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Chapter 13 

Alternative splicing and genome evolution 
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Abstract 

 The alternative splicing of pre-messenger RNAs is an important mechanism of 

proteomic diversity and plays a significant role in determining a protein’s structure, 

function and localization. Because of its ubiquity as a mechanism (affecting most human 

genes) and its broad functional role (in development and physiology), it is expected to 

make an important contribution to the evolution of trait complexity. Here we consider 

the evolutionary consequences of this key cellular mechanism, which are being 

uncovered by important developments in genomic technology and methodological 

approaches. 

Key concepts 

 Alternative splicing is a key cellular process driving phenotypic diversity and 

functional innovation. 

 Gene duplication and other molecular processes can interact with alternative 

splicing in highly complex ways to drive genome evolution. 

 Gene regulation, including alternative splicing, is thought to account for the 

extraordinary divergence in traits between closely related species given the 

small degree of molecular divergence between orthologous protein sequences. 

 Nonsense-mediated decay (with its conserved machinery and targets across 

large evolutionary timespans) can act as a quality control mechanism on 

alternative splicing to guard the cell against potentially deleterious gene 

products. 
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 In studies of the evolutionary landscape of alternative splicing (in multiple 

tissues across hundreds of millions of years of evolutionary timespan), the 

identity of the species is the primary source of the variability in overall 

alternative splicing patterns whereas tissue type is the main source for overall 

gene expression patterns. 

 

Introduction 

Alternative splicing is a fundamental cellular process in eukaryotes for regulating 

the transcriptome and plays a central role in cellular homeostasis. The finding that 

eukaryotic messenger RNA (mRNA) precursors are interrupted by non-coding sequences 

(introns) that need to be excised to form translatable mRNAs[406] and that the coding 

sequences can be assembled in different combinations highlights a complex gene 

organization that underlies a dynamic transcriptome. The spliceosome, a 

ribonucleoprotein complex that performs the splicing, is a complex macromolecular 

machine consisting of over 200 proteins and highly conserved small nuclear RNAs 

(snRNAs)[407].  The process of intron excision requires exquisite control and precise 

identification of the intron boundaries achieved through U-rich small snRNAs and 

specific intronic motifs near the splice sites[408]. Alternative splicing generates diversity 

in the proteome[409] (the complete catalog of proteins encoded by the genome) by 

allowing multiple, distinct transcripts to be formed from the same precursor molecule, 

which are subsequently translated into variant polypeptide sequences. The advent of 

high-throughput sequencing has facilitated a comprehensive exploration of genes that 
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undergo alternative splicing and, indeed, it has been estimated that over 90% of genes 

in humans have alternative splice forms[410].  

Alternative splicing and complexity-generating molecular processes 

The first draft of the human genome revealed a genome with a much smaller 

gene content than anticipated or predicted, and an adequate account of organismal 

complexity observed in nature had to be located elsewhere. Alternative splicing 

provided an alternative to gene content for explaining the enormous diversity and 

complexity in higher eukaryotes. Of course, other engines of functional diversity exist in 

the genome. For example, gene duplication is an important factor driving functional 

innovation and phenotypic diversity[411]. As a process for generating function, gene 

duplication can result in non-functionalization (i.e., a non-functional duplicate) or the 

functional divergence of the ancestral gene and the duplicate copy, either through neo-

functionalization (in which one of the two retains the original function while the other 

evolves a novel [perhaps beneficial] function) or through sub-functionalization (in which 

the ancestral and duplicate copies come to assume complementary functions already 

present prior to the divergence)[412]. It has been proposed that several rounds of large-

scale genome duplication in early vertebrate evolution account for the increased 

complexity and genome size of vertebrates[413], suggesting the importance of large-

scale gene duplication events in driving the evolutionary fate of the vertebrate 

lineage[414]. RNA editing is a post-transcriptional modification that has attracted 

considerable recent attention as a process that may diversify protein function[415]. RNA 

editing alters the nucleotide content of an RNA molecule from the corresponding DNA 
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sequence, potentially leading to codon change and altered protein structure. It has been 

suggested that RNA editing may provide a mechanism for adaptive evolution and fast-

evolving genes may lead to increased diversity in editing (possibly due to the larger 

number of RNA folds), which in turn feeds the generation of novel alleles in the genome 

in a feed-forward complexity-generating process[416]. Other RNA maturation processes 

that may underlie functional diversity include alternative polyadenylation[417] and 

alternative transcription initiation[418]. RNA transport and localization may also 

contribute to phenotypic variability although the dynamics of these processes are 

relatively poorly understood.  

We propose here that alternative splicing must be viewed within the context of 

the wide variety of molecular processes that may influence the protein repertoire and 

genome evolutionary dynamics, and that may well interact in complex ways (Figure 1A). 

Indeed, these sources of proteomic diversity may not evolve independently. For 

instance, a study[419] of the evolutionary trend of alternative splicing after gene 

duplication by Su et al. reported that duplicate genes tend to have fewer alternative 

splice forms than single-copy genes and that, more broadly, the mean number of 

alternative splice forms is negatively correlated with gene family size. Roux and 

Robinson-Rechavi[420] challenged the interpretations of the Su et al. study and 

reported that instead of gene duplication leading to a loss of splice forms, genes with 

low levels of alternative splicing tend to undergo gene duplication more frequently, and 

that a progressive acquisition of new splice forms with evolutionary time is more 

consistent with genomic data (with single-copy genes generally younger than duplicate 
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genes so that the previously reported relation between the level of splice forms and 

gene family size is confounded by gene age). 

  

 

Figure 1.  (A) Alternative splicing and other molecular processes may interact in 
complex ways to drive the evolution of trait complexity. Three (hypothetical) species-
specific transcript isoforms (SF1, SF2 and SF3) are shown.  The structure of the splice 
form (i.e., exon skipping) is regulated by the presence of editing sites. Boxes represent 
exons whereas lines represent introns. The stars in the splice form SF1 show the 
location of the RNA editing sites.  (B) Alternative splicing can influence trait complexity 
through the regulatory circuity of the cell.   Shown here is a cis-acting splicing 
regulatory element (an ISE) that regulates the skipping of an adjacent exon. The arrow 
indicates a variable site within the ISE. The domain affected by the exon skipping can 
result in a dramatic change in protein function. 
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The interaction between a molecular process and alternative splicing can assume 

many complex forms, leaving highly complex exon-intron structural signatures in 

eukaryotic genomes. For example, Zhang et al.[421] has proposed that some intron-loss 

events cannot be attributed to either retroposition (whereby the cDNA of a gene is 

inserted back into the genome, resulting in an intron-less gene) or RNA-based gene 

conversion (arising from homologous recombination between a copy of a gene and a 

cDNA copy). Indeed, they argue that duplicated genes with introns in the child copy that 

are missing in the parental copy have intron-retention alternatively spliced isoforms, 

highlighting the evolutionary role that alternative splicing may play in driving exon-

intron structure complexity. 

Alternative splicing and gene regulatory mechanisms 

Comparative analyses[422] of protein-coding genes in humans and chimpanzees 

showed a high level of similarity between orthologous proteins, raising the question of 

what accounts for the phenotypic divergence in physiology and behavior. Given the 

small degree of molecular divergence at the level of protein sequence, King and Wilson 

proposed that changes in the mechanisms regulating the expression of genes form the 

basis of the extraordinary divergence in traits between these closely related species.  

Recent advances in functional and comparative genomics have provided the 

means to investigate, at an unprecedented resolution, the importance of gene 

regulatory elements in morphological evolution. Genome-wide maps of regulatory 

regions are being generated and refined by surveys of genetic variation (e.g., the 
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International HapMap[423, 424] and 1000 Genomes[425] projects for human genome 

variation) and chromatin-defined elements as well as genome-wide analyses of 

sequence conservation and regulatory motifs. The Genotype-Tissue Expression (GTEx) 

project[79, 426] is generating gene expression data in a comprehensive set of human 

tissues using high-throughput RNA sequencing to serve as a reference panel for human 

transcriptome studies (including those of the tissue-dependent effect of genetic 

variation on gene expression and alternative splicing as well as of shared genetic effects 

across tissues). In particular, the consortium quantified the contribution of primary 

transcription and post-transcriptional processing (primarily, alternative splicing) to 

isoform abundance, with gene expression accounting for only 45% of the variance 

between individuals and 84% of the variance between tissues[371]. The Encyclopedia of 

DNA Elements (ENCODE) project[81] aims to uncover all functional elements encoded in 

the human genome by mapping transcribed regions, chromatin structure and epigenetic 

changes. In particular, to gain insight into splicing, the project developed predictive 

models for investigating the relationship between histone modification levels and 

inclusion of exons in alternative spliced transcripts and showed a connection[427] 

between chromatin structure and splicing, indicating that the splicing process occurs 

predominantly during transcription. Furthermore, recent studies of the three-

dimensional spatial organization of chromosomes (e.g., using chromosome 

conformation capture [3C] technologies) are uncovering the effect of genome topology 

on gene regulatory networks[428-430]. To elucidate species-specific and shared 

transcriptional and regulatory processes, genome-wide studies[431, 432] aimed at 
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mapping functional elements have been conducted in model organisms. We stress that 

the significance and scope of alternative splicing must be assessed within a broader 

characterization of an array of regulatory mechanisms and their impact on the evolution 

of new functional forms[433]. 

Indeed, the landmark study by King and Wilson[422] launched a body of research 

that underscores the impact of the evolution of non-coding regulatory sequence on 

organismal evolution. Non-coding sequences are much more difficult to functionally 

characterize than amino-acid altering sequences, and this has led to a serious bias in 

comparative genomics towards mechanisms that alter coding sequences (such as gene 

duplications)[433]. Undoubtedly, there is support for the evolutionary role of coding 

sequences such as the highly polymorphic major histocompatibility complex (MHC) loci, 

which have been shown to be a substrate for natural selection acting to diversify 

immune effectors[434], and the various photosensitive molecules, termed visual 

pigments (profoundly important for color vision), in which amino acid changes have 

modified absorption spectra and have been found to be responsible for adaptive 

evolution at the molecular level[435]. However, it has become evident that regulatory 

sequences have made substantial contribution to the evolution of form[433] (given the 

discrepancy between the evolution of proteins and the evolution of anatomy) despite 

the fact that inferring function for non-coding sequences remains a critical challenge in 

the post-genomic era. Furthermore, studies of the phenotypic consequences of exonic 

mutations – missense and nonsense sites – may be biased away from evaluating their 

impact on gene regulation because of the obvious protein-coding changes. 
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In the case of splicing, regulation[436] is primarily determined by 5’ splice site, 3’ 

splice site, branch point sequences, and the non-splice site motifs with regulatory 

function known as splicing regulatory elements (SREs)[437].  SREs act to recruit trans-

acting factors to regulate splicing (through mechanisms that are incompletely 

understood) and are classified (on the basis of location and effect on splicing, either as 

activators or suppressors) into exonic splicing enhancers (ESEs) or silencers (ESSs) and 

intronic splicing enhancers (ISEs) or silencers (ISSs). Although a complete catalog of 

proteins that bind enhancers and silencers within exons remains to be 

characterized[438] (and indeed, the elucidation of the dynamic nature of spliceosomal 

complexes is far from complete), enhancer sequences generally bind members of the 

serine-arginine-rich (SR) protein family while members of the heterogeneous 

ribonuclearprotein (hnRNP) family bind many silencer sequences. The SREs are thought 

to have differential[439] effects on gene evolution so that, for example, ESEs have a 

much more significant role than ESSs. Selection acts to maintain splice enhancers (which 

are more abundant near intron-exon junctions), influencing the rate of evolution at 

synonymous sites (Ks) in these regulatory elements[440]. Indeed, synonymous sites in 

putative ESEs have been shown to evolve more slowly when compared with non-ESE 

exonic sequence. Furthermore, it has been observed that rates of evolution are 

especially reduced near intron-exon boundaries and in intron-rich genes. Indeed, a 

multi-exon gene has been estimated to evolve at less than half the rate of a gene with 

no introns[439]. Variable sites within SREs can induce a dramatic change in the final 

protein sequence (thus, protein function) (Figure 1B). 
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Alternative splicing can function as a regulatory mechanism on gene expression, 

for example, by generating mRNAs targeted for degradation by nonsense-mediated 

decay (NMD). NMD can function as a quality control surveillance mechanism, preventing 

aberrant transcripts (with premature termination codons) from being translated and 

protecting the cell from C-terminally truncated proteins that are potentially deleterious. 

However, non-aberrant transcripts can be targeted as well for destruction via this 

mechanism, indicating a regulatory role that goes beyond quality control[441]. A large 

number of alternatively spliced isoforms that putatively induce NMD are conserved in 

human and mouse[442] and show elevated sequence conservation relative to 

constitutively spliced exons. Indeed, NMD targets as well as the NMD pathway 

(including the core kinase SMG1, an ancient effector of the machinery) have been found 

to be conserved across large evolutionary timespans[443]. In short, alternative splicing 

may act in concert with, or be coupled to, other regulatory processes (such as NMD) to 

regulate gene expression and the impact of alternative splicing on genome evolution 

can be mechanistically clarified within such a theoretical framework. 

Alternative splicing: tissue specificity and context-dependence 

The ubiquity of alternative splicing (relative to other molecular processes that 

generate functional diversity) in multicellular organisms suggests its potentially 

dominant role as a mechanism shaping phenotypic diversity and genome evolution. 

However, despite the great progress in quantifying its frequency within species and its 

conservation across species[444], the impact of alternative splicing on biological 

function remains a primary challenge. The identification of the primary functional 



350 
isoform – relative to which changes in structure, function or localization induced by 

alternative splicing can be assessed – presents unique challenges for functional 

annotation[445], and studies have often used the largest isoform as the reference splice 

variant (not because it is the primary functional variant but because it serves the 

practical purpose of being able to display more features on the sequence in a genome 

browser)[446]. In general, there is a difference in the degree of conservation between 

the predominant isoform and the rare splice form, with minor forms exhibiting 

substantially reduced conservation and recent evolutionary developments[447]. In silico 

approaches for detection of primary variant (defined as the isoform with orthologous 

function across a wide range of species) may incorporate conservation of exonic 

structure, the identification of non-neutral evolution, conservation of functional 

residues, protein structure mapping, and conservation over greater evolutionary 

distance[446]. Using a combination of computational approaches, manual curation and 

targeted experimental validation, the GENCODE consortium[105] aims to annotate gene 

features in the human genome with high accuracy, including transcript isoforms.   

As a mechanism of gene regulation, alternative splicing is tissue-dependent and 

occurs within a developmental context. Using high-throughput RNA sequencing, 

Barbosa-Morais et al.[372] conducted a genome-wide study of alternative splicing 

differences among physiologically equivalent tissues from vertebrate species spanning 

approximately 350 million years and reported significant differences in complexity in 

alternative splicing between lineages, with the greatest complexity in the primate 

lineage.  The tissues analyzed in the study were diverse (though not comprehensive) and 
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included whole brain, forebrain cortex, cerebellum, heart, skeletal muscle, liver, kidney, 

and testis from human, chimpanzee, orangutan, macaque, mouse, opossum, platypus, 

chicken, lizard, and frog. Alternative splicing was detected at a much higher frequency in 

all primate tissues than in the physiologically equivalent ones from the remaining 

species, with a reduction in frequency of alternative splicing associated with 

evolutionary distance from primates. Notably, the authors reported that the genes with 

the highest level of complexity in alternative splicing in human show enrichment for 

cytoskeleton-associated function. The identity of the species was found to be the 

primary source of the variability in the overall alternative splicing patterns (whereas 

tissue type was for the overall gene expression patterns), and most species-specific 

splicing patterns were found to be primarily cis-directed (i.e., involve cis-regulatory 

elements [versus the trans-acting factors]). These results highlight the more profound 

impact of alternative splicing (compared with that of gene expression) in vertebrate 

tissues in influencing species specificity.  

In parallel, a comparative genome-wide study by Merkin et al.[448] evaluated 

tissue-specific transcriptome variation across mammals. Using RNA sequencing analysis 

conducted in 9 tissues from 5 vertebrates (4 mammals and one bird), the study reported 

the conservation of gene expression signatures in all tissues examined, the lineage-

specificity of alternative splicing (which was found to be conserved in only a subset of 

the tissues) and identified several hundred exons with interspecies variation in splicing 

much greater than intra-species variability between tissues. Notably, the set of exons 

with conserved alternative splicing in mammals were significantly enriched for 
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phosphorylation sites. Phosphorylation is a key mechanism for the regulation of 

proteins with a significant role in influencing their interaction and localization; in the 

human genome, 500 genes are protein kinases that phosphorylate serine, threonine, or 

tyrosine residues while 200 genes for phosphoprotein phosphatases dephosphorylate 

them[449]. The results from Merkin et al. would imply that alternative splicing, through 

removal or insertion of phosphorylation sites, has a profound impact on directing 

protein function in cells. 

Future prospects 

 Many aspects of the evolutionary role of alternative splicing in driving 

phenotypic complexity continue to be mysterious. For example, the relative 

contributions of the various complexity-generating molecular processes to the highly 

diverged genome structures in the different eukaryotic lineages are incompletely 

understood. Certainly, important and rapid progress has been made with the advent of 

high-throughput sequencing of the transcriptome, but our understanding of splicing 

pattern heterogeneity should be considerably enhanced by single-cell genomics[450] in 

a variety of temporal and developmental contexts.  
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