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Alternative splicing is an important mechanism of
generating protein diversity and accelerated genome
evolution. The mode of the selection acting in consti-
tutive, major alternative and minor alternative regions of
human genes is different. Whereas constitutive and major
alternative regions tend to evolve under negative (sta-
bilizing) selection, alternatively spliced exons from minor
isoforms experience lower selective pressure at the amino
acid level accompanied by weak selection against syn-
onymous sequence variation. The McDonald-Kreitman
test uses the nucleotide variation for a gene or a set of
genes between and within species to detect the positive
Darwinian selection in the presence of negative selection.
The results of the test suggest that alternatively spliced
exons are also subject to positive selection, with up to 27%
of amino acids fixed by positive selection.

Functional and Evolutionary Roles of
Alternative Splicing

Alternative splicing (AS) is one of the major mechanisms
for generating protein diversity in eukaryotes (Graveley,
2001). By recent estimates, it affects approximately 90% of
the human genes (Wang et al., 2008), with the prevalence of
alternative splicing in invertebrates and plants being lower
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(Ner-Gaon et al., 2007; Kim et al., 2004, 2007; Brett et al.,
2002), and in protists, almost negligible. Alternative
splicing is also important for maintaining protein identity:
if a cell needs two proteins that are exactly identical in
some domains and differ at others (e.g. membrane-bound
antigen receptors and secreted immunoglobulins in
B-lymphocytes), these isoforms are created by alternative
splicing rather than gene duplication.

In addition to its role in development, stage- and tissue-
specific regulation of gene expression, alternative splicing is
important for generating protein diversity in evolution.
Indeed, it has been repeatedly demonstrated that alter-
natively spliced exons and alternative splice sites are less
conserved than constitutive ones in the human—mouse
comparisons (Nurtdinov et al., 2003; Modrek and Lee,
2003) and in the comparison of two Drosophila genomes
and the malarial mosquito (Malko et al., 2006), although
not in nematodes (Irimia ez al., 2008). Moreover, multiple
comparisons allowed for distinction between gain and loss
of exons and demonstrated that alternatively spliced exons
indeed are often young rather than simply deteriorating
(Nurtdinov et al., 2007).

An important arising question was whether species-
specific exons are functional or simply represent splicing
noise. The latter theory was supported by the observation
that many species-specific alternative exons disrupt the
reading frame (Sorek e7 al., 2004). This is an open question,
since one possibility is that these isoforms represent regu-
latory sinks: splice products specifically targeted for
nonsense-mediated decay (McGlincy and Smith, 2008;
Severing et al., 2009).

The raw material for these young introns is provided by
cryptic splice sites and repeats. Indeed, approximately 50%
of disease-causing mutations disrupting splice sites result in
activation of cryptic sites, both donor (approximately
40%) and acceptor (approximately 60%) (Kurmangaliyev
and Gelfand, 2008); mutations may also activate cryptic
sites by improving their fit to the consensus (Kralovicova
and Vorechovsky, 2007). One can follow the birth of
splice sites creating new, alternatively spliced exons by
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comparing the recently duplicated genes. One such gene
family is human MAGE-A (melanoma-associated antigen
A; Artamonova and Gelfand, 2004). The founder gene of
this paralogous family was a retrogene that had no introns.
After several duplication events, the descendant genes
accumulated point differences, some of which created
splice sites in the noncoding 5’ region. When a suitable pre-
existing cryptic site was available, this yielded a new,
alternative cassette exon.

A rich source of cryptic splice sites are repeats, in par-
ticular, Alu repeats. Indeed, dependent on the stringency of
search criteria, 0.1-4% human mature messenger ribo-
nucleic acids (mRNAs) were shown to contain Alu repeats
in the protein-coding region (Gotea and Makatowski,
2006). The Alu consensus contains several cryptic sites,
both donor and acceptor. Activation of such sites, e.g. by
point mutations, creates exon extensions, and in all known
cases such sites are alternative (Lev-Maor et al., 2003;
Sorek et al., 2002). If cryptic sites of both types are utilized,
integration of Alu may create a cassette exon (Zhang and
Chasin, 2006). SINE (short interspersed nuclear element)
retrotransposons B4 and MIR (mammalian interspersed
repeat) also have been implicated in alternative splicing
(Zheng et al., 2005).

One more source of new exons is exon duplication.
Duplicated exons were observed in 11% of human genes
and 7-8% of nematode (Caenorhabditis elegans) and
fruitfly (Drosophila melanogaster) genes. The length of
approximately 60% of duplicated exonsis not divisible by 3
(Letunic et al., 2002) and such exons are likely alternatively
spliced, since their simultaneous incorporation into
mRNA would disrupt the reading frame downstream.

Hence, many, if not most, young exons are alternative.
However, one would expect new exons or exon extensions
to evolve under positive selection. Indeed, if a protein-
coding fragment has been formed from a previously
noncoding region, and has become fixed due to some
advantage it provided, it is very likely that this fragment
is suboptimal, and it would accumulate mutations to
improve its functionality. However, recently duplicated
exons may be fixed if they accumulate differences, similarly
to recently duplicated genes (Jordan et al., 2004). One
example is provided by ion channel genes where incorpo-
ration of mutually exclusive exons yields proteins with
different properties (Stamm et al., 2005). See also: Alter-
native Splicing in the Human Genome and its Evolutionary
Consequences; Alternative Splicing: Cell-type-specific and
Developmental Control; Alternative Splicing: Evolution

Kn/Ks Test

The way to identify positive selection in protein-coding
regions is to compare the nonsynonymous with synony-
mous substitution rates (Kn and Ks, respectively). In a
neutrally evolving region these rates, if correctly normal-
ized for the number of synonymous and nonsynonymous

sites, respectively, are equal. Positive selection manifests as
Kn> Ks, whereas in negatively selected regions Kn < Ks.

However, there are several problems with this approach.
Firstly, it is insufficiently sensitive: only rarely one observes
so strong and ubiquitous positive selection, that it yields
Kn> Ks. Indeed, if only a relatively small fraction of
the sites evolves under positive selection, whereas at the
majority of the sites nonsynonymous substitutions are
mildly deleterious, they would dominate the rates, and
one would still observe Kn< Ks. One way to avoid this
problem is to compute the Kn/Ks ratios at individual
sites, but this requires multiple alignments containing
many sequences of orthologous genes from sufficiently
close species (otherwise, when multiple substitutions have
occurred at one site, the Kn value becomes unreliable).

One may simply compare the average Kn and Ks values
and their ratio in two groups of sequences, for example,
in constitutive and alternative regions. Indeed, it has been
observed that alternative splicing relaxes the selection
pressure against amino acid substitutions, leading to higher
Kn in alternative regions compared to constitutive ones
(Artamonova and Gelfand, 2004; Ermakova et al., 2006).
However, these observations may not be taken as firm
evidence of positive selection, since the same would be
expected under relaxation of negative selection. Moreover,
the Kn/Ks test fails for one additional reason: somewhat
unexpectedly, Ks is generally higher in alternative regions
than in constitutive ones and thus is nonneutral. The pos-
sible reason for that is that alternative exons contain more
splicing regulatory sites, enhancers and silencers, than
constitutive ones. Indeed, the Ks rates have been shown to
be lower near splice sites (Back and Green, 2005; Parmley
and Hurst, 2007; Xing et al., 2006), in exons flanking long
introns (Dewey et al., 2006) and in regions involved in
complex alternative splicing as compared to simple cassette
exons and exon extensions. There are also additional con-
founding effects: the evolutionary rates are different for the
major and minor isoform cassette exons (Xing and Lee,
2005), for N-terminal, internal and C-terminal alternative
regions (Ermakova et al., 2006) and for different types of
elementary alternatives (Malko et al., 2009). See also:
Synonymous and Nonsynonymous Rates

McDonald-Kreitman Test

Although there exist several recently developed approaches
aiming at identification of positive selection signatures in
the human genome (Sabeti ez al., 2006, 2007), they are
not applicable to the case of closely intermixed genomic
regions, characteristic of genomic AS. However, the
availability of the SNP (single nucleotide protein) data
makes it possible to apply more advanced analysis via the
McDonald-Kreitman test (McDonald and Kreitman,
1991), which enables the detection of positive Darwinian
selection in the presence of negative selection (Fay et al.,
2002; Bustamante et al., 2005). This test relies on counting
inter- and intra-species nucleotide differences for a gene or
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a set of genes between and within species. More precisely,
the numbers of synonymous polymorphisms (Ps) and
substitutions (Ds) and the numbers of nonsynonymous
polymorphisms (Pa) and substitutions (Da) are compared
in a contingency table. A statistically significant excess of
nonsynonymous substitutions relative to polymorphisms
(Da/Ds > Pa/Ps) implies positive selection that provides
fixation of advantageous mutations. The fraction o of fixed
amino acid substitutions that cannot be explained by
neutral variation and hence are presumably driven
by positive selection is then estimated as «=1—(Pa/Ps)/
(Da/Ds) (Smith and Eyre-Walker, 2002).

Later, we describe the differences between the rates of
synonymous and nonsynonymous polymorphism and
human—chimpanzee divergence observed in alternative
and constitutive regions of 6672 human genes (Ramensky
et al., 2008). These genes contain 52 151 constitutive and
14 196 alternative exons. Depending on the total number of
proteins, mRNA and EST sequences that cover the cor-
responding exon the latter could be classified into major
(included into at least 2/3 of all isoforms) and minor
(included into less than 2/3 of all isoforms) ones. Exons
were defined as conserved if they had donor and acceptor
sites conserved in at least one of the orthologous mouse and
dog genes, and nonconserved if either the exon or the entire
genes were not conserved in both dog and mouse. The genes
harbour 6465 SNPs and 50 649 human—chimpanzee sub-
stitutions derived from the whole genome alignments.

The ratios Kn/Ks for SNPs and divergence (Table 1) are
very close for constitutive and major alternative regions
but differ more than 2-fold from those for functional minor

alternative regions, confirming that lower negative selec-
tion against amino acid substitutions is characteristic of
these fragments. The fraction o of fixed amino acid sub-
stitutions driven by positive selection equals 0.27 for the
minor alternatives suggesting that they experience positive
selection, unlike the major alternatives and constitutive
exons with o <0 indicating purifying selection (Table 1a).
The Fisher’s test value, F, given in the last column of the
table reflects the probability that the difference between
Da/Ds and Pa/Psis random. Positive selection in the minor
alternatives is still observed when the exons are split into
conserved (¢ =0.35, Table 1b) and nonconserved (x=0.23,
Table 1c).

This is consistent with a notion that new exons emerge by
fixation of aberrant splicing events with subsequent upre-
gulation of functionally useful variants. Indeed, since
minor alternative exons, unlike constitutive and major
alternative ones, seem to be relatively young (Zhang and
Chasin, 2006), they are a natural substrate for positive
selection. The « values in the constitutive and major
alternative exons differ between these two groups, with
negative selection (o< 0) characteristic for the conserved
exons and positive selection (¢>0) dominating in the
nonconserved ones. Thus, all types of nonconserved exons
seem to experience positive selection. Unexpectedly, the
fraction of amino acid substitutions fixed by positive
selection in the conserved minor alternative exons is higher
than that in nonconserved exons (z=0.35 versus &= 0.23).
This fact may be explained by contamination of the minor
isoform sample by aberrantly spliced, nonfunctional
exons, blurring the evidence for selection. Indeed,

Table 1 SNP and divergence density values and the McDonald—Kreitman test

Number of The Fisher’s test
Exon type exons Kn/Ks (SNP) Kn/Ks (Div) o significance
(a) All exons
Constitutive 52151 0.26 0.25 —0.04 0.118
Major 9799 0.26 0.26 —0.02 0.442
Minor 4397 0.55 0.76 0.27 0.001
(b) Conserved exons
Constitutive 42590 0.25 0.23 —0.09 0.008
Major 7218 0.26 0.23 —0.16 0.069
Minor 2023 0.40 0.62 0.35 0.009
(c) Nonconserved exons
Constitutive 9561 0.29 0.32 0.09 0.056
Major 2581 0.27 0.34 0.21 0.052
Minor 2374 0.66 0.85 0.23 0.026
(d) All exons, SNPs with derived allele frequency > 5%
Constitutive 30060 0.25 0.25 0.04 0.149
Major 4801 0.23 0.29 0.19 0.015
Minor 2026 0.54 0.74 0.27 0.012

Notes: The table contains the ratio values Kn/Ks of nonsynonymous substitutions per nonsynonymous site (Kn) to synonymous substitutions per
synonymous site (Ks) for three types of gene regions. Kn and Ks denote both polymorphism densities and divergence, with discriminating labels
‘SNP’ and ‘Div’, respectively. The last column shows the significance computed by the Fisher’s test applied to the 4 numbers organized in a 2-by-2
contingency table. (a) All exons; (b) Conserved exons; (¢c) Nonconserved exons from genes covered by > 60 ESTs and (d) Genes with at least one
SNP with known frequency, only neutral SNPs (both validated and nonvalidated) with the frequency of the derived (new) allele > 5%.
Source: Reproduced from Ramensky ez al. (2008). With permission from Elsevier.
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nonconserved minor alternative exons are always sus-
picious (Sorek et al., 2004), and thus this result should be
re-examined as more data become available.

The McDonald—Kreitman test relies on the assumption
that the polymorphism accounted for is neutral. To elim-
inate potentially mildly deleterious SNPs that might have
accumulated in the human population, for example, as a
result of rapid population expansion, the test was per-
formed with the subset of SNPs for which the frequency of
the derived (new) allele is known and not less than 5%
(Table 1d). With these presumably neutral SNPs, the frac-
tion o of substitutions fixed by positive selection for minor
alternatives is estimated as 0.27, with lower statistical
reliability (Fisher’s test value approximately 0.01). Positive
selection («=0.19) also appears in the major regions sug-
gesting that in the total SNP sample weaker positive
selection in the major exons is masked by the presence of
nonneutral SNPs.

Positive selection could not be observed in earlier studies
relying on comparisons of Kn/Ks values in the alternative
and constitutive regions of pair-wise aligned mammalian
genes (Ermakova et al., 2006), since the latter technique
does not allow one to distinguish between positive selection
and relaxed negative selection. Here, the increase of non-
synonymous diversity in minor isoforms is greater than
that expected due to the relaxation of negative selection
estimated from the polymorphism levels. Hence this
increase can naturally be interpreted as a trace of positive
selection.

The results outlined here have been validated on differ-
ent sets of SNPs (Ramensky ez al., 2008). One should be
aware, however, that the nonsystematic nature of the
polymorphism data may be a potential source of artifactual
effects. Besides, as more mammalian genomes are being
sequenced, an opportunity to use alternative methods for
estimating positive selection based on representative mul-
tiple alignments would emerge. See also: Gene Evolution
and Human Adaptation; Identifying Regions of the
Human Genome that Exhibit Evidence for Positive Selec-
tion; Neutrality and Selection in Molecular Evolution:
Statistical Tests; Purifying Selection: Action on Silent
Sites; Selection Operating on Protein-coding Genes in the
Human Genome

Conclusion

Positive selection shown to operate at about a quarter of
positions in the minor alternative regions is consistent with
the theory that many such exons are relatively young, and
hence not optimal. However, the constitutive and major
alternative regions are similar and evolve mainly under
negative selection. Again, it agrees with other observations
that the properties of the major alternative exons are
similar to those of the constitutive exons (Lev-Maor et al.,
2007). It should be noted that the minor alternative regions
seem to be the first major class of sequences, for which the

positive selection could be demonstrated in the human
genome.
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