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Abstract: The nematode Caenorhabditis elegans is 
an important, well-studied organism used in 
biomedical research as a model for human 
development, genetics, ageing, and disease. This 
paper reviews some basic information, recent 
progress and future challenges for functional 
genomics and bioinformatics in the area of 
alternative splicing. It also highlights the unique 
methodology adopted by us to study and to detect 
novel alternatively spliced transcripst from C. 
elegans genome.  
Keywords: Alternative splicing, Caenorhabditis 
elegans, gene/exon prediction, genome analysis. 
Introduction 

The human genome project started a paradigm 
shift in biomedical research i.e., from an 
observational science to an information science. 
Bioinformatics, dedicated to the analysis and 
management of the vast amount of data became 
increasingly essential. The human genome project 
(Venter et al., 2001; International Human Genome 
Sequencing Consortium, 2001) also brought out 
the relatively obscure field of alternative splicing 
research into the spotlight. As widely anticipated 
that the human genome would contain a much 
larger number of genes (estimates based on 
expressed-sequence clustering ran as high as 
150,000 genes) than Drosophila (14,000 genes) or 
Caenorhabditis elegans (19,000 genes) the report 
of only 32,000 human genes thus came as a 
surprise (Claverie, 2001). This basic disparity 
indicated that the number of human expressed-
sequences (mRNA) was much higher than the 
number of genes. How can the much greater size 
and complexity of humans be encoded in only 
twice the number of genes required by a fly? 

One way to explain this paradox is to point out 
that the number of possible proteins from the 
genome can far exceed the possible number of 
genes (if a large percentage of the genes have the 
ability to encode multiple proteins). This expansion 
of the proteome can be accomplished through 
alternative precursor messenger RNA (pre mRNA) 
splicing, which can allow one gene to encode 
multiple proteins. Alternative splicing is a process 
by which the exons of primary transcripts (pre-
mRNAs) from genes can be spliced in different 
arrangements to produce structurally and 
functionally distinct mRNA and protein variants. It 
is one of the most extensively used mechanisms 
that accounts for the greater macromolecular and 

cellular complexity of higher eukaryotic organisms 
(Black, 2003; Graveley, 2001; Matlin et al., 2005). 

Alternative splicing has long been regarded as a 
rather rare event in eukaryotic genomes. However, 
recent genomic and bioinformatics analysis of vast 
amount of transcript data in human and other 
organisms suggest that alternative splicing is 
widespread in almost all higher eukaryotic 
genomes (Mironov et al., 1999; Croft et al., 2000; 
Modrek et al., 2001; Brett et al., 2002; Xu et al., 
2002; Modrek & Lee, 2003; Johnson et al., 2003; 
Sorek et al., 2004). In humans, the frequency of 
alternative splicing has increased dramatically from 
a prior estimates as low as 5% (Sharp, 1994) to 
35-65% of all genes and 74% of all multi-exon 
genes having at least one alternative splice form 
(Kan et al., 2001; Kochiwa et al., 2002; Leipzig et 
al., 2004).  

The much popular “one gene, one protein”, a 
central dogma of modern molecular biology which 
had a profound impact on biologists’ thinking, 
therefore need to be reconsidered as “one gene 
many proteins concept”. Now it is hypothesized 
that more complex an organism is, more likely it 
can function by extracting multiple protein 
meanings from individual genes. As a result, our 
view towards many biological processes, such as 
protein interaction, gene expression had to be 
adjusted. Understanding the functional impact of 
alternative splicing, the regulatory mechanisms 
that govern RNA splicing, and the role of 
alternative splicing in genome evolution, has 
become one of the most challenging and exciting 
tasks for genomics and bioinformatics in the post-
genomic era. The types of alternative splicing 
alteration that have been observed include exon 
skipping, intron retention, use of alternative splice 
donor or acceptor site and many more (Sanford & 
Caceres, 2004; Alekseyenko et al., 2007; Singh, 
2007).  
Role and importance of alternative splicing 

Alternative splicing is a unique mechanism 
through which the information stored in the genes 
of complex organisms can be edited in a variety of 
ways, making it possible for a single gene to 
specify two or more distinct proteins. It, allows 
different tissue types to perform diverse functions 
working from the same small gene assortment. 
Variation in mRNA structure can occur in many 
different forms (Lopez, 1998; Smith & Valcarcel, 
2000). Exons can be spliced into mRNA or 
skipped. Introns that are normally excised can be 
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retained in the mRNA. The positions of either 5’ or 
3’ splice sites can shift to make exons longer or 
shorter. In addition to these changes in splicing, 
modifications in transcriptional start site or poly-
adenylation site also allow production of multiple 
mRNAs from a single gene. All of these changes in 
mRNA structure can be regulated in diverse ways, 
depending on sexual genotype, cellular 
differentiation, or the activation of particular cell 
signaling pathways. 

Molecular analysis during the last decade 
demonstrates that alternative splicing plays a 
major role in many tissue and developmental stage 
specific processes, for example, functional roles in 
the SXL proteins related to the sex determination 
of Drosophila (Sosnowski et al., 1989; Inoue et al., 
1990), antibody response in human (Lopez, 1998) 
and in Down’s syndrome cell adhesion molecule 
(DSCAM) of human and Drosophila (Yamakawa et 
al., 1998; Schmucker et al., 2000). Moreover, 
coordinated changes in alternative splicing 
patterns of multiple genes pre-mRNAs are an 
integral component of gene expression programs 
like those involved in differentiation in nervous 
system (Grabowski, 1998), apoptotic cell death 
(Jiang & Wu, 1999) tumor progression (Herrlich et 
al., 1993) etc.  

Alternative splicing has also been implicated in a 
large number of human pathologies, including 
neurodegenerative, cardiovascular, respiratory and 
metabolic diseases, as well as cancer (Stallings-
Mann et al., 1996; Liu et al., 1997; Zolezzi et al., 
1997; Wilson et al., 1997) and Alzheimer’s disease 
(Guo et al., 2001). In tissues with complex 
activities, like the brain, there is a demand for a 
large number of proteins to perform different 
functions. Any defect in alternative splicing can 
cause severe problems for the cell due to the 
altered protein composition. Therefore, many 
neurological diseases are caused by defects in 
alternative splicing. Aberrant splicing has been 
found to be associated with various diseases, 
including cancer. Mutations in splicing regulatory 
elements within the nucleotide sequence and 
alterations in the cellular-splicing-regulatory 
machinery both result in changes in the splicing 
pattern of many cancer-related genes (Pajares et 
al., 2007). Alternative splicing regulates numerous 
aspects of protein function, such as binding 
properties, intracellular localization, enzymatic 
activity, stability and post-translational 
modifications. At times, it can display strong 
specificity to a particular tissue or developmental 
stage (Joseph et al., 1995; Chen et al., 1999), 
modulating the functional characteristics of protein 
isoforms in specific tissues (Karpova et al., 2001). 
Alternative splice events that affect the protein 

coding region of the mRNA will give rise to proteins 
which differ in their sequence and therefore in their 
activities. Alternative splicing within the non-coding 
regions of the RNA can result in changes in 
regulatory elements such as translation enhancers 
or RNA stability domains, which may have a 
dramatic effect on the level of protein expression.  

Alternative splicing can have profound effects on 
the structure and function of the protein encoded 
by a gene (Lopez, 1998; Smith & Valcarcel, 2000). 
Many proteins are comprised of   several domains, 
or modules, that serve a particular function. For 
example, one domain may help the protein bind to 
another protein, while another domain gives the 
protein enzymatic activity. By alternative splicing, 
exons, and, therefore, protein domains, can be 
mixed and matched, altering the nature of the 
protein. Alternative splicing not only generates 
segments of mRNA variability that have the 
potential to insert or remove amino acids, shift the 
reading frame or introduce a termination codon, but 
also affects gene expression by removing or 
inserting regulatory elements controlling 
translation, mRNA stability and localization. It also 
changes the structure of transcripts, which has the 
potential to dramatically increase the functional 

diversity of encoded gene products and allow 
mRNA isoforms to be differentially regulated in 
disparate biological processes (Hagiwara, 2005). 
Despite the importance of alternative splicing, the 

general mechanisms that regulate those alternative 
splicing are unknown so, understanding the 
mechanism and regulation of alternative splicing is 
a major goal of modern biological and biomedical 
research.  
Alternative Splicing in various organisms  

Alternative splicing is found extensively in all 
higher eukaryotes with most information from well-
studied organisms like Caenorhabditis elegans, 
(Tabish et al., 1999) Drosophila (Schumuker et al., 
2000), Mouse (Tabish & Ticku, 2004) and humans 
(Brett et al., 2002; Bingham et al., 2008), although 
no regulated splicing has been detected in 
unicellular eukaryotes such as yeasts. Stetefeld 

and Ruegg (2005) estimated that almost 50% of 
eukaryotic genes and at least one–third of the 
genes if less complex organisms, such as 
nematode or flies, are alternatively spliced. Brett et 
al. (2002), by a large-scale expressed sequence 
tag (EST) analysis, estimated that across a variety 
of distinct metazoan organisms such as 
nematodes, the rate of alternative splicing is similar 
to humans. Kan et al., (2002) have suggested that 
given a sufficient amount of EST coverage, 
alternative splice patterns may be observed for all 
genes that undergo splicing; hence, the higher the 
EST coverage, the higher the level of alternative 
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Fig. 1. A wild type Adult Hermaphrodite 
Caenorhabditis elegans 

splicing we expect. Contrary to this, Kim et al., 
(2004) in a somewhat indirect method to calculate 
the level of alternative splicing, revealed that the 
level of alternative splicing varies between different 
organisms with a greater amount of alternative 
splicing in mammals compared with invertebrates. 

However, in reply, Harrington et al., (2004) found 
that the most of the above studies were based on 
the EST coverage of the organisms, which has its 
own inherent limitations. Recently, Kim et al., 
(2006) successfully demonstrated that vertebrates 

have a substantially higher percentage of 
alternatively spliced genes compared with other 
species. Their results were based on a straight 
forward approach based on detection of alternative 
splicing events in gene-oriented clusters of mRNAs 
and ESTs in eight eukaryotic organisms. The 
difference in the level of alternative splicing 

suggests that alternative splicing may contribute 
greatly to the mammal higher level of phenotypic 
complexity, and that accumulation of introns 
confers an evolutionary advantage as it allows 
increasing the number of alternative splicing forms. 
Secondly, it could also be inferred that the 
appearance of vertebrates, some 300 million years 
ago, was accompanied by an increase in the 
number of alternatively spliced genes. The lack of 
sufficiently large data sets of alternative splicing 
microarray data and sequenced ESTs and cDNAs 
has prevented reliable estimates of the proportions 
of genes that undergo alternative splicing in other 
organisms especially in C. elegans. Moreover, 
there are also insufficient data currently available 
to accurately assess the overall number of 
alternative splicing events in any one organism. 
Alternative splicing in C. elegans 

The value of Caenorhabditis elegans as a model 
organism for biomedical research is unquestioned 
(Fig. 1). Its short life cycle, self-fertilizing 
propagation, simple anatomy, and the ease of 
genetic and experimental manipulations made C. 
elegans an important model system in biology. It is 
an important, well-studied organism used in 
biomedical research as a model for human 
development, genetics, ageing, and disease. Over 
half of C. elegans genes have human orthologs, 
while ~42% of human disease genes have a 
homolog in C. elegans (Culetto & Sattelle, 2000; 
Sternberg, 2001). Deciphering the biological 
information from these sequenced genomes is of 
great importance, as the information that we get 
from them are applicable to higher complex 
organisms including humans. With its many 
alternatively spliced genes and evolutionarily 
conserved alternative splicing factors, C. elegans 
offers a remarkable model system for the study of 
alternative splicing.  

The number of alternatively-spliced forms per 
gene tends to be relatively less in C. elegans. Over 
90% of the genes have either one or two 
alternatively-spliced forms. Out of the total spliced 
transcripts, only 7,833 (28.5%) genes have been 
fully confirmed by the available cDNA and EST 
sequences. This is likely an underestimate of the 
total percentage of C. elegans genes that are 
alternatively spliced as these values are dependent 
on EST and cDNA coverage of the genome and at 
the current time 28.5% of the total annotated C. 
elegans coding sequences have confirmed cDNA 
or EST support (Wormbase WS160 release notes). 
For these reasons, it is difficult to estimate the 
percentage of alternatively spliced genes in the 
nematode, all one can say is that it is certainly 
higher than current estimates, and probably lower 
than in mammals. So, there is a large probability 
and chances that further analysis using different 
gene/exon finders may possibly identify large 
number of alternatively spliced transcripts not 
available in the database.  
Computational Methods for Identifying alternative 
spliced transcripts   

Several different strategies have been applied to 
alternative splicing analysis, including (i) EST 
mapping against mRNA (Brett et al., 2000) (ii) 
mRNA/EST/protein mapping to the genome (Gupta 
et al., 2004) (iii) splicing microarray analysis 
(Johnson et al., 2003) (iv) ab initio machine 
learning approaches (Cawley et al., 2003; Dror et 
al., 2005; Ratsch et al., 2005) and (v) Various other 
approaches published in recent years involved 
identifying and exploiting local sequence features 
for prediction.  For instance, Dror et al., (2005) 
used features like exon length, its divisibility by 
three, the length of flanking introns and the 
intensity of the polypyrimidine tract were utilized to 
identify possible spliced transcripts. Kan et al., 
(2004) showed that EST and genome data for 
related organisms such as human and mouse can 
be combined to obtain predictions of alternative 
splicing. Yeo et al., (2005) described an approach 
ACESCAN that is able to identify conserved exon 
skipping events in both human and mouse. This 
approach also uses exonic and intronic 
conservation as well as splice site scores, exon 
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and intron lengths, and oligonucleotide 
composition. Ohler et al., (2005) demonstrated that 
even alternative exons that are completely missed 
in current gene annotations can be discovered by 
applying a pair hidden Markov model algorithm to 
orthologous human-mouse introns. Finally, Ratsch 
et al., (2005) used a support vector machine to 
predict alternative exons. These studies 
demonstrate that a classifier based on 
characteristic genomic features can reliably predict 
exon skipping events ab initio. 

Inspite of a large pool of methods available, 
none of the above approaches have been fully 
successful in delineating all possible alternative 
splice transcripts of a gene because of their 
inherent limitations or technical flaws or appliacbilty 
to a particular specie(discussed in detail in reviews 
published before) (Christopher & Qi, 2005; Sylvain 
&  Thomas, 2005; Srinivasan et al., 2005; Florea, 
2006; Agrawal &  Stormo, 2006; Bonizzoni et al., 
2006; Talavera et al., 2007; Leparc &  Mitra,  
2007). Moreover, most of the work and studies 
have been limited to Humans and Mouse, not 
much emphasis has been given to study the 
alternatively spliced transcripts from C. elegans 
genome. Threfore, a strong  need to develop a 
method capable of delineating the full spectrum of 
all possible spliced transcripts of a gene is 
warranted. 
Bioinformatics strategy adopted by us for detection 
of spliced transcripts 

Recently, a novel bioinformatics approach used 
by us has led to a successfull identification and 
verification of the existence of several previusly un-
detected spliced transcripts of various C. elegans 
genes (Kashyap et al., 2007a, Kashyap et al., 
2007b, Kashyap et al., 2007c). Our research work 
comprised of complete analysis of the un-
annotated unusually large intronic, 5’ and 3’ 
untranslated (UTR) genomic regions of 
chromosome 1 of C. elegans. The major thrust was 
on finding new exons and genes encoded by 
chromosome 1 by using a wide array of 
bioinformatics tools like gene/exon prediction 
programmes, ORF finders, Blast analysis tools, 
alignment programmes etc. to analyze the 
genes/exons encoded by chromosome one of C. 
elegans with special reference to alternatively 
spliced transcripts arsing from respective gene. 
When large genomic sequences from large UTR 
and intronic gap regions were fed into this array of 
tools in a specific and pre decided manner, it was 
predicted that several exons possibly capable of 
replacing the existing exon(s) and thus creating 
alternatively spliced variant of the gene. From the 
several exons predicted above, we selected only 
the “common exons” capable of replacing the 

existing exon(s) and thus creating spliced 
transcript of the gene without affecting the reading 
frame of the protein. Further, the possibility of 
occurrence of that spliced exon/transcript was 
analyzed by a comparative analysis between the 
original protein and the new protein formed by 
addition/exclusion of alternative exons using 
various alignment tools. Lastly, several other 
parameters like percent-amino acid replacement, 
codon usage, sense nature i.e. whether from 
positive or negative strand, the probability score of 
occurrence of that exon etc. were also checked to 
ensure almost accuracy of predicted spliced 
transcript of the gene.   

Thus, by using the above methodology, we 
identified around 186 new alternatively spliced 
transcripts arising from unusually large 
untranslated and intronic regions of various genes 
from chromosome 1 of C. elegans. Following the 
computational predictions of these novel spliced 
transcripts, the Yuji Khoara’s and NCBI dbEST C. 
elegans EST database and various other relevant 
databases were searched to look for putative 
EST/cDNA support for possible occurrence of 
these new exons/transcripts. Briefly, using various 
alignment tools, we looked for insertions or 
deletions in ESTs relative to a set of known 
mRNAs or by aligning the ESTs exactly to their 
identified genomic sequence in the draft genome to 
identified potential alternative splices. Secondly, as 
intronic sequences at splice junctions are highly 
conserved (99.24% of introns have a GT-AG at 
their 5’ and 3’ ends, respectively); hence these 
splices were identified and intronic splice junction 
donor and acceptor sites were checked using 
various splice site predicting tools. Finally, NCBI 
BLAST search was done to look for homology or 
prospective similarity with other polypeptides of 
these new spliced transcripts. Further, to 
experimentally validate our findings, we did RT-
PCR using gene specific primers and RNA isolated 
from mixed population of C. elegans for few of the 
predicted spliced transcripts of the genes, like the 
lfe-2 encoding C46H11.4 gene (Kashyap et al., 
2007a), RhoGEF domain encoding Y95B8A.12 
gene (Kashyap et al., 2007b) and classical 
cadherin encoding W02B9.1 gene (Kashyap et al., 
2007c). 

Our results demonstrate that, we are still far from 
completely deciphering these hidden transcripts 
from the genome of sequenced organism and most 
of the studies have probably underestimated the 
extent of alternative splicing. Although we were 
successful in identifying potentially new spliced 
transcripts and alternative exons from 
chromosome 1 of C. elegans but our findings 
indicate that there could be approximately one 
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thousand or more alternatively spliced transcripts 
expressed from the genome of C. elegans which 
have not been annotated or identified earlier. This 
could be the reason why number of gene products 
is suspected to be underestimated. With this 
experience, we propose that the genome data may 
be analyzed using combination of bioinformatics 
tools and programmes to predict all possible gene 
products. These new coding sequences, not 
annotated or identified earlier will not only enhance 
the available splice data base of C. elegans but will 
also improve our knowledge about understanding 
of the genome structure and evolution of higher 
eukaryotes specially in context to humans.  

The above findings could be very useful to 
biologists in several ways:  Firstly our data not only 
increases the available database for alternatively 
spliced genes in C. elegans but also point towards 
the complex mechanism of alternative splicing in 
C. elegans genes and their role in downstream 
regulatory steps. Secondly, our results not only 
emphasize the needs to develop more efficient 
algorithms and methods capable of identifying 
alternative spliced transcripts but also toward 
analyzing genome data using a combination of 
gene/exon finders to delineate all possible gene 
products and to decipher the true extent of 
alternative splicing in C. elegans genes. Moreover, 
similar exhaustive studies could be taken up in 
several other finished genomes especially of 
humans with whom C. elegans share a close gene 
homology. Lastly, due to limited domain of our 
work, further studies using more advanced 
techniques like the RNA interference (RNAi)  could 
be taken up which would enhance our knowledge 
about the biological and functional significance of 
these spliced transcripts and their possible role in 
C. elegans gene functioning and regulation. 
Future directions 

Although many model organisms have now 
been completely sequenced, we are still very far 
from understanding cellular function from genome 
sequence. Interpreting the raw sequence data into 
useful biological information, also known as 
genome annotation, is a complex process that 
requires the efficient integration of computational 
analyses, auxiliary biological data, and biological 
expertise. One complicating factor in this uphill 
task is the expression of multiple alternative mRNA 
transcripts from a single gene called “alternative 
splicing”. Alternative splicing is without doubt one 
of the most important gene regulatory mechanisms, 
and one that has reemerged as a central concept in 
the post-genome sequencing era. Determining the 
extent and importance of alternative splicing 
required the confluence of critical advances in data 
acquisition, improved understanding of biological 

processes and the development of fast and 
accurate computational analysis tools.  Hence, the 
major goal of alternative splicing annotation project 
in various organisms should be aimed at not only 
developing better and more efficient methods to 
identify the entire spectrum of alternative splice 
forms but also at developing an exhaustive pool of 
alternative transcripts of an organism to fully 
understand the complexity of eukaryotes.  
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