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1. Alternative Splicing, Its Prevalence and
Function

1.1. Popularity of Alternative Splicing
Almost simultaneously with the discovery of splicing,1 it

was recognized that the transcripts of some genes are spliced
alternatively, producing several variants of mature mRNA.2

The term “alternative splicing” in the current meaning was
first used to describe multiple mRNAs produced by the
human growth hormone gene.3 Since then, the annual output
of papers on alternative splicing has been almost constantly
increasing, although the growth has slowed since 1998
(Figure 1a), and the fraction of such papers among all
references in the PubMed database reached a maximum in
2002 and began slightly decreasing after that (Figure 1b).

We do not think that the reason for this decline is the
general loss of interest. Rather, the field fell a numerical
victim of its own success: the mass sequencing of expressed
sequence tags (ESTs)4-11 and full-length cDNAs12-17 had
paved way to genome-scale studies, so that alternative
splicing of individual genes was not so exciting anymore.
On the other hand, it has opened the door to general questions
about the emergence and evolution of alternative splicing,
and indeed, the fraction of papers in this area is increasing
steadily (Figure 1).

1.2. Prevalence of Alternative Splicing
Until the late 1990s, although several important cases of

alternative splicing had been described, such as mammalian
immunoglobulins18 and T-cell receptors,19 the p53 gene,20

various growth factors,21-23 the CD44 receptor involved in
a variety of lymphocyte functions,24 myofibrillar proteins25

(tropomyosin, myosin, titin, etc.), P-element transposase,26

the sex differentiation pathway ofDrosophila melanogaster27

and, later, other insects,28 and many others, alternative
splicing was considered to be a relatively rare phenomenon
occurring, for instance, in about 5% of human genes.29 The
true prevalence of alternative splicing was appreciated only
after the EST sequencing projects started producing large
amounts of mRNA fragment sequences. Mapping of these
ESTs to known genomic or mRNA sequences demonstrated
that at least one-third of human genes are alternatively
spliced.30,31With the arrival of more and more EST data and
improvement of bioinformatics algorithms, the estimated
fraction of alternatively spliced human genes gradually
increased, reaching two-thirds for most human chromosomes
(Figure 2).
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A projection of estimates obtained using smaller EST data
sets available for other animal genomes produced comparable
numbers, with the plant estimates being slightly lower.32 The
number of isoforms per gene was estimated to be higher in
mammals than in invertebrates, fruit flyDrosophila mela-
nogaster, and nematodeCaenorhabditis elegans,33 although
the latter observation had been disputed on technical
grounds.34 Use of estimates independent of the EST coverage
demonstrated a comparable prevalence of alternative splicing

in the human and chicken (about 43%), followed by rodents
(about 32%), and then invertebratesCiona intestinalis, D.
melanogasterandC. elegans.35 A problem here is that not
all ESTs may arise from functional alternative isoforms, and
rare ones may in fact reflect splicing errors36 (see section
3.2 for a detailed discussion).

The estimated fraction of alternatively splicedArabidopsis
genes ranges from 10-12% (refs 35 and 37) to 18% (ref
38) to slightly more than 20% (refs 39 and 40), and remains
consistently lower than that of animal genes, with a consider-
ably larger fraction of retained introns35,41 (30% of all
alternative splicing events compared with less than 10% in
animals). These estimates were confirmed not only by EST
data but also by the whole-genome microarray analysis.40
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Figure 1. Publications about alternative splicing and its evolu-
tion: top, number of abstracts in PubMed with word combination
“alternative splicing” (light blue) and “alternative splicing” AND
“evolution” (bright blue) per year (horizontal axis); bottom, fractions
of abstracts with “alternative splicing” among all abstracts in
PubMed (dark blue), with “alternative splicing” AND “evolution”
among all abstracts (light blue), or with “alternative splicing” AND
“evolution” among abstracts with “alternative splicing” only (bright
blue). The colors of scales correspond to the colors of plots.

Figure 2. Estimates of the prevalence of alternatively spliced genes
among all human genes (light blue), genes from separate human
chromosomes (bright blue), and mouse genes (dark blue). The
samples consisted of all transcribed genes under consideration (9),
genes with high EST coverage (2), only multiexon genes (b), and
mRNA-supported ones among the latter ([). The averages for a
year are shown as level lines. The order of references along the
horizontal axis is as follows: 29, 364, 31, 365, 30, 236, 366, 82,
367, 32, 368, 369, 36, 370, 371, 372, 373, 87, 374, 375, 376, 241,
377, 378, 379, 12, 380, 381, 382, 383, 384, 385, 386.
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Very similar estimates were obtained for rice,38 but in other
plants the situation might be different, as alternative splicing
seems to be more prevalent in most of plant species with
sufficiently large EST collections.42 At that, Lactuca satiVa
(lettuce, an eudicot plant likeArabodopsis) and Sorghum
bicolor (a monocot plant like rice) demonstrate a more than
3-fold higher rate of alternative splicing.

Among unicellular eukaryotes, alternative splicing seems
to be relatively rare: only three genes of the budding yeast
Saccharomyces cereVisiaewere reported to be alternatively
spliced;43,44alternative splicing was observed also in a related
hemiascomyceteYarrowia lipolytica,45 in a more distant
fission yeastSchizosaccharomyces pombe,46 and in the
malaria parasitePlasmodium falciparum.47

1.3. Alternative Splicing and Gene Expression
In any case, it is clear that in multicellular eukaryotes,

alternative splicing is one of the major mechanisms for
generating protein diversity.48,49 It is closely linked to other
types of events that lead to expression of different mRNAs
from one gene, in particular, initiation of transcription from
alternative promoters50-57 and alternative polyadenylation.58-60

In an extreme case, two completely different proteins having
no common residues may be expressed from one gene; 12
such cases were identified during reannotation of theD.
melanogastergenome.61 Alternative mRNA isoforms not
only are translated into different proteins but may be subject
to different regulation by internal initiation of translation,62

mRNA editing,63,64 mRNA decay,65,66 and microRNA bind-
ing,67 reviewed in ref 68. Alternative splicing is also linked
to the rate of transcription elongation69,70 or initiation,71

reviewed in ref 72, and to transcriptional readthrough, leading
to formation of fused proteins encoded by adjacent genes.73,74

Furthermore, alternative splicing is one of the major mech-
anisms for regulating expression of splicing factor genes,
thus creating a potential for various regulatory feedback
loops,75-78 and this mechanism may be conserved at large
evolutionary distances, for example, in vertebrates66 and in
plants.79,80

Alternative splicing is frequently tissue-specific,81-85 with
the greatest diversity observed in brain, testis, and liver,86

and some similarity in the isoform spectra between related
tissues.87,88The preferred types of expressed alternatives (e.g.,
alternative splice sites vs cassette exons) also may depend
on the tissue; for example, the abundance of alternative sites
in liver is considerably higher than that in other tissues, and
this has been linked to the diversity of splicing regulatory
proteins expressed there.86 Thus, alternative splicing, working
independently of transcription regulation,88 provides an
additional level of flexible control of tissue-specific gene
expression.

Numerous studies demonstrated the existence of cancer-
specific isoforms, although it is not immediately clear
whether they represent regression to a wrong functional state
or simply reflect overall deregulation of cellular pro-
cesses.85,89-93 However, in some cases the medical relevance
of these isoforms has been demonstrated,94-99 reviewed in
refs 100-102. Protein fragments that are different between
cancer-specific and normal isoforms103,104 have been sug-
gested to be possible targets for specific drugs. The medical
importance of alternative splicing is not limited to cancer,
as the relative expression level of alternative isoforms may
have many different functional consequences. Some genetic
diseases are caused by mis-splicing105 or mutations that create

novel isoforms or alter the ratio of isoforms.106-108Alternative
splicing may also be important in pharmacogenomics ap-
plications.109

1.4. Alternative Splicing and Proteome

On the protein level, alternative splicing tends to retain
the overall protein structure. It avoids disrupting domains
and instead tends to shuffle entire domains110-112 and
transmembrane segments113 as opposed to a random control,
reviewed in ref 114. A recent study using full-length mouse
cDNAs demonstrated that among alternatively spliced genes,
about 6% encode cytoplasmic and membrane-bound protein
isoforms, 4% encode cytoplasmic and secreted isoforms, and
4% encode membrane-bound and secreted isoforms.115

Alternative regions tend to be located on the surface of
protein globules116 and affect disordered regions.117 On the
other hand, one report suggested that alternative protein
isoforms encoded by as much as two-thirds of alternatively
spliced genes would have large conformational differences,
since alternative splicing involves regions encoding the
protein structural core.118 It has been demonstrated that
alternative splicing disproportionately frequently involves
domains functioning in signal transduction, cell communica-
tion, protein-protein interaction, and similar processes.118-120

The latter findings may reflect the somewhat less appreci-
ated role of alternative splicing in the maintenance of protein
identity. Indeed, alternative splicing is a perfect mechanism
for generating proteins that differ in only one specific region,
thus creating an opportunity for various combinations of
properties. The most obvious example is provided by the
membrane-bound and secreted isoforms of proteins that differ
from cytoplasmic isoforms by the presence of alternatively
spliced transmembrane helices and signal peptides, respec-
tively.121 Indeed, regions encoding N-terminal transmembrane
helices and signal peptides are subject to frequent alternative
splicing.113,122Alternative splicing has a tendency to target
regions corresponding to protein functional sites,111,123often
producing proteins with dominant-negative regulatory effect,
numerous examples of which are listed in ref 121. This
tendency is particularly interesting in the case of transcription
factors,112,124 producing regulators with different DNA-
binding specificities125,126or isoforms having overall dominant-
negative effect,121 and in genes encoding protein kinases and
phosphatases.127,128

1.5. Other Reviews

Even this brief introduction demonstrates the functional
importance of alternative splicing. Several recent reviews
concern various aspects of alternative splicing,68,101,114,121,129-135

including technical,136-138 popular, and philosophical ones.139,140

There also exist several databases on alternative splicing
listed, for example, in ref 131 or in ref 141 (see also http://
www.oxfordjournals.org/nar/database/subcat/1/3).

Here we concentrate on the evolution of alternative
splicing. This area also has been a subject of several excellent
reviews,142-145 but it develops very fast, and thus new
interesting studies appear monthly, if not weekly. One of
the consequences of that is a large number of standing
controversies, and one of the purposes of this review is both
to list conflicting observations and to suggest possible ways
to their resolution and reconciliation.

Evolution of Alternative Splicing Chemical Reviews, 2007, Vol. 107, No. 8 3409



2. Evolution of Exon −Intron Structure

2.1. Theories about Intron Origin
Prior to detailed discussion of the evolution of alternative

splicing, we will briefly consider the evolution of the exon-
intron structure itself and the problem of intron origin (for
more detailed reviews, see, for example, refs 146-148). The
latter has been discussed for about 30 years along two main
lines, named “introns early” and “introns late”.

According to the “introns early” theory, introns were
present in the common ancestor of eukaryotes and prokary-
otes and were subsequently lost in the latter by selection
toward compact genomes and short generation time.149-151

This theory is based on the observation that in many cases
exons coincide with protein domains, either functional or
structural, and thus may represent primordial genes encoding
early functional peptides.

The “introns late” theory posits that introns were inserted
into eukaryotic genomes after their split from pro-
karyotes.152-157 Indeed, some unicellular eukaryotes have no
or very few introns, and there exist numerous examples of
recent intron gain. While early papers analyzed the exon-
intron structure in selected gene families,158-167 the most
prominent debate probably being the one concerning triose-
phosphate isomerases,168-170 recent studies take advantage
of large-scale genome comparisons. As one could expect,
these analyses demonstrate that the extremes of both theories
are wrong, as there exist both clearly ancient exons and
recently inserted introns.

2.2. Intron Gain and Loss
The main types of events in the evolution of the exon-

intron structure are intron loss and gain, intron sliding, exon
duplication and other types of exon shuffling, and exonization
of intronic regions. The distribution of introns in extant
genomes is governed by the balance between the lineage-
specific rates of intron loss and gain.171-174 Unfortunately,
the estimates of these rates crucially depend on the evolu-
tionary model, and for example, very different estimates are
obtained when the parsimony173 and maximum likelihood
with172 or without174 parallel gains are used. Estimates of
the fraction of intron positions experiencing independent
parallel gains in different species also differ172,175 but less
dramatically. Remarkably, all these estimates were obtained
on the same set of 684 genes, introduced in ref 173.

The saturation of the taxonomy tree with sequenced
genomes provides for far better resolution. The comparison
of human and mouse genes with each other and with rat and
dog genomes demonstrated intron loss, mainly in the rodent
lineage and mainly of small introns.176 The loss rates (intron
loss per million years per intron) were estimated to be
between 4.28× 10-5 (for human) and 1.8× 10-5 (for rat).
Two more very recent studies of multiple draft vertebrate
genomes177 or fragments of 17 vertebrate genomes homolo-
gous to a specifically selected 1% of the human genome178

(the ENCODE project,179,180see also http://www.nisc.nih.gov/
open_page.cgi?path)/projects/encode/index.cgi) considered
both constitutive and alternative exons and are addressed in
more detail in section 3.1.

Some other examples of such densely populated branches
are numerous yeast genomes181 and more than a dozen
Drosophila genomes182 (see also http://www.genome.gov/
11008080). Already, though the average rates are difficult

to estimate, the comparative analysis of multiple genomes
makes it possible to discriminate between clearly ancient
(predating separation of main eukaryotic lineages) and recent
(lineage-specific) introns and exons. This allowed for the
comparison of properties of such introns and exons and
yielded important observations about the events shaping the
exon-intron structure.

The elimination of introns continues in fungi.183-186 More
detailed analyses show that not only do small, reduced
eukaryotic genomes tend to have fewer introns but in such
genomes introns tend to occur in the 5′-end region of the
gene.171,187 This points to the recombination with reverse-
transcribed mRNA as a possible mechanism of intron
loss,188,189 although the evidence is not equivocal: fungi,
despite clear prevalence of 5′-introns, do not demonstrate
relatively more frequent 3′-intron loss,185 and thus the 5′-
intron prevalence may be explained by preferred intron gain
at the 5′-end.189Some 3′-end bias of lost introns was observed
in mammals,176 and while the analysis of recently duplicated
paralogs in vertebrates produced no such pattern, all cases
of multiple intron losses were consecutive, indicating
involvement of spliced cDNA.190

Analysis of orthologous genes173 and paralogous gene
families191 demonstrates numerous intron insertions in genes
duplicated prior to the plant-animal split. On the other hand,
intron losses and especially gains are extremely rare in the
recent evolution of plants and mammals,191,192thus demon-
strating that the pattern of intron gain and loss is very
nonuniform as regards the time scale. However, the above
results were obtained by comparison of multiple animal
genomes with the single plant genomeArabidopsisand thus
may not account for the events in the major plant lineages.
Indeed, while the exon-intron structure of land plant genes
seems to be highly conserved, it was markedly different from
the structure of orthologous genes from green algae and other
distant plant groups.193 Analysis of segmentally duplicated
genes inArabidopsis194 and rice195 using orthologous genes
from other plants as outgroups produced different results:
some preference of gains in the former (56 gains vs 39 losses)
and clear prevalence of losses in the latter (5 gains vs 49
losses). Still, these results demonstrate a non-negligible rate
of intron gain, in contradiction to other studies.

Finally, numerous intron gains and losses were observed
in the genome of chordateOikopleura dioica.196 Frequent
intron loss and much rarer gain (up to 10-fold) were found
in the genomes of nematodes.197-200 Slow rates of loss and
possibly no intron gains were observed in the genomes of
two Plasmodiumspecies.201 Finally, about 60% of intron
positions in a deeply branching protistTrichomonasVaginalis
are shared with at least one other eukaryote.202 All these
observations seem to indicate intron explosions in early
eukaryotes and early multicellular organisms, followed by
longer periods of predominant intron loss.146,147

2.3. Mechanisms of Intron Insertion
The mechanisms of intron insertion are not clear, as most

attempts to identify homologous introns in non-homologous
genes failed;203,204and some similarity observed in nematodes
between recently gained introns and other introns198 was
largely limited to minisatellite and palindrome sequences.147

However, the superficial features of this process were studied
in detail. It was suggested that certain sites in exons are prone
to intron insertion; these sites were named proto-splice
sites.159,205Such sites could contain the exonic parts of the

3410 Chemical Reviews, 2007, Vol. 107, No. 8 Artamonova and Gelfand



splicing signals necessary for the successful splicing of the
inserted introns.

The frequencies of intron phases (phase 0, introns between
codons; phase 1, introns between the first and second codon
positions; phase 2, introns between the second and third
codon positions) demonstrate prevalence of the phase 0
introns and seem to agree with what could be expected from
random intron insertion into proto-splice sites.206,207 These
studies considered actual intron insertion events, whereas
earlier studies that simply considered the reading frame
distribution of proto-splice sites produced different results.208

Again, some contradictions were resolved by separate
consideration of old and young introns, although this in turn
created new problems. Recent introns tend to be phase
0,173,198and on the other hand, such introns are preferentially
lost.188 Preferential intron loss occurs at the 3′-end.173,188

Taken together, these observations would mean that phase
0 introns should be relatively rare at the 3′-end, but this is
not observed: in fact, the fraction of the phase 0 introns
increases toward the 3′-end, especially in high-intron-density
genomes.209 Another matter of debate is whether phase 0
introns are predominantly young or old.173,210,211It seems that
careful, lineage-specific reanalysis of the data is required to
resolve the issue.

Theoretically, what we believe to be proto-splice sites
could be the result of convergent evolution caused by the
spliceosome requirements on the exonic parts of the splice
sites. This possibility was rejected using the analysis of intron
insertions into sites that were invariant (on the protein level)
in distant lineages.212 Additional analysis demonstrated that,
while the total information contents of ancient and new splice
sites are roughly equal, the exonic parts of new splice sites
are relatively stronger compared with old ones.211 This
observation has led to a model in which introns are
preferentially inserted into proto-splice sites and then intronic
positions of the splice sites mutate toward consensus, freeing
the exonic positions to evolve under selection on the protein
level. This may explain the observed prevalence of phase 0
introns, since in such introns the most important exonic site
position, the last position in the exon immediately adjacent
to the downstream intron, coincides with the third codon
position and thus in many cases is synonymous. This also is
consistent with the idea that the phase 0 introns have a higher
probability of fixation213,214 and with the observed mutual
compensation of substitutions in the exonic and intronic parts
of donor splice sites in the human-mouse comparison.215

The fact that old introns do not show the expected clear
prevalence of phase 0 (although subject of debate, see above)
has been explained by intron sliding.204

2.4. Exon −Intron Structure and Proteins
On the protein level, the detailed analysis with new,

genome-scale data sets showed that the basic consequence
of the “introns early” theory, the correlation between the
boundaries of structural protein domains and the intron
positions, holds for genes encoding proteins common to
prokaryotes and eukaryotes, as opposed to eukaryote-specific
ones;216 for ancient introns;217 and for phase 0 introns and
exons containing so-called ancient conserved regions but
neither for phase 1 and 2 introns nor for recent exons.216,218

Similarly, functional protein domains tend to correspond to
exons bounded by same-phase introns that do not interrupt
the reading frame219,220 although in this case the strongest
correlation was found for the 1-1 exons (bounded on both

sides by the phase 1 introns) and not for the 0-0 exons.
Similarly, the strongest signal for exon shuffling was
observed for the 1-1 exons.221 The apparent contradiction
between the preferences for the phase 0 introns and for the
1-1 exons may have consequences for the theory, because
the latter observation seems to lack explanation in the frame
of the “introns early” theory but can be easily explained by
relatively recent, eukaryote-specific exon shuffling.

While the issue of introns in prokaryotes is not unani-
mously resolved yet, it is more or less accepted that ancestral
or at least very early eukaryotes had spliceosomal introns222-228

and that ancestral Metazoa had numerous introns, resembling
in this respect extant vertebrates,229,230 while many of
these introns were lost in the nematode and insect line-
ages.173,191,221,231,232Moreover, it has been suggested that the
burst of exon shuffling233 and intron insertion173,191coincided
with the emergence of multicellular eukaryotes. A more
daring hypothesis links the origin of the eukaryotic nucleus
to the necessity for a specialized splicing compartment, which
had become required after intron invasion from endosym-
biotic mitochondria.146,234To determine whether these early
eukaryotes were intron-rich or intron-poor, either an intron-
rich, early branching eukaryote needs to be identified, or
numerous intron-poor genomes need to be analyzed.

2.5. But What about Alternative Splicing?
Somewhat surprisingly, almost none of these studies

explicitly controlled for possible alternative splicing, whereas
at least some of the above discrepancies may have been
caused by alternatively spliced genes and exons. Indeed,
recent studies seem to indicate that in many respects
alternatively spliced genes and exons behave as very young
ones, and this may exaggerate or obscure the “constitutive”
phenomena. On the other hand, a promising theory235 states
that many splicing innovations (sites, exons, isoforms), now
constitutive, initially existed as alternative variants.

3. Evolution of the Alternative Exon −Intron
Structure and the Functionality of Nonconserved
Isoforms

3.1. Low Conservation of Alternative Splicing
The first papers that considered the evolution of alternative

splicing on the genomic scale appeared in 2003, when already
existing large EST data sets were supplemented by two
eukaryotic genomes, human236,237 and mouse,238 that could
be used for comparisons. The first attempts to compare
alternative splicing patterns in the two species produced a
somewhat unexpected result: a large fraction of human
alternative regions could not be aligned to the orthologous
mouse genes and vice versa.235,239Despite differences in the
analysis details and data sets, both studies produced a fairly
consistent estimate: about one-fourth of human alternatives
are not present in the orthologous mouse genes, and about
half of alternatively spliced genes have species-specific
isoforms. Even this number could overestimate the preva-
lence of conserved alternative splicing, because this estimate
covered only alternatives that could not be aligned to the
mouse genome at all or whose splice sites were destroyed
by mutations at the invariant positions, GU (donor sites) or
AG (acceptor sites). Thus these studies ignored the pos-
sibilities that an exon is spliced alternatively in human but
constitutively in mouse or that a splice site is destroyed by
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a mutation in an important but not invariant position. On
the other hand, as it had been immediately pointed out,240 a
large fraction of EST-derived isoforms could represent
splicing noise, and thus there were no reasons to expect
conservation of such isoforms. Indeed, the fraction of human
EST-derived splice junctions with homologs in the known
mouse transcriptome turned out to be considerably lower
among splice junctions with low EST support: 8% against
61% for predominant splices.36 However, only 10-11% of
orthologous splice junctions were present in both trancrip-
tomes,36,241 and the attempts to extrapolate this to a hypo-
thetical complete transcriptome produced wide error mar-
gins,242 making this type of evidence somewhat inconclusive.

3.2. Functionality of Nonconserved Isoforms
Further debate unfolded in two directions. The proponents

of functionality of minor nonconserved isoforms noted the
fact that very similar results were observed not only with
ESTs but with relatively more reliable mRNAs239 and that
many minor, nonconserved isoforms demonstrated tissue-
specific expression patterns and were represented by multiple
ESTs from independent clone libraries.235 The opponents
demonstrated that the majority of nonconserved cassette
exons are frameshifting (their length is not a multiple of 3)
and contain stop codons, and thus the corresponding isoforms
encode severely truncated proteins and are candidates for
elimination by nonsense-mediated decay.240 It should be
noted, however, that isoform function should not be neces-
sarily limited to encoding a protein, as an isoform may also
play a regulatory role. Further, young exons, both constitutive
and alternative, tended to occur in nontranslated regions.177

A regulatory role for alternative splicing was established
for several genes encoding ribosomal proteins ofCaenorhab-
ditis elegans243 and human.65 Some of their isoforms contain
premature stop codons and thus are subject to nonsense-
mediated decay (NMD), a recently discovered surveillance
mechanism against transcripts that contain exon-exon junc-
tions downstream of a termination codon.244 This NMD-
linked splicing occurs at the excess of the encoded protein
that binds to the transcript and inhibits splicing of an
alternative intron. Similarly, human splicing factor SC35
autoregulates its expression by producing isoforms subject
to NMD.78 Other known examples of NMD-coupled regula-
tion are glutaminase245 and fibroblast growth factor receptor
2.246

Indeed, a large-scale computational study demonstrated
that as much as one-third of reliable mRNA isoforms
(supported by multiple ESTs) may be subject to NMD.247

The authors suggest that RUST (regulated unproductive
splicing and translation) is one of the major regulatory
mechanisms for establishing the right level of gene expres-
sion. A subsequent study, reporting preliminary experimental
results, validated some of the potentially NMD-inducing
isoforms.248 In another comparative study, the fraction of
human cassette exons yielding NMD-inducing isoforms was
somewhat lower, about one-fifth, but importantly, a consid-
erable fraction of such exons was conserved in the mouse
genome: a third of conserved cassette exons were frame-
shifting, and moreover, a quarter of conserved isoforms were
NMD-inducing.249 Similar results were obtained in a study
of all types of elementary alternatives (cassette exons, donor
and acceptor sites) in the human, mouse and dog genomes.250

Further, many stop-codon-containing exons were directly
demonstrated to be expressed and to cause NMD by

microarray analysis of NMD-inhibited cells.66 Interestingly,
such exons are extremely highly conserved in mammalian
genomes and disproportionally often present in genes encod-
ing splicing factors.

On the other hand, the hypothesis of the widespread
regulatory role of NMD-inducing isoforms was challenged
in a microarray study that demonstrated that the level of such
isoforms is uniformly low in a variety of diverse cells and
tissues.251 It should be instructive to compare these results
with the EST-based observations about tissue specificity of
minor isoforms:235 although formally there is no direct
contradiction, since the EST-derived isoforms were not
specifically analyzed for the presence of NMD-inducing
premature stop codons, indirect reasoning based on other
observations makes it rather likely that very often minor
isoforms are indeed candidates for NMD.

In plants, that is,Arabidopsisand rice, many retained
introns are frameshifting.38 However, a large fraction of
intron-retaining isoforms were demonstrated to be associated
with polyribosomes, thus demonstrating that they are ex-
ported from the nucleus and translated,41 and conserved in
theArabidopsis-rice comparisons (see section 3.5) and even
in much more distant land plants such as mosses.79,80

3.3. Conserved Exons, Conserved Exons with
Nonconserved Splicing, Nonconserved Exons

One important distinction needs to be made at this point.
There are two types of aberrant (or, for that matter, bona
fide species-specific) cassette exons. One is exons arising
from splicing errors produced by the use of cryptic sites.
The other type is constant exons that are erroneously (or
species-specifically) skipped. The analysis based on the
alignment of experimental cassette exons from one organism
to the genome of another organism takes into account only
the former type of events; its other acknowledged drawback
is that it does not allow one to discriminate between errors
and bona fide species-specific cassette exons.252 Indeed, even
simple triple human-mouse-dog comparisons demonstrate
that a considerable fraction of human cassette exons that are
lost in mouse are still conserved in dog and vice versa; the
level of conservation depends on the inclusion level and
frame preservation.250 Similarly, about 60% of exons con-
served in mouse and rat are not conserved in human, and
about 20% of exons conserved in human and one rodent are
not conserved in the other one.253

Such triple comparisons are sufficient for the estimation
of the loss of alternative exons or sites; however, to estimate
the rate of cassette exon gain, more genomes are needed,
since the exon gain needs to be distinguished from aberrant
splicing (Figure 3). A mouse-rat-human comparison with
pig ESTs as an outgroup was used to estimate the rate of
exon birth in rodents254 (new exons were defined as exons
conserved in mouse and rat, and missing in the human
genome and pig ESTs). This rate was estimated as 2.7×
10-3 per gene or 81 per genome per million years in the
mouse lineage. As expected, it turned out that 87% of rodent-
specific exons were alternatively spliced; however, 48% of
them were represented by single ESTs and further 27% by
rare (two to five) ESTs. It is not clear to what extent the
mouse-rat conservation alone is sufficient to claim the
functionality of such low-supported exons. Indeed, mouse
exons that could not be aligned to the rat genome were not
considered at all, and thus some conservation is expected
simply by definition: in a conserved region in DNA, chance
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activation of cryptic sites would create a seemingly conserved
exon.

A somewhat conflicting observation was made in another
four-genome study (human, mouse, rat, and dog), where
intron losses disrupting alternative splicing were not more
frequent than expected given the fraction of alternatively
spliced introns.176 However, this study used a different
approach: intron gains and losses were considered instead
of exon gains and losses, and thus these observations are
not directly comparable.

Somewhat more reliable estimates, confirming the initial
observations of lower conservation of alternative exons
compared with constitutive ones but still leaving room for
different interpretations, were obtained in very recent studies
that compared multiple vertebrate genomes. In one such
study, human exons were mapped to the genomes of seven
other vertebrates177 (human, chimpanzee, mouse, rat, dog,
chicken, zebrafish, fugu). This approach has a number of
appealing features. First, since exons conserved in at least
two genomes were analyzed, they could be assumed to be
functional, although conservation in human and chimpanzee
does not prove that much (cf. section 3.2). Second, this
technique allowed for identification of the time of exon gains,
as each successive genome served as an outgroup. More
exactly, if, for instance, a human exon had a dog ortholog
but lacked a rodent ortholog, it was assumed to be gained
by a common ancestor of dog and human (the authors
assumed that carnivores are a sister taxon of primates to the
exclusion of rodents, contrary to an accepted taxonomy in,
say the Human Genome Browser,255 although the latter
served as a data source). A problem with this approach is
that it does not account for the implicit possibility of exon

losses in the outgroup in each particular comparison, while
the possibility of exon loss in ingroups (intermediate taxa,
for example, chimpanzee in the above example) is ignored
explicitly. Nevertheless, technical problems aside, this study
produced results consistent with other studies: the fraction
of cassette exons is consistently increasing as relatively
young exons are considered.

In a similar study,178 human genes were compared with
17 vertebrate genomes, again using the Human Genome
Browser global alignments.256 If a human exon could not be
aligned to the corresponding intron in the orthologous gene,
the closest outgroup was used to decide whether it had been
exon gain in the human gene or exon loss in the orthologous
gene. The results were qualitatively the same as in the above
study: the rate of exon loss was roughly constant in time,
the rates of constitutive and major isoform cassette exon
gains were similar and also constant, whereas the rate of
minor isoform exon gain was increasing when genomes
closer to human were considered. This could be the evidence
that human minor isoform exons were young, but an
important control of their functionality was missing. Indeed
the same trend could be expected if these exons were
aberrant, given that the degree of conservation (alignability)
of intergenic regions is decreasing as one moves from
chimpanzee to more and more distant vertebrates.

The splicing errors leading to exon skips are important,
because there is a logical possibility of conserved (on the
sequence level) exons that are constitutively spliced in one
species, but may be skipped in another one. The fraction of
such exons among all cassette exons has been estimated to
exceed 11%.257 In a smaller-scale, but more direct experiment
that considered splicing of 20 genes in 11 tissues in human

Figure 3. Estimation of the exon loss and gain rates. Three genomes (two sister lineages and an outgroup) are sufficient to estimate the
rate of exon losses after the split of sister lineages but not to distinguish exon gains and aberrant splicing. Four genomes allow distinguishing
between the latter using conservation in sister lineages as a proxy for functionality.
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and mouse, only four genes demonstrated the presence of
the same isoforms; of the remaining genes, almost all had
exons that were alternative in human but constitutive in
mouse84 (the apparent asymmetry was caused by the fact
that alternatively spliced human genes were initially selected
for the study). Nonetheless, such exons may not be found
using simple analysis of genomic conservation, as they are
conserved in any case. Instead, a detailed experimental
analysis of transcriptomes of both species is required.
Probably the only species with sufficiently high EST
coverage is human, and because of that, simple mapping of
human EST-derived alternatives to any other, obviously
incomplete transcriptome is not sufficient.36,241,242However,
a large-scale application of the microarray technology to the
mouse transcriptome and the comparison of these data with
the human ESTs has led to delineation of three classes of
cassette exons: those that are alternatively spliced both in
human and in mouse, mouse-specific ones that do not exist
in the human genome, and exons that are alternatively spliced
in mouse but are constitutive in human.88 It turned out that
>70% of mainly skipped exons are genome-specific ones,
in agreement with early EST-based observations.235 In
contrast, a majority of rarely skipped exons are constitutively
inserted in human. Overall, less than 20% of mouse cassette
exons seem to correspond to alternatively spliced exons in
human: this is an implausibly low estimate, although still
higher than purely EST-based ones. A possible explanation
is that, first, the majority of mouse mainly inserted cassette
exons may be constitutive ones, skipped as a consequence
of mis-splicing, and second, there is always a possibility of
some unconsidered cell type, stage, or condition in which a
human exon is skipped: in many cases dedicated analysis
indeed finds splice junctions conserved in a genome but not
in a transcriptome.258 Both types of species-specific alterna-
tive exons (corresponding to constitutive exons or completely
nonconserved) tend to be potentially NMD-inducing (upon
exclusion and inclusion, respectively).251 In addition, it should
be noted that EST data demonstrated strong correlation
between exon inclusion levels in human and mouse.235,249,258

Similarly, a PCR-based method was used to establish
conservation of developmental variations in the isoform
abundance in nematodesC. elegansandC. briggsae.259

3.4. Different Exons Behave Differently
It seems clear that preferentially included (major form)

and preferentially skipped (minor form) cassette exons have
different properties. The major form exons tend to be as
conserved as constitutive ones235 and may even correspond
to constitutively included exons;88 the minor form exons are
frequently species-specific.88,235 Exons with clear tissue-
specific inclusion patterns show a marked preference to be
frame-preserving, in comparison to exons with relatively
uniform skipping/inclusion ratios in different tissues;260 on
the other hand, conserved frameshifting exons tend to be
preferentially included.261 The major form exons tend to
affect protein domains more frequently than the minor form
ones.88

In the same vein, conserved and species-specific exons
also tend to have different functional properties. Conserved
minor form exons show a marked tendency for frame
preservation, compared with the major form and constitutive
exons that have only a weak such preference.262 Conserved
frame-preserving cassette exons tend to avoid overlapping
with protein domains, whereas frameshifting ones are similar

in that respect to constitutive exons.261 Conserved cassette
exons are enriched in brain tissues, whereas nonconserved
ones are enriched in testis and cell lines.258 Exons with
nonconserved alternative splicing tend to be frameshifting
both if they are not conserved at all (species-specific
exons)240 and if they correspond to constitutively spliced
exons (conserved exons with nonconserved alternative splic-
ing).251

3.5. Evolution of Alternative Splicing in Insects
and Plants

Much less is known about evolution of alternative splicing
in other taxa. A study of alternative splicing in two fruit
flies, D. melanogasterand D. pseudoobscura, and the
malarial mosquitoAnopheles gambiaedemonstrated a similar
trend: much less conservation of alternative exons and sites
compared with constitutive ones.263 AmongD. melanogaster
protein-coding segments bounded by splice sites (such as
exons or, for example, segments between two alternative
donor splice sites), 97% of constitutive ones and 75-80%
of alternative ones could be aligned to orthologousD.
pseudoobscuragenes; forA. gambiae, these values were
about 75% and 45%, respectively. Notwithstanding technical
problems with spliced alignment at relatively large evolu-
tionary distances, especially at gene termini, and dynamic
intron insertion/loss processes, these results clearly demon-
strate higher turnover of alternative regions compared with
constitutive ones. When various types of alternative splicing
were considered separately, it turned out that mutually
exclusive exons are as conserved as constitutive ones and
tolerate almost no intron insertions: a natural explanation
for that could be that such insertions would disrupt the
regulation of exon selection. Alternative donor splice sites
are less conserved than alternative acceptor splice sites.
Finally, cassette exons were the least conserved in theD.
melanogaster-A. gambiaecomparison, whereas for the two
fruit flies, the least conserved type of alternatives were
retained introns. Clearly, these observations do not provide
all the answers, and the problem needs to be revisited once
multiple Drosophilagenomes become available.

A comparison of two plant genomes,Arabidopsisand rice,
demonstrated all the familiar patterns, despite the fact that
the main type of alternative splicing in plants is intron
retention.39 About 40% of alternative splicing events produce
potential targets for NMD. About 40% of alternatively
spliced genes from one species were also alternatively spliced
in the other one (based on EST data), although the fraction
of exact conservation (the same type of alternative splicing
affecting the same site or intron) was much lower. Among
conserved retained introns, more than half produced candi-
date NMD-inducing isoforms upon inclusion.

4. Origin of Alternative Regions

4.1. Sources of New Isoforms
So what are the sources for new alternatives? Theoretically,

one may list several possibilities, dependent on the type of
an alternative. Mutually exclusive exons may naturally arise
from exon duplication;264,265cassette exons254,266and alterna-
tive sites267-269 stem from exonization events; the latter
frequently follows insertion of repeats containing cryptic
splice sites. One may also imagine migration of sites into
exons (intronization of exon sequences) and events that
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would weaken or strengthen splice sites and thus influence
retained introns, fixing one of two alternative variants:
constitutively retained or spliced introns. The latter types
have not been considered in detail yet. It should be noted,
however, that subsequent intron insertion and loss may
transform one type of alternative into another.263

4.2. Duplicated Exons
Many well-known cases of alternative splicing involve

homologous, mutually exclusive exons; the most notorious
one probably is theDscamgene theoretically capable of
forming (in D. melanogaster) 38 016 isoforms arising from
four groups of mutually exclusive exons270 (exons 4, 6, 9,
and 17, Table 1). This gene drives wiring of neuron
connections in the neural system, and alternative splicing is
an essential component of this process.271Dscamis conserved
in other insects272 retaining the overall organization, whereas
in vertebrates, the corresponding exons are absent or present
in single copies and thus constitutive.273 Construction of
phylogenetic trees revealed both considerable conservation
(exons 4 and 17, the latter encoding the transmembrane
domain) and high diversity and turnover (exons 6 and 9).

Human, fruit fly D. melanogaster, and nematodeC.
elegansgenomes were exhaustively analyzed in ref 265.
About 11% of human genes and 7-8% of invertebrate genes
were found to contain duplicated exons. The lengths of about
60% of duplicated exons were not divisible by 3, meaning
that they are likely to be mutually exclusive: otherwise
insertion of an upstream exon would shift the reading frame
of a downstream exon. Indeed, analysis of EST data
demonstrated that simultaneous incorporation of duplicated
exons was extremely rare.

In a study of protein sequences from the Swiss-Prot
database, alternatives leading to “substitution” variants
(where two different amino acid fragments may occur in one
position in alternative proteins) in about 10% of cases were
caused by duplications;264 note that substitution variants are
not necessarily mutually exclusive exons: a combination of
an alternative splice site and a cassette exon, if they are
consistently used in different isoforms, may generate exactly
the same combination of observed proteins. Most exon
duplications occurred before the radiation of mammalian
orders and even vertebrates.

In some cases, it seems that homologous proteins utilize
this diversity-generating mechanism independently in dif-
ferent evolutionary lineages. One example is theDscamgene
mentioned above, although in that case it is likely that the
first duplications giving rise to the extant groups of homolo-
gous, alternatively spliced exons occurred once in the
common ancestor of studied insects (although not necessarily

the lastcommon ancestor: genomes of additional insects
and arthropods are needed to elucidate this). Another example
is more interesting: in three ion channel families, exon
duplications occurred independently in the nematode, insect,
and mammalian lineages.274 Notably, in many such cases the
use of alternative exons leads to measurable changes in the
ion channel properties; many examples are listed in ref 121.

A specific case is duplication or, rather, multiplication of
first exons and the adjacent promoter regions.56 The pattern
of duplications may be different in human and rodent genes
(plectin, GR), or even between mouse and rat (UGT1), and
may involve untranslated exons56 (NOS1). The duplications
may occur within a very short time period, as demonstrated
by the analysis of the human cancer/testis antigen family
MAGE-A that contains several genes duplicated indepen-
dently and repeatedly in the human and mouse lineages.275

One human gene from this family, MAGE-A4, has about
ten very similar untranslated first exons (some copies seem
to be incomplete), whereas other genes, most of which also
are alternatively spliced in the 5′-UTR region, have only one
copy of this exon.276 At least some variants of the first exons
are transcribed and seem to be tissue-specific.277

4.3. Exonization
Another way to generate new, alternatively spliced exons

is exonization of noncoding regions. To distinguish exoniza-
tion from loss of exons, one can use alignment to bacterial
and yeast orthologs that would serve as outgroups. One such
study demonstrated that in about one-third of alternative
protein regions, the ancestral state is the shorter isoform.266

Other outgroups also can be used. Large-scale studies of
exons specific to the rodent lineage (compared with human)
demonstrated that most of them are alternatively spliced (and
rare, see above). In one study, rodent-specific exons rarely
had homologous regions elsewhere in the genome; in
particular, only a few originated from transposable ele-
ments,254 although another study showed that SINE ret-
rotransposons, namely, B4 and MIR elements, are often
involved in exonization-type alternative splicing.278 As usual,
one possible cause for this discrepancy could be the
(computationally defined) functionality, or lack thereof, of
repeat-generated isoforms.

The already mentioned MAGE-A family of cancer/testis
antigens provided an example where the events leading to
emergence of new exons, all of which are alternatively
spliced, could be studied in detail.276 The ancestor of this
family was an intronless gene introduced by retroposition
of a spliced mRNA, and since this had happened relatively
recently, the sequence of the ancestral gene could be
reconstituted. When this sequence was compared with the
extant genes, it turned out that in many cases new exons
had splice sites arising from point mutations at the one end
and pre-existing cryptic sites at the other end. This observa-
tion agrees with the fact that in many cases of genetic disease
caused by mutation in a splice site, a cryptic site is activated
nearby and shows that the genome has ample opportunity
for new splicing events.279-283

Another special case is the emergence of alternative
NAGNAG acceptor splice sites.284 Human single nucleotide
polymorphisms (SNPs) involving NAGNAG sites were
compared with the chimpanzee genome, and about 70% of
alleles that could lead to alternative splicing (both N positions
are not G) were found to be gained in human; in 16% of
cases, evidence of alternative splicing was found in EST

Table 1. Organization of the Groups of Mutually Exclusive
Exons in the DscamGenes of Insectsa

exon number
(in D. melanogaster)number of exons

in other species 4 6 9 17

potential
number

of isoforms

D. melanogaster 12 48 33 2 38016
D. pseudoobscura 12 48 32 2 36864
D. Virilis 12 52 32 1 19968
A. gambiae(malarial

mosquito)
14 30 38 2 31920

A. melifera(honey
bee)

8 45 17 2 12240

a Data from ref 272.
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databases. The comparison of the SNP density in the
NAGNAG acceptor sites with a random model of SNP
distribution in acceptor sites demonstrated that a surprisingly
large fraction of young NAGNAG-containing alleles is
explained by purifying selection against the NAGNAG sites.

A well-studied case of exonization is introduction of new
splice sites byAlu repeats in the human genome. Indeed,
analysis of EST data demonstrates that about 4% of proteins
may have repeat-derived fragments. When only known
functional proteins were considered, this fraction decreased
to as low as 0.1%, although this latter value may be an
underestimate due to the ascertainment bias caused by
selection of well-studied proteins for the analysis.285 All
known Alu-derived sites are alternative, and the molecular
events leading to the use of cryptic splice sites inAlu repeats
have been studied in detail, both computationally and in
experiment.267-269 Alu repeat-derived splice sites not only
extend existing exons but create cassette exons as well,
although their functionality is supported only by the human-
chimpanzee conservation and thus is not very reliable.177

Point mutations that create new splice sites usually involve
creation of GT (for donor sites) and AG (for acceptor sites)
dinucleotides, whereas the mutations that guide alternative
site choice and, in experiment, change the spliceosome
preferences or even create constitutive sites may involve
other consensus positions. In the human prelamin A recogni-
tion factor geneNARF, alternative splicing of anAlu-derived
exon is provided by a tissue-dependent adenosine-to-inosine
editing event that creates a splice site.63 At that, it should be
noted that human transcripts are edited more often than
rodent, chicken, and fly transcripts286 and that the majority
of edited sites have been observed withinAlu sequences.287,288

Finally, mutations that create strong sites may lead to
constitutive splicing and be highly deleterious.289-291

Sequencing of several genes withAlu-derived exonized
sequences, both exon extensions and cassette exons, in
multiple primates showed how these events occurred in
evolution.292-294 Exonization caused by creation of splice
sites may occur millions of years afterAlu insertion and may
be reversed. Exonized fragments ofAlu may disrupt the
reading frame, and subsequent insertions or deletions may
restore it. Although most such isoforms seem to be expressed
at a low level and thus not affect the production of the
protein, they still may confer selective disadvantage if the
alternative isoform interferes with the protein functions.295

On the other hand, the fact that the exonizedAlu fragments
persist in different lineages and some of them contain only
in-frame deletions shows that they may have a functional
role.

Sometimes alternative splicing produces downstream
regions that are read in two or even three reading frames.
About 7% of human alternatively spliced genes contain such
regions that are normally rather short296 (average length 133
nucleotides, close to the average exon length). Comparison
with genomic sequences of other vertebrates demonstrates
that such events are usually rather recent (primate-specific),
as in orthologous regions of other species one of the reading
frames is interrupted by a stop codon (about 50% of regions
in rodents and about 80% in chicken). Although at the first
glance such result is exactly what could be expected from
simply aberrant splicing causing downstream frameshifts, this
does not seem to be the case, because the study was
conducted on a set of well-validated alternatively spliced
genes. The functional advantages of such arrangement are

not clear, and one possibility is that they simply represent
evolutionary deadlocks. If so, such a deadlock could be
resolved by duplication of the exon read in several reading
frames, leading to creation of mutually exclusive, indepen-
dently evolving exons. It might be interesting to search for
such examples, although clear-cut cases probably would be
rare.

5. Changes in Alternative Splicing after Gene
Duplication

Alternative splicing is just one mechanism of generating
protein diversity, the other one being duplication of genes
followed by substitutions, insertions, deletions, etc.297 By
analogy to the situation with tissue-specific transcription and
alternative splicing that have been shown to be indepen-
dent,251 one could expect independence between gene
duplication and alternative splicing. But this does not seem
to be the case.

In a study of human gene families duplicated at several
time periods defined by splits of the human lineage with
mouse, pufferfishFugu rubripes, fruit fly D. melanogaster,
and yeastS. cereVisiae, the fraction of alternatively spliced
genes monotonically decreased in larger families.298 A
possible explanation that some types of genes tend to
diversify by duplication while others prefer alternative
splicing has been rejected, because the prevalence of
alternative splicing of singletons whose orthologs are du-
plicated in other species is similar to that of singletons
corresponding to singletons. On the other hand, the situation
is not absolutely clear-cut, since duplicated genes with
singleton orthologs demonstrate higher prevalence of alterna-
tive splicing than duplicated genes whose orthologs are also
duplicated. Finally, it has been mentioned that the observed
difference should not be due to isoform loss in duplicated
genes, since the fraction of alternatively spliced genes was
smallest among recently duplicated genes and largest among
ancient families.

In another study, not only the fact of alternative splicing
but also the number of isoforms was taken into account; the
latter was computed by aligning ESTs and mRNAs to the
genomic sequence and counting the number of alignments
producing a list of exons different from the longest RefSeq
isoform.299 Given that most ESTs do not span an entire gene
but still may cover several adjacent alternative regions, the
obtained estimate is something between the number of
isoforms and the number of elementary alternatives. Gene
families were identified using simple BLAST-based cluster-
ing. Duplicated genes were shown to have less alternative
isoforms than singletons; both the average number of
isoforms and the fraction of alternatively spliced genes were
relatively small for large gene families (>10 members).
Using the protein identity as a proxy for the duplication time,
the authors concluded that the fraction of alternatively spliced
genes is lower among recently duplicated genes compared
with more ancient duplications. Similar results were obtained
on mouse,D. melanogaster, andC. elegansgenes. Finally,
the analysis of human genes duplicated after the human-
mouse split demonstrated that these genes are rarely alter-
natively spliced compared with singletons.

Thus these two studies produced similar results. However,
the interpretation of them was different. One possibility is
the preferred loss of alternative isoforms immediately after
duplication, which is a form of subfunctionalization, that is,
differential loss of functions in duplicated copies.299 On the
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other hand, this scenario does not explain why there are more
alternatively spliced genes among ancient duplicates, unless
one invokes gain of alternative splicing after the initial
postduplication loss. The alternative is simply that alternative
splicing and duplication are independent, balanced mecha-
nisms for generating protein diversity, so that an alternative
isoform is functionally equivalent to a paralog.298 To
determine what model is correct, one would need to
reconstruct the (alternative) exon-intron structures of the
ancestral preduplication genes or, at least, directly compare
the structures of duplicated genes to each other and to an
outgroup genome (say, mouse or dog for human genes).
Another hypothesis that needs to be checked is whether there
is a correlation between alternative splicing in one species
and duplication in another species. In particular, an almost
direct test of the splicing-related subfunctionalization could
be provided by comparing mammalian genes with genes of
teleost fishes that have experienced whole-genome duplica-
tion followed by rapid purging of most duplicated copies.300-303

If the subfunctionalization explanation is correct, one could
expect that fish orthologs of alternatively spliced human
genes would more often retain both duplicated copies
compared with orthologs of constitutively spliced genes.

In one more study, functional consequences of alternative
splicing and gene duplication were considered.304 The
anticorrelation between the fraction of alternatively spliced
genes and the family size was observed both within the
human genome and in the human-mouse and human-
Drosophila comparisons. The degree of coexpression of
alternatively spliced isofoms was similar to that of duplicated
isoforms, and there was no anticorrelation in the expression
patterns of alternatively spliced and duplicated isoforms. The
functional consequences for the protein, naturally, were
different: alternative splicing retains absolute identity in
some (constitutive) regions, whereas the similarity between
alternative regions is rather low, and the pattern of substitu-
tions in duplicated genes is more uniform. The same holds
for the insertion/deletion changes: the ones introduced by
the alternative splicing are much larger than the indels in
duplicated genes. There was little overlap between the indel
positions in homologous alternatively spliced and duplicated
isoforms; however, several interesting cases of parallelism
were observed. While none of these findings are particularly
surprising, they demonstrate that alternative splicing and gene
duplication are independent mechanisms of generating
sequence diversity.

6. Specifics of Selection in Alternatively Spliced
Regions and Regulation of Alternative Splicing

6.1. Evolution Rates in Constitutive and
Alternative Regions

Since the previously discussed studies seem to indicate
that alternative regions often are relatively young, the next
obvious question is what evolutionary forces shape them.
Intuitively, one could expect that they would evolve faster
than constitutive ones, both by an analogy with duplicated
genes305-308 and by a simple assumption that a newly created
isoform needs to adapt to its role. However, the analogy with
duplications is not clear-cut, because recent studies seem to
indicate that genes showing higher sequence conservation
tend to be duplicated more often309 and that the overall rate
of evolution of duplicated genes slows down despite the
initial increase.305 The situation is further complicated by

regulatory sites, exonic splicing enhancers, and silencers that
add an additional layer of selection.

In an early study of just 26 human/other mammal gene
pairs, alternative regions were found to have a higher rate
of nonsynonymous substitutions but a lower rate of synony-
mous ones, than constitutive regions.310 The results of
subsequent studies are summarized in Table 2. As above,
most results were obtained for the human-mouse gene pairs,
although other genome pairs (human-chimpanzee, mouse-
rat, Drosophilaspp.) were also considered.

The published values of the rate of nonsynonymous
substitutions,Ka (aka Kn), and the rate of synonymous
substitutions,Ks, are wildly different, both in constitutive
exons and in alternative ones. There could be several reasons
for that, described in subsequent paragraphs. Overall, it seems
that Ka(alternative) tends to be larger thanKa(constitutive),
although these observations are not very consistent. A slightly
more consistent, although again nonuniversal observation,
is thatKs(alternative)< Ks(constitutive).

Why are the published estimates of the evolutionary rates
so different? First, the results may depend on whether the
genomic conservation is considered sufficient or alternative
exons are taken into account only if there is transcriptomic
evidence for alternative splicing in both genomes.311 Second,
the evolution rates are different for the major and minor
isoform exons311,312 and for N-terminal, internal, and C-
terminal alternative regions;313,314the conservation is stronger
for short exons and near splice sites.249,315,316The latter fact
demonstrates that splicing requirements significantly restrain
the coding sequence and is consistent with the observation
that the evolution rates increase in the regions of former exon
junctions in intronless retroposed genes.317 Third, the evo-
lutionary rates in regions involved in simple alternative
splicing events (cassette exons, alternative sites) and in
complex ones are different: in a human-mouse comparison,
simple regions had higherKa, lower Ks, and, consequently,
higherKa/Ks than complex regions.318 Similarly, the results
on a control sample of constitutively spliced genes or exons
may depend on its composition: as shown in a study that
compared constitutive regions of alternatively spliced genes
with conserved and nonconserved alternatives, the constitu-
tive regions of genes with species-specific alternatives have
higher synonymous and lower nonsynonymous evolution
rates,319 and in general, nonconserved exon-intron structure
yields faster evolution of both constitutive and alternative
exons.320 However, the latter observation is in conflict with
the results of the analysis of several vertebrates: while both
the synonymous substitution rateKs and theKa/Ks ratio are
clearly higher in young exons, both constitutive and alterna-
tive, the remaining exons in genes with such exons show no
difference in evolutionary rates.177 Both nonsynonymous and
especially synonymous substitution rates are lower in exons
flanking long introns; this was ascribed to the presence of
regulatory sites necessary to splice such introns.321

Finally, even seemingly minor technical details might lead
to different results. For instance, there are two ways of
computing the averages: either to calculate the rates for the
entire sample or to calculate the rates separately for each
gene and then take the average. This may influence the
results, because many individual exons are too short for
meaningful calculations of evolutionary rates.313,314,322Since
the distributions of the evolutionary rates are nonsymmetric
and have heavy tails, the median rates are lower than the
averages,312 whereas usually just one of these values is
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reported. The distribution ofKs(alternative) values is con-
spicuously bimodal;320 it might be a sign of two populations
of alternative exons (one highly regulated and thus conserved;
the other showing the same behavior as the constitutive
exons) or simply due to annotation errors (for example, gene
identification methods based on genomic comparison may
mistakenly treat highly conserved intronic regions as can-
didate exons). Finally, all these analyses did not take into
account the hypermutability of CpG dinucleotides, and this
may confound the estimates ofKs and their interpretation.323

On the other hand, the results are largely consistent for
the human-mouse (most studies), mouse-rat, human-
chimpanzee, and fruit flies comparisons (Table 2). These
observations mean that the alternative regions experience
both positive selection on the protein level and stabilizing
selection on the RNA level. The latter makes it difficult to
apply the standardKa/Ks test for positive selection, since it
assumes that the synonymous sites evolve at a neutral rate.
However, application of the McDonald-Kreitman test324 to
human SNPs and human-chimpanzee substitutions demon-
strated that about 9% of amino acid positions in minor
isoform exons experience positive selection, and this fraction
is as high as 25% for exons that are either conserved in the

mouse or dog genomes or belong to genes with high EST
support.325 The major isoform exons and constitutive exons
showed no signs of positive selection.

6.2. Regulatory Sites and Their Evolution
The difference in the synonymous evolution rateKs

between alternative and constitutive exons has been ascribed
to the presence of regulatory sites in the former. Indeed,
higher sequence conservation was observed near splice sites
of alternative exons compared with constitutive ones in
human-mouse,249,315,326human-chimpanzee,327 and rice-
wheat326 comparisons and in predicted exon splicing enhanc-
ers;315 there are also fewer SNPs at exon termini.315,328When
regions of extreme conservation in synonymous codon
positions between the human and mouse genomes were
identified, more than 40% of them fell into alternative regions
(compared with about 10% expected by chance), and these
are enriched in candidate splicing enhancers and depleted
for synonymous SNPs.329 Similarly, SNPs were found to be
avoided in candidate exonic splicing enhancers,328,330 al-
though it is not clear whether this affects predominantly
synonymous codon positions330 or both synonymous and
nonsynonymous positions.328

Table 2. Synonymous (Ks) and Nonsynonymous (Ka) Substitution Rates in Constant and Alternative Regionsa

constant exons
or regions

alternative exons
or regions

ref details Ka Ks ω ) Ka/Ks Ka Ks ω ) Ka/Ks

311

cassette exons
(major/medium/minor),
genome-conserved

0.063 0.756 0.084 0.057/0.069/0.056 0.604/0.507/0.158 0.094/0.136/0.354

cassette exons
(major/medium/minor),
transcriptome-conserved

0.053 0.748 0.071 0.053/0.055/0.059 0.402/0.189/0.117 0.131/0.291/0.500

cassette exons
(major/medium/minor),
mouse-rat

0.018 0.189 0.097 0.017/0.020/0.024 0.147/0.114/0.046 0.117/0.180/0.523

cassette exons
(major/medium/minor),
human-chimpanzee

0.0030 0.0145 0.206 0.0022/0.0036/0.0064 0.0122/0.0113/0.0089 0.182/0.318/0.716

315 cassette exons
(human genome+
rodent transcriptome)

0.103 0.311 0.331 0.058 0.115 0.504

313

gene regions
(N-terminal/internal/C-terminal)

0.068 0.409 0.166 0.077
(0.075/0.074/0.133)

0.410
(0.404/0.421/0.446)

0.187
(0.186/0.176/0.297)

gene regions
(N-terminal/internal/C-terminal)
slow-evolving genes

0.020 0.327 0.061 0.023 0.324 0.071

gene regions
(N-terminal/internal/C-terminal)
medium-evolving genes

0.052 0.422 0.123 0.059 0.420 0.139

gene regions
(N-terminal/internal/C-terminal)
fast-evolving genes

0.135 0.480 0.281 0.147 0.481 0.306

312

cassette exons:
major/minor
or uncertain isoform

0.040 0.873 0.091 0.046/0.062 0.632/0.605 0.144/0.181

cassette exons:
major/minor
medians

0.026 0.588 0.037 0.033/0.043 0.468/0.447 0.069/0.098

cassette exons:
major/minor
human-rat, medians

0.021 0.632 0.030 0.034/0.039 0.486/0.437 0.061/0.082

cassette exons:
major/minor
mouse-rat, medians

0.007 0.192 0.016 0.014/0.019 0.181/0.179 0.070/0.092

249 cassette exons 0.081 0.510 0.158 0.065 0.166 0.390
314 D. melanogaster-D. pseudoobscura

gene regions
(N-terminal/internal/C-terminal)

0.22 0.27 0.81 0.25
(0.23/0.33/0.25)

0.31
(0.36/0.23/0.28)

0.80
(0.62/1.43/0.89)

a Averages for human-mouse comparisons are given unless specified otherwise.
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On the other hand, the above observations contradict the
fact that the arrangement of candidate splicing enhancers is
more conserved in constitutive exons compared with alterna-
tive exons.320 Further, when various features of alternative
exons were analyzed separately, the most important factors
influencing theKa/Ks ratio were exon length and the fact
that an exon overlaps a known protein domain, whereas the
inclusion level and the exonic splicing enhancer density were
less significant.322 These observations are consistent with
candidate exonic splicing enhancers315 and silencers331 being
similarly abundant in constitutive and alternative exons,
although the latter statement itself is subject to dispute,
because more regulatory sites were observed in alternative
exons in a number of studies.326,332,333The resolution of the
latter controversy may be that the relative abundance of
splicing regulatory sites in alternative and constitutive exons
may be different for different classes of regulatory ele-
ments.278

An observation that is not disputed is that both upstream
and downstream intron regions adjacent to alternative exons
are more conserved than introns adjacent to constitutive
exons.241,249,334,335The same holds for alternative donor and
acceptor splice sites, although not for constitutive sites of
the same exons.241 The conservation is even higher for exons
with strictly tissue-specific expression, and such exons are
enriched in known and new regulatory motifs that dictate
the tissue-dependent inclusion pattern.336 On the other hand,
this effect is not limited to alternative splicing. Higher
conservation is observed in introns of all tissue-specific genes
compared with housekeeping ones,337 and intron regions
adjacent to constitutive exons also tend to be conserved
and enriched in candidate exonic splicing silencers, if the
intron contains a strong cryptic splice site that could compete
with the main one; this holds both for donor and acceptor
sites.338

The average length of conserved intronic regions seems
to be about 100-150 nucleotides,335,336and this is consistent
with the length of the region where intronic splicing enhancer
sites seem to occur.339 In rodents, the evolutionary rate in
regions immediately adjacent to splice sites and in first
introns was found to be lower than that in 4-fold synonymous
sites.340 A specific case is that of the NAGNAG alternative
acceptor sites: the upstream intronic 30-nucleotide region
is more conserved than the corresponding region of constitu-
tive sites, although less conserved than the region upstream
of cassette exons.341 Similarly, higher conservation in
adjacent exonic and intronic regions distinguishes alternative
GYNGYN donor sites from constitutive ones.342

Unlike exonic enhancer motifs that are conserved in all
vertebrate species, intronic splicing enhancers seem to be
different in mammals and theFugu fish.343 The candidate
motifs were identified based on two premises: regulatory
sites should be more frequent in the respective regions
compared with intergenic controls, and they should be more
abundant in the vicinity of weak splice sites.

On the other hand, some specific types of motifs, such as
UGCAUG hexamers, which are binding sites for proteins
of the Fox-1 family,344 were found to be conserved in intron
regions adjacent to brain-specific exons in mammals, chicken,
and fish.345 The latter study is a rare example of analysis of
not only computationally predicted but also experimentally
verified sites. Identification of pentamers and hexamers over-
represented in conserved regions flanking cassette exons in
two nematodes,C. elegansandC. briggsae, demonstrated

that (U)GCAUG may be a regulatory motif in these species
as well, and the importance of this site for splicing of one
gene,unc-52 (containing 37 exons, three of which, exons
16, 17 and 18, are alternatively spliced) was confirmed in
experiment.346 This is consistent with the fact that the FOX-1
protein of C. elegansis known to regulate splicing of the
sex determination genexol-1.347

Finally, in Drosophila, longer introns evolve more slowly
than shorter introns348 and tend to flank alternatively spliced
exons.349 One reason for that could be that long introns
contain regulatory sites required either for efficient constitu-
tive splicing of exons flanking such introns or for regulation
of alternative splicing. An additional possibility is that some
intronic conserved regions may serve as sites for recursive
splicing.350 Candidate splice sites are over-represented in long
introns and under-represented in short introns compared with
control (antisense strand) and are conserved between two
genomes of fruit flies,D. melanogasterand D. pseudoob-
scura. Four cases of iterative splicing were confirmed in
experiment.

7. Recognition of Alternative Exons and
Databases of Alternative Splicing

Many of the features of alternative exons and their
evolution discussed above have been used to identify
alternative exons and exonic/intronic splicing enhancers/
silencers. Some methods are listed in Tables 3 and 4. We
do not include methods based on EST analysis or spliced
alignment of ESTs to the genome of origin. Most methods
combine statistical features that distinguish alternative exons
(specific oligonucleotide composition, weaker splice sites,
length) with comparative data (relatively higher conservation,
longer regions of conservation in adjacent introns).

8. Conclusion

Bioinformatics of splicing in general and comparative
genomics of alternative splicing in particular look like
pessimists’ sciences. Neither donor and acceptor splice sites
nor splicing enhancers and silencers can be reliably identified.
No program can absolutely reliably predict even the exon-
intron structure of a constitutively spliced gene, let alone all
isoforms of an alternatively spliced gene, based on genomic
sequence alone. This shows how little we know about
sequence determinants of splicing and its regulation.

Not only fundamental problems, such as the introns-early/
late theories or the functionality of NMD-inducing isoforms,
but much more specific questions are subject to controversy.
To name just a few: Is the prevalence of phase 0 introns
due to older or younger introns? What are the rates of intron
gain and loss in animals and in plants? What was the average
number of introns in the last common ancestor of eukaryotes?
What is the main mechanism of exon gain? What is the
relationship between the exon inclusion level and frame
preservation? Do minor form exons or NMD-inducing
isoforms have a tendency for being tissue-specific? Is there
evidence for subfuncionalization in alternative splicing of
duplicated paralogs? Is there positive selection in alternative
gene regions and stabilizing selection in synonymous codon
positions of alternative exons, and if so, is the latter related
to splicing enhancers? Are splicing enhancers more abundant
in alternative exons compared with constitutive ones? What
is the evolutionary range of exonic and intronic splicing
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enhancers? Does alternative splicing tend to avoid, shuffle,
or disrupt protein domains? etc., etc.

Still, there is ground for cautious optimism as well,
because despite all particular controversies, the emerging
picture seems rather consistent. Splicing is noisy, both in a
cell, due to spontaneous insertion or skipping of exons or
using cryptic sites, and in evolution, since point mutations
easily lead to new alternative splice sites or cassette exons.
The damage from noise is controlled by the nonsense-
mediated decay surveillance mechanism. On the other hand,
this noise provides material for selection of new, beneficial
variants.

A radical theory is that most new exons pass the stage of
being alternative. That is, exonization due to emergence of
a new splice site or duplication creates a new exon that
initially exists as a minor isoform variant. If this isoform is
NMD-inducing or functionally damaging, it is selected
against; on the other hand, if this isoform has useful
properties, it is fixed; its prevalence increases due to

additional mutations strengthening the sites, and, eventually,
it becomes a major isoform or even a constitutive variant.
At the same time, the new alternative region experiences
both relaxed negative selection (since a minor isoform is not
under a strong pressure) and positive selection (which fine-
tunes its function). There also may be a flow of events in
the opposite direction, with constitutive exons becoming
cassette ones due to weakening of their sites. Minor isoform
variants are not only easily born but also easily lost.

Of course, the reality is much more complicated than this
simple and rather dogmatic schema. In particular, an
important process leading to exon shuffling is large-scale
genomic recombination, which creates chimeric genes en-
coding proteins with new combinations of domains and thus
new functional properties. However, this is a completely
different story. It might be interesting to estimate the relative
importance of recombination and alternative splicing-related
mechanisms of generation of new proteins. A technical
problem will be that it involves events occurring at different

Table 3. Methods for Identification of Alternative Exons and Sites

ref name object genome(s) parameters/features
algorithmic
technique

351 none alternative vs
constitutive exons

human and
mouse

exon length,
its divisibility by 3,
sequence conservation
in exon and adjacent introns,
statistics of splice sites,
triplet statistics in
exon and intron

logical rules

352 none alternative vs
constitutive exons

human and
mouse

exon length,
its divisibility by 3,
sequence conservation
in exon and adjacent introns,
statistics of splice sites,
triplet statistics in
exon and intron

support vector
machine

252 ACESCAN alternative vs
constitutive exons

mammals
(human and
mouse)

exon and intron lengths,
sequence conservation,
oligonucleotide composition

regularized least-
squares classifier

353 UNCOVER cassette exons,
exons with 5′- and
3′-extensions
(alternative sites),
retained introns vs
conserved non-
coding regions

human and
mouse

substitution and deletion
frequencies, splice site
statistics, oligonucleotide
composition

pair hidden Markov
model

249 LL(E) alternative vs
constitutive exons

mammals exon length,
its divisibility by 3,
splice site scores, sequence
conservation in exon and
adjacent introns

log-likelihood
discriminator

253, 354 PSEP, ENACE exons vs non-
coding regions

mammals sequence conservation in
protein-coding regions

cross-species EST-
genome and genome-
genome spliced
alignment with post-
processing filters

355 Discipulus alternative vs
constitutive exons;
retained vs
constitutive introns

mammals exon length, nucleotide
composition

genetic programming

356 none exons vs non-
coding regions;
cassette vs
constitutive exons;
retained introns

all genomes
(human and
mouse)

PFAM domains spliced alignment of
protein profiles to
genome using the
Viterbi algorithm
(dynamic
programming)

334 none alternative vs
constitutive exons

D. melanogaster,
D. pseudoobscura

sequence conservation
in exons and adjacent
introns

logical rules applied
to genomic alignment
by VISTA

357 RASE alternative exons
vs introns and
constant exons

C. elegans oligonucleotide compositions,
exon and intron lengths

support vector
machine
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time scales, (fixed) recombinations being relatively rare and
thus more ancient than new exons. At such distances we may
not be able to analyze the fine details of alternative-splicing
evolution.

If the “evolution by alternative splicing” theory is correct,
analysis of multiple genomes and transcriptomes would allow
us to see various stages of this process fixed in different
species. If an exon is constitutive in one species and
alternative in another one, it may be absent in an outgroup
genome, which will indicate that it is a recent invention.
Conversely, if a cassette exon is not conserved, it still may
correspond to a constitutive exon in an outgroup species,
thus showing that we observe a stage of gradual loss. These
events should be accompanied with observable changes in
the splice site strengths.

Conservation of a considerable fraction of NMD-inducing
exons and sites demonstrates that they are also important.
However, they still may not have an independent biological
function of their own but rather serve as regulatory sinks,
whose sole function is to be degraded by NMD if the
produced transcript is no longer needed. If so, their pattern
of evolution should be different; in particular, one might
expect that such isoforms will not be subject to selection on
the protein level but rather be selected on the RNA level, at
least in splicing regulatory sites, enhancers, and silencers.
Superficially, this may manifest as higherKa and lowerKs

compared with constitutive regions, and to distinguish this
from bona fide positive selection, one needs to apply
dedicated tests such as the McDonald-Kreitman test,

analysis of conserved regions within constitutive, translated
alternative, and NMD-inducing exons, and their relationship
with candidate splicing regulatory sites.

One of the lessons of this review is that many observations
of specific facts taken out of a more general context may
have different explanations. Thus we expect that in the near
future the research focus will move toward greater integration
of all aspects of alternative splicing and its evolution and
thus resolve some of the seeming conflicts between results
obtained in more narrow studies. It is important to consider
separately old and new exons, exons that are constitutive in
some species and alternative in others, frame-preserving and
NMD-inducing variants, and major and minor isoforms and
to distinguish between exonized and duplicated exons. It is
also clear that to get a comprehensive picture, one needs to
consider not only cassette exons but other types of elementary
alternatives (mutually exclusive exons, alternative sites,
retained introns). The evolutionary processes may be different
for exons flanked by short introns and long ones, because
the mechanisms of splicing might be different (intron and
exon definition, respectively). Finally, it seems that changes
in one region of a gene (e.g., exon gain) may influence
evolution of other regions.

Of course, such studies will be done on multiple genomes.
This would allow one to deduce the direction of evolution
(e.g., exon gain vs loss) using outgroups, to distinguish
between conserved (hence presumably functional) and spe-
cies-specific (very young, maybe noisy) events, and to
estimate the rate of evolutionary events. Examples of such

Table 4. Methods for Identification of Splicing Regulatory Sites (Exonic and Intronic Splicing Enhancers)

ref name object genome(s) basic idea basic technique

358, 359 RESCUE-ESE exonic splicing
enhancers

mammals
(human, mouse),
fishes (Fugu,
zebrafish)

ESEs are enriched in
constitutive exons,
especially with weak splice
sites, and avoided in introns
near splice sites

statistical analysis of
hexamer frequencies in
various gene regions

343 RESCUE-ISE intronic splicing
enhancers

human, mouse,
fugu

ISEs are enriched in introns
relative to exons and in
introns with weak splice
sites relative to introns with
strong splice sites

statistical analysis of
hexamer frequencies in
various gene regions and
clustering of candidate
motifs

332, 338 ExonScan exonic splicing
silencers

mammals
(human, mouse,
rat, dog)

oligonucleotide motifs
overrepresented in
experimentally identified
decanucleotides are
enriched in exons with
strong splice sites,
alternatively spliced exons,
and pseudoexons

experiment:
fluorescence-activated
screen

360, 361 ESEfinder exonic splicing
enhancers
(binding sites for
four SR proteins)

human profiles (positional weight
matrices) derived from
direct experimental data

experiment: SELEX

346 Wobble Aware Bulk Aligner intronic splicing
enhancers

C. elegansand
C. briggsae

ISEs are overrepresented
and conserved in introns
flanking cassette exons
compared with all introns

hidden Markov model

362 none exonic splicing
enhancers and
silencers

human ESEs and ESSs are,
respectively, enriched and
depleted in internal non-
coding exons compared with
pseudoexons and 5′-UTRs
of intronless genes

statistical analysis of
octamer frequencies;
clustering of candidate
motifs; experimental
validation of several
randomly selected motifs
in artificial splicing
system

363 none exonic splicing
silencers

human ESSs are enriched in
pseudoexons compared with
real exons or flanking
intronic sequences

statistical analysis of
hexamer; clustering of
candidate motifs;
experimental validation
of the candidates
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events are (lineage-specific) gain and loss of cassette exons
and sites, synonymous and nonsynonymous substitutions, and
SNPs. They have to be set in correspondence with the protein
structure (do new exons arise between domains? are entire
domains duplicated?) and for capability for protein coding
or NMD induction, that is, frameshifting and in-frame stop
codons. Further, these studies should benefit from availability
of transcriptomic data in the form of ESTs, exonic, exon-
junction, or tiling oligonucleotide arrays, that would allow
one to identify exons and sites alternative in one species and
constitutive in the other.

We believe that the next few years will provide some
answers and, likely, set many more problems, so, studying
of alternative splicing will continue to generate conflicting
theories, bitter controversies, and new discoveries.
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