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Abstract | Genome-wide analyses of alternative splicing have established its nearly 
ubiquitous role in gene regulation in many organisms. Genome sequencing and 
comparative genomics have made it possible to look in detail at the evolutionary history 
of specific alternative exons or splice sites, resulting in a flurry of publications in recent 
years. Here, we consider how alternative splicing has contributed to the evolution of 
modern genomes, and discuss constraints on evolution associated with alternative 
splicing that might have important medical implications.

Soon after the discovery of exons and introns in the adeno-
virus hexon gene1,2, Walter Gilbert proposed that different 
combinations of exons could produce multiple mRNA 
isoforms of a single gene3. He further suggested that such 
a mechanism of alternative splicing can have important 
implications in the evolution of gene function: “Evolution 
can seek new solutions without destroying the old … the 
genetic material does not have to duplicate to provide a 
second copy of an essential gene in order to mutate to 
a new function.”3 In the past decade, genomics has started 
to reveal the important role of pre-mRNA alternative 
splicing in shaping the evolution of mammalian genomes, 
something that Gilbert envisioned more than 25 years ago 
(see also REF. 4). High-throughput data such as ESTs and 
microarrays have provided a genome-wide picture of 
alternative splicing in multiple organisms5–7, while whole-
genome sequences and comparative genomics have made 
it possible to look back in detail at the evolutionary history 
of a specific alternative splice site or exon8–16.

Here, we review several new directions of research that 
have recently emerged from studies of alternative splicing. 
We consider how alternative splicing has contributed to 
the evolution of modern genomes, and discuss constraints 
on evolution associated with alternative splicing that 
might have important medical implications.

Conservation of alternative splicing
Alternative splicing includes events such as exon skip-
ping, alternative 5′ or 3′ splicing, mutually exclusive 
exons, intron retention and so on17 (FIG. 1). In mammals, 
exon skipping is the most abundant type of alternative 
splicing15.

In defining the conservation of alternative splicing, it 
is important to realize that alternative splicing represents 
variations in pre-mRNA splicing at the transcriptomic 
level. A conserved exon can have different splicing pat-
terns in the transcriptomes of two species11. We define 
two levels of conservation for exon skipping: genomic 
conservation, which defines whether an alternatively 
spliced exon is conserved between the genomes of two 
species, and transcriptomic conservation, which defines 
whether an alternative splicing event is independently 
observed in the transcriptomes of two species (FIG. 2). 
These definitions can be extended to other types of 
alternative splicing event18.

Alternative splicing and organismal complexity
In parallel with the surprising discovery of how preva-
lent alternative splicing is in humans (the same is true 
for other mammals5–7), the initial analysis of the human 
genome also revealed a strikingly small number of 
genes19,20. It has been proposed that the unexpectedly 
high frequency of alternative splicing might provide an 
attractive explanation for increasing organismal com-
plexity in higher eukaryotes5,21. There is some evidence to 
support this hypothesis. For example, most (>95%) genes 
in Saccharomyces cerevisiae are intronless22, and only a 
few alternative splicing events have been reported23. 
In addition, a genome-wide survey identified a very 
small number of splicing regulatory proteins in 
S. cerevisiae, compared with Drosophila melanogaster, 
worms and humans24. However, a trend towards more 
complex alternative splicing in higher eukaryotes is less 
clear, and even controversial25,26. Brett et al. investigated 
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the frequency of alternative splicing in seven species25. 
Based on their analysis of EST data, Arabidopsis thaliana 
had a significantly lower frequency of alternative splicing 
than the other organisms in the study. At the same time, 
the frequency of alternative splicing was comparable 
among different animals (vertebrates and invertebrates). 
It is worth noting that EST data contain various sources 
of artefacts and biases. Microarray profiling of alterna-
tive splicing in multiple genomes is likely to provide a 
clearer picture of the relationship between alternative 
splicing and genome complexity.

Accelerated evolutionary change
Evolution can create new function in two ways: by creat-
ing new genes through processes such as duplication27,28 
or by creating new exons within existing genes. Several 
recent studies have suggested that alternative splicing 
contributes substantially to the latter, and in general can 
‘relax’ negative selection pressure against several types of 
evolutionary change within a functioning gene6,13,29–31.

As early as 1994 it was noted that transposable ele-
ments — which are now a well-documented source of 
new exons in the human genome32 — such as Alu are 
sometimes found in protein-coding regions of human 
genes33. In some cases, alternative splicing of such Alu 
elements regulates gene function (in one example, by 
converting the membrane-bound DAF protein into 
a soluble isoform33). Recent genome-wide studies 
found transposable elements (mainly Alus) in nearly 
4% of human protein-coding regions34. Since many 
transposon-insertion events are recent (for example, 
Alu elements are restricted to the primate lineage), such 
widespread existence of Alu-containing exons suggests 
that transposable elements have contributed signifi-
cantly to the  creation of new exons during recent evo-
lution. Further analyses confirmed that, in most cases, 
a transposable element was first inserted into an intron 
and subsequently recruited as a new exon (Alu elements 
contain several potential splice donor and acceptor sites 
in both sense and antisense orientations)34.

This process was investigated in detail by Sorek 
and colleagues. Using cDNA and EST data, they found 
that all Alu-containing exons tested were alternatively 
spliced35. This is to be expected, as most Alu-containing 

exons introduce a frameshift or premature termination 
codon and have weak splice sites. Evaluating intronic 
Alu elements for the number of mutations required to 
convert them into an exon, Lev-Maor et al. estimated 
that nearly 75,000 intronic Alu elements are just one 
mutation away from exonization36. Singer et al. showed 
just how precisely such an event can be mapped in the 
evolutionary history of multiple genomes37 (FIG. 3). By 
sequencing genomic DNA from 13 primates ranging 
from humans to lemurs, they studied the creation of an 
Alu-containing exon that acts as an alternative first exon 
in tumour-necrosis factor receptor type 2 (p75TNFR)37. 
Their data show that the Alu was first inserted 40–58 
million years ago, quickly followed by an A-to-G transi-
tion that created the start codon. However, the functional 
exon was not created until 25 million years ago, when the 
splice donor site was created through a C-to-T substitu-
tion; a similar sequence of events has been observed in 
other cases of exonization38.

To assess the contribution of transposable elements 
to the evolution of functional proteins, Gotea and 
Makalowski surveyed non-redundant entries in the 
RCSB Protein Data Bank for peptide fragments derived 
from transposable elements39. Surprisingly, although 
almost 4% of transcripts contain transposable elements34, 
the observed proportion was much lower at the protein 
level (~0.1% for non-redundant Protein Data Bank 
entries, although this might be an underestimation39). 
All of the transposable-element fragments in the Protein 
Data Bank entries were derived from old transposable 
elements, indicating that incorporation of mobile ele-
ments into functional proteins is slow, consistent with 

Figure 1 | Patterns of alternative splicing. Red boxes represent alternatively spliced 
exons, coloured boxes represent other possible alternative exons and grey boxes 
represent constitutive exons.

Figure 2 | Defining the conservation of alternative 
splicing. a | A non-conserved alternatively spliced exon. 
b | A conserved alternatively spliced exon, but the splicing 
pattern is not conserved c | An ancestral alternatively 
spliced exon. Red boxes represent alternatively spliced 
exons and grey boxes represent constitutive exons.
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the observation made for p75TNFR (REF. 37). The pre-
dominant role of young transposable elements might be 
regulatory. Alternative splicing of transposable-element-
derived exons might be coupled with nonsense-mediated 
decay (NMD) to control gene expression, a hypothesis 
proposed by Brenner and colleagues40.

Another source of new exons is exon duplication. 
Recent work by Letunic et al.41 identified a large number of 
human and animal genes that contain pairs of duplicated 
exons. In most cases, exons are mutually exclusive 

because inclusion of both exons of the pair would disrupt 
the reading frame41. Conversely, Kondrashov et al. found 
that exon duplication was the likely origin of about 10% 
of all mutually exclusive alternative splicing cases exam-
ined42. These studies suggest that tandem exon duplica-
tion followed by introduction of alternative splicing has 
had an important role in expanding the functional and 
regulatory diversity of the genes involved. A functional 
example of this regulatory mechanism was recently 
reported for ion-channel genes in humans, insects 

Figure 3 | Creation of a new functional alternative exon of p75TNFR from an Alu element. a | Gene structure and 
alternative splicing of p75TNFR. The exon 1a (red) is an alternative first exon that originates from an Alu element of the 
Alu Jo subfamily. b | Pairwise alignment of p75TNFR exon 1a locus to the Alu Jo subfamily consensus sequence. Assuming 
the Alu Jo consensus sequence is the origin for the exon 1a locus, the alignment indicates an A-to-G substitution which 
creates the start codon on exon 1a; a C-to-T substitution which creates a splice donor site; and a 7-bp deletion in exon 1a 
which creates a full-length ORF. The red box delineates the boundaries of exon 1a. c | Phylogenetic analyses of the 
p75TNFR exon 1a locus in primates. The Alu insertion occurred 40–58 million years ago (mya), followed shortly by the 
A-to-G substitution (which creates the start codon on exon 1a). The C-to-T substitution (which creates a splice donor site) 
and the 7-bp deletion (which creates a full-length ORF) occurred 25–40 million years ago. Modified with permission from 
REF. 37 © (2004) Elsevier Ltd.
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and worms43. Indeed, although in various genes that 
encode ion channels the same pair of tandem exons are 
alternatively spliced, Copley suggested that this pattern 
might be so functionally important that it has evolved 
independently several times43.

The association between alternative splicing and 
increased levels of evolutionary change seems not to be 
limited to specific cases such as Alu or tandem exons. 
Genome-wide analyses of alternatively spliced exons 
between mammalian orthologues reveal a similar pat-
tern. For example, Modrek and Lee classified alternative 
exons as ‘major’ or ‘minor’, depending on the fraction of 
a gene’s transcripts containing that exon, and showed that 
this exon-inclusion level (the fraction of a gene’s tran-
scripts that includes a specific alternatively spliced exon) 
is strongly conserved for orthologous exons between 
human and mouse13. Moreover, major-form exons are 
similar to constitutive exons in that they are nearly all 
conserved between human and mouse genomes. But 
minor-form exons seemed to have a much higher evolu-
tionary turnover rate, with nearly three-quarters not 
conserved between human and mouse (FIG. 4). This con-
clusion is corroborated by a recent microarray study of 
alternatively spliced mouse exons6, as well as a study 
of insect genomes44. Subsequent outgroup analyses using 
multiple-genome comparisons indicate that a large frac-
tion of these non-conserved exons have been created 
recently29,45. This interpretation is consistent with recent 
comparisons of alternatively spliced protein products 
with their yeast homologues, which found 25 alterna-
tively spliced peptide segments that were the result of 
insertion events (as opposed to deletion events, relative 
to the yeast homologue)46. There is also detailed evidence 

that alternative splicing is associated with exon creation 
and splice-site shifts in the MAGE-A family of cancer/
testis antigens47. A remarkable example of the evolution 
of complex alternative splicing to rapidly produce diversi-
fied functions comes from cichlid fish, in which alterna-
tive splicing of the hag gene can influence pigmentation 
and mate choice, leading to cichlid speciation48.

Together, these data suggest an evolutionary model 
in which alternative splicing can relax negative selec-
tion pressure against large-scale changes such as exon 
creation (FIG. 5). Ordinarily, introduction of a new exon 
into an existing gene is likely to cause a frameshift or to 
disrupt an important structural or functional element 
in the protein product, and therefore to incur negative 
selection. By contrast, if a new exon is introduced as a 
minor splice form, enough of the original gene product 
is made so that the new exon creation is likely to expe-
rience little negative selection (unless the minor form 
has a dominant-negative effect, in which case protective 
mechanisms such as NMD are likely to degrade it, again 
reducing negative selection pressure49,50). So, alternative 
splicing might be able to open neutral or nearly neutral 
evolutionary paths for large-scale evolutionary changes 
such as exon creation (see REF. 51 for a theoretical model). 
This ‘neutralization’ effect seems to be similar in mag-
nitude to the effect of diploidy. The autosomes of mam-
mals and flies have a much larger fraction of endogenous 
NMD targets compared with the X chromosome52,53, 
indicating that diploidy is associated with a significant 
relaxation of negative selection against premature pro-
tein truncation. Similarly, minor isoforms are associated 
with a much higher frequency of premature termination 
codons compared with major isoforms52,54,55. Some of 
the premature transcripts might acquire new functions 
through subsequent mutations37,49.

Alternative splicing and gene duplication
How might alternative splicing and gene duplication 
interact during evolution? There is anecdotal evidence 
that gene duplication can lead to loss of alternative 
splicing56,57. For example, the common ancestor of the 
Fugu (Takifugu) synapsin-2 paralogues (SYN2a and 
SYN2b) seems to have had two splice forms, each of 
which is now expressed separately by the two duplicated 
genes56, consistent with the subfunctionalization model of 
gene duplication58. A similar pattern has been reported 
for MITF gene duplication in teleost fish species57.

A genome-wide comparison between the frequency 
of alternative splicing in multigene families and single-
ton genes without paralogues59 revealed a significant 
inverse correlation between the frequency of alternative 
splicing and the size of the multigene family. Singleton 
genes show a significantly higher frequency of alterna-
tive splicing compared with genes in multigene families. 
A similar trend was also reported by Su and colleagues60. 
They estimated the approximate age of gene-duplication 
events using evolutionary distance of the gene duplicates 
and showed that alternative splicing seems to be lost 
rapidly after gene duplication. These findings are also 
consistent with the subfunctionalization of synapsin-2 
and MITF paralogues.

Figure 4 | Conservation of human constitutive and alternatively spliced exons in 
mouse orthologues. The majority (~98%) of human constitutive exons (left) and major-
form alternative exons (middle) are conserved in the genomic sequences of their mouse 
orthologues. By contrast, nearly three-quarters of minor-form alternative exons are not 
conserved (right). Combined with subsequent outgroup analyses29,45, these data suggest 
that alternative splicing (especially minor-form exons) is associated with an accelerated 
rate of exon creation in mammals. The blue portion represents the number of human 
exons that are conserved in the genomic sequences of mouse orthologues. The 
yellow portion represents the number of human exons with no detectable homology 
in the genomic sequences of mouse orthologues. Modified with permission from 
Nature Genetics REF. 13 © (2003) Macmillan Publishers Ltd.
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These genome-wide studies indicate that alternative 
splicing and gene duplication are not evolutionarily 
independent. The presence of two copies of a gene as 
a result of duplication might reduce the need for an 
internal paralogue created by alternative splicing.

Amino-acid selection pressure
A related question is whether alternative splicing affects 
the rate of evolution in conserved protein-coding 
sequences. The Ka/Ks ratio (sometimes also referred to 
as the dn/ds ratio) is a widely used metric for selection 
pressure on amino-acid sequences61,62. It measures the 
rate of amino-acid substitutions (Ka) between a pair of 
homologous sequences, divided by the rate of synony-
mous substitutions (Ks); it is normalized so that a Ka/Ks 
value of 1 implies neutral evolution.

Estimates of the Ka/Ks ratio in alternatively spliced 
genes indicate that alternative splicing is associated 
with significant relaxations of protein-level selection 
pressure during evolution. A comparison of the rate 
of protein evolution in constitutively spliced genes 
and the constitutive regions of alternatively spliced 
genes revealed a correlation between a rapid change 
in gene structure (through alternative splicing) and a 
rapid divergence of amino-acid sequence (Ka/Ks ratio) 
in constitutive regions29. Alternatively spliced exons in 
several genes such as CD45 and BRCA1 have unusually 
high Ka/Ks values (≥1), implying nearly neutral evolu-
tion63,64. Genome-wide analyses of alternatively spliced 
exons also show a significantly higher Ka/Ks value in 
alternatively spliced exons, indicating that there are local 
‘hot spots’ of elevated Ka/Ks ratio in specific segments of 
sequences that are alternatively spliced65–68. Some stud-
ies even indicate a modest increase in the absolute value 
of Ka, in particular for younger exons65,66,68.

These findings have important implications. For 
example, the widely used Ka/Ks ratio test69 to assess the 
protein-coding potential of genomic regions might need 
to be recalibrated to consider the possibility of alterna-
tive splicing70,71. The standard Ka/Ks model uses Ks as a 
proxy for the neutral nucleotide mutation rate, which 
affects both synonymous and non-synonymous sites62. 
In this model, the Ka/Ks ratio should be independent 
of Ks unless there is strong selection pressure that spe-
cifically targets synonymous sites72 (such as codon-usage 
bias73). Ordinarily, changes in the Ka/Ks ratio (for exam-
ple, between housekeeping and tissue-specific genes) 
are expected to be associated with a nearly constant Ks 
(REF. 74). However, recent data indicate that selection 
pressure can act at silent sites in mammalian genomes 
(see REF. 75 for a review).

A recent wave of evidence indicates that alternative 
splicing introduces strong selection pressure for RNA-
sequence motifs that are involved in the regulation of 
alternative splicing. These data suggest many new direc-
tions for research and important implications to which 
we devote the remainder of this review.

RNA selection pressure
Growing interest in RNA selection pressure has been 
sparked by the convergence of two lines of research: 
the discovery of ‘ultraconserved elements’ in whole-
genome comparisons76 and the finding that alternatively 
spliced exons are more highly conserved at their silent 
sites and flanking intronic regions than constitutive 
exons10,15,65,67,77–79. Bejerano et al. identified 481 segments 
of absolute identity between the human, mouse and rat 
genomes (longer than 200 nt)76. Not only were these 
sequences almost completely conserved in chicken and 
dog, but many were also conserved in fish. Of the subset 
that mapped to known genes, about half were within 
introns, which ordinarily are considered to be poorly 
conserved, whereas the others partly overlapped known 
exons, although even in this case most extended far 
into flanking introns. The ultraconserved elements are 
strongly associated with genes involved in RNA binding 
and splicing regulation, and a very large fraction over-
laps alternatively spliced regions of these genes. These 
data suggest that alternative splicing in these genes might 
be associated with strong purifying selection that both 
imposes nearly absolute conservation over large sequence 
segments (200–1,087 nt long) and is evolutionarily 
ancient (in many cases extending back to fish).

An independent line of research has shown that the 
intronic regions that flank alternatively spliced exons 
are much more conserved than those flanking constitu-
tive exons. Sorek and Ast found that flanking intronic 
regions of 243 ancestral alternatively spliced exons were 
significantly more conserved than the flanking introns 
of constitutive exons77. This effect was strongest in the 
region immediately flanking the 5′ and 3′ splice sites 
(76–87% identity in the flanking 30 nt, compared with 
55–63% for the 30 nt flanking constitutive exons), 
but extended out to at least 90 nt, compared with 
approximately 40 nt flanking constitutive exons. Similar 
results have been reported in other studies10,15,65,67,79,80.

Figure 5 | Alternative splicing opens neutral paths for an accelerated rate of new 
exon creation. Because of frameshift, in-frame premature stop codons or disruption of 
functional and/or structural elements, the evolutionary landscape of a new constitutive 
exon in an existing gene is largely negative. The insertion of a new constitutive exon is 
likely to cause a significant reduction in fitness and is therefore likely to be prevented by 
strong negative selection. Insertion of a new exon as a minor-form exon through 
alternative splicing neutralizes regions of negative selection in the fitness landscape of 
the new exon. Therefore, alternative splicing opens neutral paths for an accelerated rate 
of new exon evolution. The new minor-form alternative exon can evolve rapidly, possibly 
to a new, adaptive function. The red and blues lines represent fitness landscapes for each 
of the two scenarios discussed.
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A more detailed picture has emerged from studies 
of exon-inclusion levels and separate measurements of 
synonymous (Ks) and non-synonymous (Ka) substitu-
tion rates for alternatively spliced exons65,67. These data 
indicate that there are at least two types of conserved 
alternative splicing event with markedly different evo-
lutionary patterns. Conserved major-form exons show 
only a slight increase in conservation: their Ks and Ka 
rates are similar to constitutive exons, as is their sub-
stitution density in the flanking introns65. By contrast, 
conservation is higher in conserved minor-form exons 
(including flanking introns up to 150 nt from the 
splice sites). Intriguingly, this effect is only observed 
at synonymous sites within an exon: in human–mouse 
comparisons, the Ks value for such minor-form exons 
was up to sixfold lower than that for neighbouring con-
stitutive exons in the same genes, whereas the Ka value 
was similar for minor-form, major-form and constitu-
tive exons65–68. This surprising result indicates that the 
increased conservation associated with alternative exons 
is not due to amino-acid selection pressure, but instead 
seems to reflect a purifying selection pressure on the 
RNA sequence itself. In addition, minor-form exons are 
shorter (87 nt on average, compared with approximately 
128 nt for constitutive exons) and have markedly weaker 
splice sites81. The characteristics of ancestral alternatively 
spliced exons are summarized in TABLE 1. These fea-
tures have been successfully used to predict alternative 
splicing from raw genomic sequences71,81–83.

There are several well-studied examples of these pat-
terns in individual genes. A classic example is BRCA1, 
in which a several-fold plunge of the Ks rate between 
codons 200–300 overlaps with two putative splicing-
enhancer elements63,84. This BRCA1 region undergoes 
extensive alternative splicing in several species85–88 (see 
REF. 89 for a review). The plunge of Ks in this region was 
suggested to reflect selection on two putative elements 
important for alternative-splicing regulation84. BOX 1 
provides an example of how the hypothesis of RNA 
selection pressure has been tested experimentally.

A recent comparative-genomics study of alternatively 
spliced exons in five well-studied genes found mark-
edly higher conservation of flanking intron sequences 
than of constitutive exons in human and mouse78. The 
study showed that the flanking introns of minor-form 

alternatively spliced exons of NF1 are much more con-
served (typically 20% higher identity) than those around 
the constitutive exons. This region of conservation 
extends at least 300 nt into the flanking introns. In one 
example (exon 10a-2), the region is strongly conserved 
in mammals, birds and fish, but not D. melanogaster, 
Caenorhabditis elegans or fungi. Minor-form alternative 
exons of CFTR, PER3, CARS and SYT7 also show such 
increased conservation of flanking introns78. Intriguingly, 
the four major-form alternative exons in NF1 and CFTR 
show no such increase in flanking-intron conservation. 
These examples strongly corroborate the genome-wide 
analyses described above.

Many previously surprising findings are easier 
to understand in light of the model of RNA selection 
pressure. For example, the Drosophila ultrabithorax 
(Ubx) gene contains two alternatively spliced exons 
(microexons I and II). A comparison of Ubx sequences 
from D. melanogaster, D. virilis, D. pseudoobscura and 
D. hydei reveals extremely low Ks rates for microexons 
I and II (approximately fivefold lower than in the con-
stitutive 5′ and 3′ exons), suggesting that the nucleotide 
sequence itself is under purifying selection90. Similar 
results have been reported for alternative exons of genes 
that encode fast troponin T (REF. 91), α-crystallin92 and 
CD45 (REF. 64).

Evolution of functional selection
EST data provide only a crude measure of exon-
inclusion level based on a pool of ESTs from the whole 
body. So to gain further insight into the evolution of 
functional regulation of alternative exons, it is useful to 
move to microarray data, which can give accurate meas-
urements of tissue-specific alternative splicing (for exam-
ple, see REF. 6). One microarray study revealed that the 
inclusion levels in different tissues shift for some exons 
from being a minor form in some tissues to becoming the 
major form in other tissues. Such tissue switching is asso-
ciated with dramatic changes in evolutionary selection 
pressure93. For example, only a small fraction of minor-
form exons are conserved between mouse and human6,13. 
However, if an alternative exon shows tissue switching 
— if a minor form in nearly all tissues becomes the major 
form in only a single tissue — the probability that it is 
conserved between human and mouse becomes the same 
as for exons that are major form in all tissues and for 
constitutive exons93. Similarly, major-form exons show 
nearly random frame preservation93,94. However, if an 
alternative exon shows tissue switching — even if it is the 
major form in nearly all tissues, and becomes the minor 
form in only a single tissue — the frame-preservation 
ratio becomes as high as for conserved exons that are 
the minor form in all tissues93. This tissue-switching pat-
tern is accompanied by a large increase in conservation 
(and decrease in Ks), as seen for conserved minor-form 
exons in general. A similar trend has been seen for an 
independent set of tissue-specific exons80.

These data indicate that the evolution of tissue-
specific regulation of alternative splicing is a major corre-
late of the slow evolution of functional selection pressure 
on alternative exons. Such exons show a strong selection 

Table 1 | Characteristics of ancestral alternatively spliced exons 

Characteristic Ancestral alternatively 
spliced exons compared with 
constitutive exons

References

Exon size Shorter 67,79,81

Frame preservation More likely to be a multiple of 
3 nucleotides

81–83,94,99

Intronic conservation Highly conserved 15,65,77,81,82

Synonymous substitution 
rate

Decreased 65,67,68,
106,141

Ka/Ks ratio Increased 65,68,142

Splice-site strength Weaker 10,67,79
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pressure to preserve the reading frame, implying that 
the tissue-specific splice form produces a functional 
protein product with a novel peptide sequence inserted 
in a modular fashion (without disrupting the down-
stream protein reading frame). It seems logical that such 
tissue-specific splicing would require additional splicing 
regulatory motifs95, imposing stronger purifying selection 
pressure on Ks and the flanking introns. It is possible that 
a large fraction of conserved minor-form exons are actu-
ally upregulated in only a very specific tissue or cell type. 
High-resolution microarray studies to measure inclusion 
levels in many tissues and cell types and/or differentiation 
states will be required to assess this hypothesis.

Recent studies have contributed to a complex picture 
of how alternative splicing affects molecular evolution. 
On the one hand, alternative splicing is associated with a 
large reduction in selection pressure on amino-acid sub-
stitutions (increase in Ka/Ks ratio and even in the abso-
lute value of Ka). On the other hand, it is associated with 
a large increase in selection pressure against nucleotide 
substitutions (reduction in Ks). The change of Ka in alter-
native exons (compared with constitutive exons) does 
not follow the change of Ks and even moves in the oppo-
site direction. This observation is surprising, because a 
typical splicing regulatory motif spans a few codons96, 
so selection on those motifs should affect both synony-
mous and non-synonymous sites72. The most plausible 
explanation is that two types of selection pressure — 
selection on proteins and selection on RNA regulatory 
motifs97 — are acting very differently on alternatively 
spliced exons84.

To gain further insight into this problem, it is useful 
to consider how the strengths of these selection pressures 
change over time. Comparisons of human and chimpan-
zee (separated by approximately 5 million years of evolu-
tion), rat and mouse (40 million years), and human and 
mouse (90 million years) genomes provide a broad range 
of timescales98 for tracking these effects. The effect of 
alternative splicing on the Ka/Ks ratio is essentially con-
stant over this time range; even at the shortest timescale 
(5 million years), the Ka/Ks ratio is much higher for 
alternative exons (and particularly minor-form exons) 

than for constitutive exons65. One possible interpretation 
for this observation is that a substantial fraction of 
minor-form exons at any given time is nearly neutral; 
for example, if newly created minor-form exons have no 
current function. Such exons would be expected to have 
a high Ka/Ks value. Over time, most such exons would 
probably be lost owing to mutation.

By contrast, the effects of alternative splicing on Ks 
seem to evolve more slowly. At the shortest timescale 
(5 million years), Ks is only 25% lower for minor-form 
exons relative to major-form exons. By 40 million years, 
Ks drops to nearly threefold lower for minor-form exons, 
and by 90 million years to nearly fourfold lower65. One pos-
sible interpretation for these data is that non-functional 
alternative exons are gradually lost over time, and only 
those that have acquired both a useful function and RNA 
motifs that regulate their splicing (resulting in purifying 
selection pressure on Ks) are retained at longer timescales. 
According to this interpretation, this ‘functionation’ 
process takes substantially longer than 5 million years, 
and is mostly complete by 40 million years. These results 
are reinforced by a different measure of functional selec-
tion pressure: the preservation of the protein reading 
frame, which follows exactly the same trend during the 
time course of mammalian evolution65. Preservation of 
the protein reading frame has particular relevance to 
alternatively spliced exons, as it determines whether exon 
skipping will alter the downstream reading frame during 
translation. Many studies have reported that ancestral 
alternatively spliced exons show increased preservation 
of the protein reading frame15,79,82,83,94,99.

The importance of ESEs and ESSs
There is a major gap between the evidence of strong 
RNA selection pressure associated with alternative 
splicing and our current knowledge about the actual 
splicing regulatory sites, splicing factors and molecular 
mechanisms that underlie this selection pressure. Several 
studies have asked whether the actual splicing regula-
tory mechanisms can be identified on the basis of these 
regions of conservation. For example, Fairbrother et al. 
used statistical analyses of a large data set of human 
exons and introns to find motifs that were specifically 
enriched in exons with weak splice sites100. Similar meth-
ods have been used to identify exonic splicing silenc-
ers (ESSs) — exonic sequence motifs that inhibit exon 
recognition101–103.

Using polymorphism and divergence data, several 
studies provided systematic evidence for purifying 
selection on exonic splicing enhancers (ESEs) — exonic 
sequence motifs that promote exon recognition104–106. 
Biased codon usage107 and, more interestingly, reduced Ks 
near exon–intron boundaries have also been observed75. 
Nevertheless, the evidence of a link between putative 
ESE conservation and alternative splicing remains less 
clear106. First, the putative ESEs do not seem to explain 
the reduced Ks in alternatively spliced exons, and non-
ESE regions in these exons show a more than twofold 
reduction in Ks. Second, alternatively spliced exons show 
no increase in predicted ESE density compared with 
constitutive exons. It remains possible that an increase 

Box 1 | Experimental tests of RNA selection pressure

Synonymous mutations that disrupt splicing can be subject to strong negative selection 
pressure. To directly test the hypothesis that synonymous mutations in an alternatively 
spliced exon cause deleterious functional consequences, Pagani et al. performed 
site-directed mutagenesis of CFTR exon 12 and measured its exon-inclusion level in a 
transient transfection-splicing assay120. Human CFTR exons 9 and 12 are alternatively 
spliced, and skipping of these exons renders the protein product non-functional, 
resulting in cystic fibrosis and other less severe phenotypes.

Human and mouse CFTR differ in seven synonymous mutations within exon 12; Pagani 
et al. found that introducing these substitutions into human CFTR causes 95% skipping 
of exon 12. The authors also tested single nucleotide mutations at 19 synonymous sites 
in exon 12: of these, six caused exon skipping, resulting in an inactive protein. Based on 
these results, it seems that approximately 30% of synonymous sites in exon 12 are under 
strong purifying selection pressure to maintain the correct splicing of CFTR mRNA. 
Similar studies of CFTR exon 9 found that about a quarter of synonymous mutations 
lead to a splicing defect139. Similar results were also found for synonymous mutations in 
NF1 exon 37 (REF. 120).
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in functional ESEs in alternative exons is obscured by a 
large fraction of false positives (random matches to the 
ESE hexamer sequences that are not functional). Some 
data suggest that Ks is slightly lower in predicted ESEs 
than in non-ESE regions of the same alternative exons106, 
but this does not fully resolve the paradoxical results.

Many questions remain unanswered. The first prob-
lem is that our knowledge about functional ESEs, ESSs 
and intronic splicing enhancers and silencers might 
be incomplete. The high degree of conservation of 
alternative exons is puzzling: Ks is reduced by at least 
a factor of two for all categories of alternatively spliced 
exons combined65,67,106. Adopting the most conservative 
assumptions, that all synonymous sites in constitutive 
exons are selectively neutral and that RNA selection 
pressure within alternatively spliced exons is confined 
to the smallest possible region (in which no mutations 
are tolerated), a twofold reduction in Ks implies that 
essential splicing regulatory sites span at least half of the 
exon. Indeed, many of the alternatively spliced exons 
are part of the ultraconserved regions76. One possible 
explanation is that an alternatively spliced exon might 
contain several binding sites for splicing regulators. 
Another intriguing possibility is that formation of long 
RNA secondary structures is required for regulation of 
alternative splicing.

RNA secondary structure and splicing regulation
Complementing some early examples of RNA second-
ary structures that are involved in alternative splicing of 
troponin T (REF. 108), β-tropomyosin109 and hnRNP A1 
(REF. 110), there has been a recent flood of experimental 
evidence for the role of RNA secondary structures in 
regulating alternative splicing111–115 (see BOX 2 for an 
example and REF. 116 for a review). Genome-wide analy-
ses indicate that splicing regulation through secondary 
structure might be a general mechanism117–119. For 
example, Meyer and Miklos identified a putative large 
stem-loop fold that includes nearly all of CFTR exon 12 
(REF. 119), indicating that the sensitivity of CFTR splicing 
to synonymous mutations in exon 12 (REF. 120) might be 

due to destabilization of this stem-loop structure. The 
requirement for secondary structures provides another 
possible explanation for the high level of conservation 
around alternative exons. The conserved stem regions 
are typically long (50 nt total), similar in length to the 
conserved regions found in alternatively spliced exons.

Splicing mutations and human disease
A major line of evidence for RNA selection pressure 
comes from studies of human diseases97,121. Mutations 
that alter mRNA splicing have long been considered to 
constitute at least 15% of human disease mutations, based 
on studies of cystic fibrosis and other diseases122. It has 
been argued that the true fraction might be significantly 
higher because effects on splicing have often not been 
considered in traditional studies of disease mutations. For 
example, in CFTR, a large fraction of common coding 
SNPs reduce splicing of exons 9 and 12 (REF. 123).

According to a recent provocative hypothesis, splicing 
mutations might be the most frequent cause of heredi-
tary disease124. The hypothesis is based on the following 
simple model. If each possible amino-acid mutation has 
a certain risk of causing a disease phenotype, it follows 
that longer genes (with more sites for possible muta-
tions) should have a higher risk for disease mutations. 
Similarly, if each splice site has a certain risk of caus-
ing a disease phenotype through mutation, then genes 
with more introns should have a higher risk of being 
disease genes, and this is indeed observed. The authors 
report that both the length of the coding region and the 
number of introns correlate with disease-gene propen-
sity124. Multivariate analysis indicates that both factors 
are required to explain the observed data. For example, 
the fraction of intronless genes that are classified as dis-
ease genes (4.5%) is much lower than the corresponding 
fractions for single-intron genes (10.6%) and two-intron 
genes (12.2%), even though all three groups have simi-
lar gene-coding-length distributions. According to this 
model, approximately 60% of disease mutations in the 
human genome are splicing mutations124.

Despite the possible existence of confounding fac-
tors in this analysis, several lines of evidence suggest 
that this hypothesis is worth considering. First, there 
is convincing evidence that splicing is associated with 
significant negative selection pressure. For example, 
comparing synonymous sites between humans and 
chimpanzees, the Ks rate in multi-exon genes is about 
half that observed in single-exon genes124. This implies 
that overall splicing imposes a strong selective constraint 
on about half of all sites in human coding regions. 
Similarly, Bustamante et al. observed a 30% reduction 
in the Ks rate of functional human genes compared 
with pseudogenes125. Second, alternative splicing seems 
to create even stronger selection pressure. It seems 
inevitable that all these extra sequence constraints will 
create associated risks of disease mutations, perhaps 
even more powerfully than amino-acid mutations (as 
splicing mutations typically remove a large portion of 
the amino-acid sequence). Third, the prediction that 
genes with many exons, and particularly those with 
multiple alternative splice forms, are at risk for disease  

Box 2 | RNA secondary structure in the alternative splicing of Dscam

The Drosophila melanogaster axon-guidance receptor Dscam undergoes extensive 
alternative splicing140, in which RNA secondary structures have an important role. 
Splicing of its exon 4 cluster (containing 12 mutually exclusive exons) depends on a 
27-bp stem (dubbed the iStem114) found in the intron between exons 3 and 4.1. Mutations 
that disrupt the stem abolish inclusion of exon 4, whereas compensatory mutations that 
restore base complementarity rescue splicing of exon 4. As exon 4 skipping occurs in vivo, 
and the iStem structure is conserved over 40 million years of D. melanogaster evolution, 
the iStem seems to be an important new splicing regulatory element, unique in that it 
regulates the inclusion of many exons simultaneously (the 12 exons of the exon 4 cluster). 
By contrast, another example of RNA folding in Dscam seems to enforce mutual 
exclusivity of splicing in the exon 6 cluster, which contains 48 alternative exons. 
A 50-nt ‘docking sequence’ in the intron between exons 5 and 6.1 is complementary to 
48 different ‘selector sequences’, each of which is located upstream of an associated exon 
in the exon 6 cluster113. The docking sequence is highly conserved from D. melanogaster 
to honeybees (250 million years), and complementary selector sequences have been 
identified upstream of each exon 6 variant in species spanning this evolutionary range. 
Graveley points out that the fact that the docking sequence can only base pair with one 
selector sequence naturally imposes mutual exclusivity on the exon 6 cluster113.
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mutations that affect splicing seems to match current 
experience. The classic examples of splicing mutations 
that are known to cause disease are all large, multi-exon 
genes with multiple splice forms: CFTR, ATM126, TAU127 
and many others. Many such disease-causing mutations 
have been recently reported, for example in C5 (com-
plement 5) deficiency128, cancer129,130, dystrophic epider-
molysis bullosa131, familial adenomatous polyposis132, 
lysinergic protein intolerance133, mental retardation134, 
Pelizaeus–Merzbacher disease135 and tyrosinaemia 
type I (REF. 136). Although it is still difficult to assess the 
overall role of splicing defects in human diseases, 
the pace of discovery of ‘splicing disease’ mutations is 
likely to accelerate in the future.

Conclusions
Although the importance of alternative splicing in vari-
ous biological processes such as sex determination137 and 
apoptosis138 has been known for a long time, genomics, 
and in particular the shotgun sequencing of ESTs, have 
revealed its nearly ubiquitous role in gene regulation5. 
Genome sequencing has made it possible to study 
the evolutionary impact and constraints of alternative 
splicing. By creating an ‘internal paralogue’ for a functional 

gene, alternative splicing provides an important strategy 
for opening nearly neutral pathways for evolution of 
gene structure and recruitment of novel protein-coding 
sequences. Moreover, mammalian genomes show wide-
spread evidence of RNA selection pressure owing to con-
straints of alternative splicing regulation, emphasizing the 
functional importance of alternative splicing patterns.

An important future area of research will involve 
understanding the relative contribution of cis-regulatory 
elements (such as splice sites, enhancers and silencers) 
and trans-acting factors to the evolution of alternative 
splicing. An exciting opportunity to begin to dissect these 
contributions comes from the continued sequencing of 
closely related species. These comparative-genomics 
data will allow us to reconstruct the evolutionary history 
of individual exons and introns at a single-nucleotide 
resolution, which in turn will enhance our knowledge 
about the cis-splicing regulatory code and its impact 
on the evolutionary divergence of alternative splicing. 
Parallel evolution of splicing factors that recognize those 
cis-regulatory signals is another driving force for the 
divergence of alternative splicing24. How alternative splic-
ing is affected by the evolutionary reconfiguration of the 
splicing machinery remains to be further investigated.
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