the GO
plot and the corresponding values for the molecular
function, biological process, and cellular component)
tool to obtain the GO plot and the corresponding
values for the molecular function, biological process,
and cellular component.

Result and discussion

Detection of Alternative Splicing events

We mapped tentative consensus sequences to ten genomic
scaffolds. In our study, for increase of correctness of outcomes
and decrease of rate of false positive AS isoforms that possibly
identified, we utilized tentative consensus sequences instead
of individual ESTs. Using of the putative map, we observed
that complex events and intron retention are the common type
of AS in sorghum as a previous studies in Oryza and
Arabidopsis (Iida et al. 2004; Ner-Gaon et al 2004; Wang
and Brendel 2006; Barbazuk et al. 2008; Filichkin et al.
2010). Although the estimated rates of complex events in
sorghum were higher than of other plants.

In general, about 41 % of the events in the assembled
transcripts are intron retention. Our result showed that ratio
of intron retention events in sorghum is less than of this basic
form in Populus,Oryza, and Chlamydomonas (Labadorf et al.
2010; Baek et al. 2008).

Recently, an extensive RNA-seq analysis has significantly
increased the observed frequency of AS in Arabidopsis
to more than 61 % of intron-containing genes showing
AS (Marquez et al. 2012). This estimate is based on
analysis of Arabidopsis grown under normal growth con-
ditions, and it is likely that this level will increase further
as different tissues at various developmental stages and
growth conditions are analyzed (Marquez et al. 2012). Of
the most common types of AS, intron retention (IR) has
been shown to be the most frequent AS event in plants
(Filichkin et al. 2010). However, some IR events were
recently shown to be more likely to represent partially
spliced transcripts due to their low abundance (Marquez
et al. 2012). In addition, in the genome-wide analysis
above, IR was still the most frequent AS event (40 %)
but it only occurred in assembled AS transcripts of 23 %
of the genes providing a more reasonable estimate of the
impact of IR to AS plants (Marquez et al. 2012). More
importantly, 51 % of intron-containing genes utilize alterna-
tive 5′ or 3′ splice sites or exon skipping events which can
affect the protein coding sequence or generate unproductive
mRNAs to affect transcript levels (Marquez et al. 2012).

Fig. 3 Distribution of internal
exon size: Bin sizes are right
inclusive (e.g., bin 100 comprises
sequences of lengths 1–100 bp)
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Fig. 2 Landscape of AS events in S. bicolor. Intron R intron retention,
AltD alternative donor splice site, AltA alternative acceptor splice site,
ExonS exon skipping
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Also, the high rate of intron retention (41 %) in sorghum
and in other plants supports the intron definition model. Based
on this model, introns are recognized by the splicing machin-
ery spliceosomes during pre-mRNA processing in plants.
Whereas, the exon definition model seen in animals where
exon skipping events occur much more frequently than intron
retention events (McGuire et al. 2008). Most intron retention
events result in the insertion of an in-frame premature termi-
nation codon inside the transcript, which can lead an mRNA
to different fates. If this codon is located more than 50 nucle-
otides upstream of an exon–exon junction, the transcript
will be targeted for degradation by nonsense-mediated
decay, an mRNA surveillance means that is believed to pre-
vent accumulation of truncated, and potentially harmful, pro-
teins (lewis et al. 2003).

Alternative donor sites and alternative accepter sites
each accounted for ∼5–9 %, and exon skipping was the
least prevalent event type, consistent with AS event
distributions reported in other plant species (Wang and
Brendel 2006; Walters et al. 2013). Also, we find that the use
of alternative 3′ splice sites is higher than the use of alternative
5′ splicing site (Fig. 2) consistent with former finding (Wang
and Brendel 2006).

Features of exons and introns

Intron and exon lengths reflect the constraints imposed by
splicing recognition and frequency of AS. Following the
mapping of the ESTs to the genomic sequences, we calculated
the lengths of 98,340 internal exons and 61,515 introns with
computer scripts. We observed that most of exons had a size
below 500 bp (86 %) and 57 % lied between 10 and 200 bp
(Fig. 3.). The observed exon length is agreed with the ob-
served mean internal exon length in Arabidopsis thaliana
(172 bp) and Oryza sativa (193 bp) (Wang and Brendel
2006). However, compared with exon size, the distributions
of intron size in sorghum ranged from 2 to 1,900 bp, and 77%
of introns had a size range of 100 to 500 bp (Fig. 4). In
Drosophila melanogaster, most of the introns flanking alter-
natively spliced exons are long, whereas constitutively spliced
exons are flanked by short introns. The length of the upstream

intron was found to have a greater influence on exon selection
than that of the downstream intron (Fox-Walsh et al. 2005).
This shows a large contribution of the exon–intron size in
D. melanogaster to the frequency of AS. In humans, exons
flanked by long introns are subject to exon skipping more
often than those flanked by short introns (Fox-Walsh et al.
2005). An additional illustration of the effect of exon–intron
architecture on AS is revealed when the size of mammalian
exons is examined. Usually, enlarged exons lead to exon
skipping, but if the flanking introns are short, the enlarged
exon is included (Sterner et al. 1996). The average intron size
in S. bicolor was close to rice and Brachypodium intron size
(433 bp) and longer than the average intron size (173 bp) of
Arabidopsis (Wang and Brendel 2006).

Functional ontology of AS genes

The majority of known plant AS events has not been func-
tionally characterized, but several lines of evidence suggest
that AS has a biological role. As suggested by Reddy (2007),
the majority of intron-containing genes should produce splice
variants if most isoforms resulted from random splicing errors.
However, AS is predominant in some gene families, while
absent in others.

GO classification of molecular functions of the alternative
splicing affected genes reveals that about 80 % of genes have
catalytic activity and binding properties (Fig. 5a). More dis-
section of each mentioned groups showed that genes with
catalytic activity ontology including of transferase activity
(35 %), hydrolase activity (27.6 %), oxidoreductase activity
(18.6 %), RNA splicing factor activity (7.8 %) and lyse
activity, ligase activity, isomerase and activity genes are in
the these groups.

Several studies link the occurrence of AS to tissue-specific
and/or developmental cues, and alternatively spliced isoforms
have been associated with ribosomes. Results of the few
functional analyses that have been conducted indicate roles
for AS in plant processes such as some metabolic pathways

�Fig. 5 Ontology diversity, a and b, molecular function and biological
process for AS-affected genes, respectively

Fig. 4 Distribution of internal
Intron size: Bin sizes are right
inclusive (e.g., bin 100 comprises
sequences of lengths 1–100 bp)
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(Gorlach et al. 1995), catabolic pathways (Kopriva et al.
1995), and mRNA processing (Kalyna et al. 2006), and AS
impacts many important plant process such as photosynthesis,
defense response, flowering, and cereal grain quality (Reddy
2007).

RNA binding proteins are hub proteins in regulation of
mRNA process and also defense responses. results showed that
nucleic acid binding proteins is the prevalent proteins that affect
by alternative splicing (76 %). other type of binding proteins
that affected by alternative splicing including protein binding
(31.4 %), chromatin binding (6.2 %), calcium ion binding
(6.2 %), and calcium-dependent phospholipids binding (0.7 %).

Cellular component analyses showed about 27 %membrane
proteins, 17 % intracellular, and variable distributions in other
sub cellular components. These proteins are involved in various
biological processes including metabolic, biosynthesis,
transport, and responses to stress.

GeneOntology investigation of the alternatively spliced gene
list reported byWang and Brendel (2006) andChen et al. (2007)
showed that a majority of stress-related genes undergo alterna-
tive splicing. Transcription factors are known to affect the
expression of genes under specific stress conditions.
Interestingly, some transcription factors themselves are subject-
ed to splicing regulation, which in turn may regulate down-
stream genes and coordinate interactions between major net-
works at major nodes. Iida et al. (2005) have reported that of the
1,968 total Arabidopsis transcription factors, 110 undergo alter-
native splicing. Computational analyses have identified several
exonic and intronic splicing enhancer sequences in Arabidopsis
(Sheth et al. 2006). It is suggested that these sequences together
with SR proteins likely play significant roles in regulating
alternative splicing in response to various stresses. This sugges-
tion is supported by the observation that the tissue-specific
alternative splicing of ascorbate peroxidase is conferred by an
intronic splicing regulatory element (Yoshimura et al. 2002).

Gene Ontology analysis for biological process showed that
most of these related to metabolic and cellular process
(Fig. 5b). When we dissect metabolic process, we find that
about 94 % of these genes belong to primary metabolic
process and variable distributions in other process including
biosynthetic process, coenzyme metabolic process, ferredoxin
metabolic process, and sulfur metabolic process.

The widespread occurrence of AS and the range of func-
tional gene groups which it affects supports an essential role
for AS in sorghum development, physiology, metabolism, and
responses to environmental conditions and pathogens, all of
which have important consequences on sorghum phenotypes.

Conclusion

Detection of alternative splicing events is one of the first steps
essential to link transcriptome to proteome and realize the

connection between their diversity. Our investigations supply
a potential survey and will help realize the function of alterna-
tive splicing in the sorghum bicolor. Our genome-wide predic-
tion of AS events was based on mapping tentative consensus
transcript sequences on genomic scaffolds. Therefore, addition-
al studies, including studies taking tissue or developmental
stage specificity into account, will be required to have a more
complete view.
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