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ABSTRACT

Recently there has been much interest in assessing
the role of alternative splicing in evolution. We have
sought to measure functional selection pressure on
alternatively spliced single-exon skips, by calculat-
ing the fraction that are an exact multiple of 3 nt in
length and therefore preserve protein reading-frame
in both the exon-inclusion and exon-skip splice
forms. The frame-preservation ratio (defined as the
number of exons that are an exact multiple of three
in length, divided by the number of exons that are
not) was slightly above random for both constitutive
exons and alternatively spliced exons as a whole in
human and mouse. However, orthologous exons
that were observed to be alternatively spliced in the
expressed sequence tag data from two or more
organisms showed a substantially increased bias to
be frame-preserving. This effect held true only for
exons within the protein coding region, and not
the untranslated region. In five animal genomes
(human, mouse, rat, zebrafish, Drosophila), we
observed an association between these conserved
alternative splicing events and increased selection
pressure for frame-preservation. Surprisingly, this
effect became stronger as a function of decreasing
exon inclusion level: for alternatively spliced exons
that were included in a majority of the gene’s
transcripts, the frame-preservation bias was no
higher than that of constitutive exons, whereas for
alternatively spliced exons that were included in
only a minority of the gene’s transcripts, the frame-
preservation bias increased nearly 20-fold. These
data indicate that a subpopulation of modern
alternative splicing events was present in the com-
mon ancestors of these genomes, and was under
functional selection pressure to preserve the protein
reading frame.

INTRODUCTION

Over the last several years alternative splicing has emerged as
an increasingly important contributor to genomic complexity
and gene function (1-8). In the human genome more than
30 000 alternative splice relationships have been identified
from expressed sequence tag (EST) and mRNA sequences
mapped on the genomic sequence (9), approximately doubling
the number of transcript forms expected from the estimated
32 000 genes (5). Confronted with so many new splice forms
from high-throughput EST sequencing, it is natural to ask
whether these splice forms are functional and if so how they
contribute to regulation of gene function (10-15).

We can categorize several possible impacts of alternative
splicing based on its effect on the transcript and protein
products. First, it can affect mRNA processing and stability,
for example by inducing nonsense mediated decay (NMD)
(13). Secondly, it can replace, extend or truncate the protein’s
N- or C-termini. Thirdly, it can add or remove an internal
segment of the protein sequence, without altering the protein
sequence before or after this point. For this third case, the
exonic region that is alternatively spliced must be an exact
multiple of 3 nt in length; we will refer to such an alternative
splicing event as ‘frame-preserving’ (Fig. 1). Alternative
splicing of an exonic region that is not an exact multiple of 3 nt
will change the reading frame of subsequent exons; we will
refer to this as ‘frame-switching’.

Intuitively, one might expect strong selection pressure for
alternatively spliced exons to be an exact multiple of 3 nt in
length, both because this enables functional units within a
protein to be switched on or off in a modular fashion, and also
because alternative splices that shift the protein reading frame
are more likely to induce nonsense-mediated decay (13).
Indeed, there is some evidence that alternatively spliced exons
in the human genome are biased to be a multiple of three in
length (16). There is also evidence from studies of intron
phase that constitutive exons show selection for frame-
preservation (17). Intron phase zero is defined to be an intron
that sits between two codons; phase one when the intron is
between the first and second nucleotide of a codon; and phase
two when the intron is between the second and third
nucleotides of a codon. Gilbert and co-workers have defined
exons that are flanked by introns with equal phase values as
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‘symmetrical’; this is equivalent to our definition that an exon
is ‘frame-preserving’. Among constitutive exons, it has been
reported that ‘symmetrical’ exons are observed more fre-
quently than expected by random chance, consistent with the
suggestion that there is selection pressure for exons to be
frame-preserving (17). Taking intron phase bias in protein
coding regions into account, the expected frequency of
‘symmetrical’ (i.e. frame-preserving) exons under a random
model is 39.8% (17), but the actual frequency is substantially
higher (45% for constitutive exons in protein coding regions)
(17). Of course, there are likely to be many specific cases
where there is not necessarily selection pressure for an exon to
be frame-preserving.

For any group of alternatively spliced exons, we define the
frame-preservation ratio to be the ratio of the number of exons
that are an exact multiple of three in length, divided by the
number that are not. This metric provides a simple but
potentially revealing measure of functional selection pressure
on alternatively spliced exons. Recently, there has been great
interest in evaluating the potential contribution of alternative
splicing to evolution of mammalian genomes (12,16,18 —21).
In this paper, we describe evidence of significant functional
selection pressure during the evolution of individual alterna-
tive splicing events. We have analyzed orthologous exons
from five genomes ranging from Drosophila to human, to see
which factors in evolution have resulted in selection pressure
for frame-preserving exons. Our analysis is based on pre-
viously described methods for elucidating gene structure and
alternative splicing from mapping of mRNA and EST
sequences onto the genomic sequence (6,9,19). In the first
part of this paper we focus specifically on exon skipping
events (where a single exon is observed to be included in one
transcript form, but skipped in another transcript form, and is
flanked by constitutive exons). In the latter part of the paper
we look at alternative 5" and alternative 3’ splicing events.

MATERIALS AND METHODS
Alternative splicing analysis

We detected alternative splice forms for human, mouse, rat,
zebrafish and Drosophila by mapping mRNA and EST
sequences onto genomic sequence as previously described
(6) using the following data: (i) UniGene EST data (22) from
January 2002 and July 2003 (human and mouse), December
2002 (rat), July 2002 (zebrafish and Drosophila); (ii) genomic
sequence data, July 2003 (human and mouse), July 2002 (rat,
zebrafish and Drosophila). All exon boundaries were checked
for consensus splice site sequences.

Alternative splicing and ortholog data (below) were loaded
into a relational database (MySQL) and analyzed via SQL
queries. We used EST counts to calculate the exon inclusion
level for alternatively spliced exons as previously described
(19,23). P-values were calculated using two methods: Fisher’s
exact test (24), and direct numerical integration as previously
described (25).

We calculated the probability of obtaining a given number
of exons that are alternatively spliced in one genome, from
orthologous exons in another genome. Given n candidate
exons, out of N total exons in a given genome, we calculated
the probability of finding by random chance at least m

alternatively spliced exons (out of the M total alternatively
spliced exons identified in that genome), according to the
hypergeometric distribution (24):

()C)
p(i > m| N,M,n, random) = Z#

=0

For example, out of the N = 66 441 total number of exons in
our mouse data set, M = 3072 were observed to be
alternatively spliced single-exon skips. Starting from human
alternatively spliced single-exon skips, we were able to map
n = 1514 to an orthologous mouse exon. Of these, m = 181
were found to be alternatively spliced single-exon skips in
the mouse EST data. Thus, the P-value for obtaining this
result by random chance calculated from the above expression
is 107306,

Orthologous exon detection

We have employed a conservative method for identifying
orthologous exons, as previously described (19). Briefly, to
identify orthologous genes between human and mouse, we
used pairs of genes reported as reciprocal best matches in the
HomoloGene database (26), using HomoloGene data from
July 2003. To identify orthologous genes for human versus rat,
and human versus zebrafish, we used HomoloGene data from
July 2002. We used all orthologous pairs of genes that we
mapped successfully onto the genomic sequence in our
splicing calculation. However, it should be emphasized that
this approach is limited by the HomoloGene data, and
identifies only a fraction of all possible orthologous genes in
these genomes. We matched exons within orthologous gene
pairs as previously described (19). For each exon sequence, we
used BLAST to search the genomic sequence of the
orthologous gene in the other organism, using a 107
expectation cutoff. We used RepeatMasker to screen out
repetitive sequences for each BLAST step. To align
orthologous exons, we used dynamic programming global
alignment (27) implemented in the program POA (28) as
described in Modrek and Lee (19). To identify orthologous
exons from Drosophila, we searched a database of human or
mouse exon sequences for matches to a given Drosophila
exon sequence, using TBLASTX with a 10710 expectation
cutoff. We required several criteria for assigning an ortholog
for a Drosophila exon: (i) the TBLASTX hit must cover the
full-length of the exon allowing at most 10 nt of mismatch
total at the ends; (ii) the length of the Drosophila exon must
match that of the homologous exon to within 25%; in most
cases the exons had the same length or differed by only a few
nucleotides; (iii) the inferred amino acid sequences must have
at least 50% identity; (iv) for previously characterized genes,
the candidate orthology was checked against published
literature.

Alternative 5 and alternative 3’ splicing analysis

We also identified alternative 5" and 3’ splicing in human and
mouse, by looking for alternative splices that selected
different splice sites in a single exon, altering the length of
this exon that was included in transcripts (see Fig. 6). For
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Alternatively spliced exon is frame-preserving if exon length is an exact multiple
of three nucleotides: does not modify downstream protein sequence
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Figure 1. Exon length determines whether an alternatively spliced single-exon skip is frame-preserving or frame-switching. We define an alternatively spliced
exon as frame-preserving if its length is an exact multiple of 3 nt, as its alternative splicing will not alter the protein reading frame of subsequence exons

(top).

alternative 5’ splicing, we detected 1164 cases in human and
776 in mouse; for alternative 3" splicing, we detected 2008 in
human and 1322 in mouse. The criteria for matching
orthologous exons were modified from the description
above, simply by adding a requirement of 80% sequence
identity within the constitutively included region of the exon,
and 70% sequence identity for the alternatively included
region of the exon.

URLSs

Our results will be made available upon publication at http://
www .bioinformatics.ucla.edu/ASAP. We used the UniGene
(ftp://ftp.ncbi.nih.gov/repository/UniGene/) and (ftp://ftp.ncbi.
nih.gov/pub/HomoloGene/) databases for our analysis. We
downloaded genomic sequence from ftp://ftp.ncbi.nih.gov/
genomes/H_sapiens (human sequence 2002), ftp://ftp.ensembl.
org/pub/current_human/ (human sequence, 2003), ftp://ftp.
ensembl.org/pub/current_mouse/ (mouse sequence), ftp://
rat-ftp.hgsc.bcm.tcm.edu/pub/analysis/rat/chromosome  (rat
sequence), ftp://ftp.ensembl.org/pub/assembly/zebrafish/
Zv2release/ (zebrafish sequence) and http://www.fruitfly.org/
sequence/release3download.shtml (Drosophila sequence).

RESULTS

Alternative splicing in the human and mouse genomes
does not appear to preserve frame

We have performed separate genome-wide analyses of the
exon frame-preservation ratio in human, and also in mouse
(Fig. 2 and Table 1), comparing constitutive exons (defined as
those that are always included in the transcript) and alterna-
tively spliced single-exon skips (individual exons that are
included in some transcripts but skipped in other transcripts
for that gene, and flanked by constitutive exons). In our data
set of 44 312 constitutive exons and 7112 alternatively spliced
exons from the 2003 human data set, and 58 326 constitutive
exons and 3072 alternatively spliced exons from the 2002
mouse data set, constitutive exons showed little bias to be

Constitutive @ 6
Alternative 6 6

Mouse

N &3
9

Figure 2. Genome-wide analysis of exon frame-preservation in human and
mouse. Data for human (top) and mouse (bottom) are subdivided into con-
stitutive exons (Constitutive) versus alternatively spliced single-exon skips
(Alternative). CR indicates the subset of exons within each group that are
within the protein coding region. Each pie chart shows the fraction of exons
whose lengths are frame-preserving (exon length an exact multiple of 3 nt,
black), versus frame-switching (white, gray).
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frame-preserving (38.8% were frame-preserving in human,
and 39.3% in mouse). Alternatively spliced exons were
similar: 39.7% were frame-preserving in human, and 42.0% in
mouse. Out of all possible exon lengths, only one-third (33%)
are exact multiples of 3 nt. Therefore, the expected probability
by pure random chance that a given exon is frame-preserving
(an exact multiple of 3 nt in length) is 33%. Thus, both
constitutive and alternatively spliced exons are 6-9% more
likely to be frame-preserving than expected by this simple
random model, but alternatively spliced exons are only 1-3%
more likely to be frame-preserving than constitutive exons.
For exons within the protein coding region, alternatively
spliced exons were slightly more likely to be frame-preserving
(41.6% in human, 44.7% in mouse) than constitutive exons
(39.7% in human, 39.5% in mouse). Taking intron phase bias
in protein coding regions into account, the expected frequency
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Table 1. Exon frame-preservation in human and mouse?

All CR UTR
Frame 0 Frame 1 Frame 2 Frame 0 Frame 1 Frame 2 Frame 0 Frame 1 Frame 2
Human
Constitutive exons 17 205 13 611 13 496 13 242 10 151 9996 3399 2888 2731
Alternatively spliced 2820 2167 2125 2092 1463 1477 818 756 711
Mouse
Constitutive exons 22 897 17 824 17 605 17 983 13 893 13 647 3907 3229 3166
Alternatively spliced 1289 924 859 804 516 478 349 318 300

Throughout this table ‘frame N’ means the remainder after dividing the exon length by three; thus ‘frame 0’ is frame-preserving (an exact multiple of 3 nt),
while frame 1 and frame 2 are frame-switching (not an exact multiple of three). CR, protein coding region; UTR, untranslated region.

aSee Figure 2.

of frame-preserving exons under a random model is 39.8%
(17), and for constitutive exons has been observed to range as
high as 45% (17). Thus, alternatively spliced exons do not
appear to show a marked increase in frame-preservation
relative to constitutive exons.

In evaluating alternatively spliced exons identified from
EST data, several studies have checked whether these exons
are conserved in the orthologous gene sequences of related
organisms (12,16,18-21). Significant sequence conservation
of an exon in two or more related genomes implies selection
pressure for conservation of that exon, suggesting that it is
more likely to be functional. To assess whether genomic
conservation of an exon between human and mouse might
correlate with increased selection pressure for frame-
preserving exons, we examined a subset of alternatively
spliced exons from each genome that were conserved in the
genomic sequence of the orthologous gene in the other
genome (Fig. 3). Orthologous exon pairs between human and
mouse showed a high level of homology (87% sequence
identity, on average). However, these conserved orthologous
exons showed no increase in frame-preservation (41.2% in
human, 34.7% in mouse), even when restricted to just those
within the protein coding region (40.9% in human, 38.0% in
mouse). It should be emphasized that these data represent
exons that were conserved in the genomic sequence of both
genomes, but which were not necessarily observed to be
alternatively spliced in ESTs from both species.

Conserved alternative splicing events show increased
selection pressure to preserve frame

It has previously been reported that human alternatively
spliced exons have a high probability to be frame-preserving,
if the orthologous exon in mouse is also observed to be
alternatively spliced (16). We have examined this question via
comparison of alternative splicing data from three genomes
(human, mouse and rat; Fig. 3 and Table 2). In all three cases
we observed a significant increase in frame-preservation when
the exon is also observed to be alternatively spliced in ESTs
from a second species (51.8% for human verus mouse; 51.9%
for mouse versus human; 70% for human versus rat). All of
these results were statistically significant, with P-values of
0.0064—-0.000021 (Table 2). As a confirmation that this reflects
functional pressure for preserving protein coding, we found
that this increase was observed only in exons within the
protein coding region (53.0% in human versus mouse; 63.6%
in mouse versus human; 72% in human versus rat), and not
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Figure 3. Frame-preservation selection pressure for orthologous alterna-
tively spliced single-exon skips. Alternatively spliced exons from one
organism were matched to orthologous exons in a second genome (see
Materials and Methods), and divided into two categories. Genomic conserv-
ation, conserved in the genomic sequence (but not observed to be alterna-
tively spliced in the second organism); conservation of alternative splicing
in ESTs, also observed to be alternatively spliced in ESTs from the second
organism. CR indicates the subset of exons within each group that are with-
in the protein coding region; UTR indicates the subset of exons within each
group that were within the untranslated region. Each pie chart shows the
fraction of exons whose lengths are frame-preserving (exon length an exact
multiple of 3 nt, black), versus frame-switching (white, gray). The human
versus rat UTR data had insufficient counts for statistical significance.

UTR

Genomic conservation

Conservation of alternative
splicing in ESTs

within the untranslated region (UTR) (26.2% in human versus
mouse; 44% in mouse versus human; insufficient counts for
human versus rat).

Conservation of a specific characteristic between two
related organisms is commonly interpreted as evidence that
this characteristic was inherited from (and present in) their
common ancestor. Thus, just as conservation of an exon
sequence between the human and mouse genomes suggests
that this exon was present in their common ancestor,
observation of the identical alternative splicing pattern for a
given exon in both human and mouse EST data suggests that
this alternative splicing event was also present in their
common ancestor. The fact that these conserved alternative
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All
Frame 0

Frame 1 Frame 2 Frame O

CR UTR
Frame 1 Frame 2 Frame O Frame 1 Frame 2

Human versus mouse

Genomic conservation, but not alternatively spliced in mouse 381

Alternatively spliced in both 86

P-value 0.0058
Mouse versus human

Genomic conservation, but not alternatively spliced in human 138

Alternatively spliced in both 109

P-value 0.000021
Human versus rat

Genomic conservation, but not alternatively spliced in both 158

Alternatively spliced in both 21

P-value 0.0059

264 279 328 228 245 110 78 83

36 44 71 26 37 11 19 12
0.0047

122 138 70 56 58 21 14 17

47 54 35 9 11 7 4 5

0.00042

82 104 150 75 101 20 18 17

3 6 18 2 5 5 2 3
0.0064

CR, the protein coding region; UTR, untranslated region.
aSee Figure 3.

splicing events display a markedly different frame-preserv-
ation ratio compared with other alternatively spliced exons
supports this hypothesis, since it shows that they represent a
distinct subpopulation and not just a random sampling of
alternatively spliced exons as a whole. We will refer to this
subpopulation of alternative splicing events that are observed
in ESTs from both organisms as ‘conserved alternative
splicing events’ (12,16), to distinguish them from conserved
exons (i.e. conservation of the exon sequence in two or more
genomes).

To further assess the hypothesis that conserved alternative
splicing events are associated with increased selection pres-
sure for frame-preservation, we analyzed alternative splicing
of orthologous exons in five different genomes: human (Hs),
mouse (Mm), rat (Rn), zebrafish (Dr) and Drosophila (Dm).
Since there is much less EST data available for the latter
organisms, we identified far fewer alternative splicing events
in these organisms (Fig. 4A and Table 3). It should also be
noted that the orthologous exon counts in this analysis are
limited by the smaller fraction of genes that can reliably be
mapped as orthologs in these genomes (see Materials and
Methods). For organisms in which the available EST data
revealed a relatively small number of alternatively spliced
exons (52 in zebrafish, and ~300 each in rat and Drosophila),
the fraction of these alternative splicing events that were also
observed in another organism was high (Fig. 4B). For
example, among alternative splice events observed in rat,
38% were also observed in mouse ESTs for the orthologous
gene. In contrast, among alternative splice events observed in
human, only 12% were also observed in mouse ESTs for the
orthologous gene.

Does the conservation of these alternative splice events
indicate that they were inherited from a common ancestor, or
might they simply have arisen by chance during the separate
evolution of these genomes? In all cases, the observed level of
conservation of alternative splicing events was significantly
higher than expected by random chance, suggesting that they
reflect ancestral alternative splicing events that have been
inherited from the common ancestors of these organisms. For
example, even the lowest rate of conservation of alternative
splicing events (observed in human: 12% of human alterna-
tively spliced single-exon skips were also observed to be

alternatively spliced as single-exon skips in mouse ESTs) was
much greater than expected by random chance. Only 4.6% of
mouse exons were observed to be alternatively spliced single-
exon skips. Thus, for a randomly selected human exon, there is
a 4.6% chance that its orthologous exon in mouse would be
observed to be alternatively spliced as a single-exon skip in
mouse ESTs. Overall, the probability of obtaining our
observed result (181 out of 1514 counts = 12%) by random
chance is <1030 (see Materials and Methods). Similarly,
whereas only 8.5% of the human exons in our data set were
alternatively spliced (single-exon skips), 27.9% (181 out of
649) of mouse alternatively spliced single-exon skips mapped
to orthologous human exons that were observed to be
alternatively spliced single-exon skips in human ESTs. The
probability of this occurring by random chance is <10~#". This
indicates that these events reflect ancestral alternative splicing
events that have been inherited from the common ancestors of
these organisms.

The elevated level of conserved alternative splicing events
observed in rat, zebrafish and Drosophila (Fig. 4B) was
associated with a 2-fold increase in the frame-preservation
ratio (Fig. 4C). Whereas the total set of alternatively spliced
exons detected in human ESTs had almost the same frame-
preservation ratio as constitutive exons in human, alternatively
spliced exons detected in rat, zebrafish and Drosophila had a
frame-preservation ratio 2-fold higher than that of the
constitutive exons in each species. Thus, throughout these
five genomes there appears to be an association between
conserved alternative splicing events and increased selection
pressure for exons to preserve frame.

Exon inclusion level is negatively correlated with the
frame-preservation ratio

We have previously reported that the fractional level of
inclusion of an alternatively spliced exon in ESTs (defined as
the number of ESTs which include the exon, divided by the
total number of ESTs that either include or skip the exon)
appears to be an important determinant in exon evolution (19).
To examine whether exon inclusion level plays any role in
selection pressure for frame-preservation, we calculated the
frame-preservation ratio for alternative splicing events that
were conserved between human and mouse, grouping them
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Figure 4. Conservation of alternative splicing single-exon skip events and
frame-preservation selection pressure in five animal genomes. Data are
shown for human (Hs), mouse (Mm), Drosophila (Dm), rat (Rn) and zebra-
fish (Dr). (A) The number of alternatively spliced single-exon skips detected
for each species. (B) The fraction of orthologous alternatively spliced
single-exon skips in each species that were also observed to be alternatively
spliced in a second, reference species (black bars: mouse was used as the
reference species; gray bars: human was used as the reference). (C) The
relative frame-preservation ratio of alternatively spliced single-exon skips
for each species. The relative frame-preservation ratio was calculated by
taking the number of alternatively spliced exons that were frame-preserving,
divided by the number that were not, divided by the same ratio for
constitutively spliced exons.

o
g
|

3

Frame-preservation ratio
(=] -
8 8

Dm Fn Or

into three sets by exon inclusion level (0-33%, 33-66%, 66—
100%). These data show a negative correlation between the
exon inclusion level and frame-preservation ratio, both in
human and in mouse (Fig. 5 and Table 4). Whereas alternative
exons with a high inclusion level had a frame-preservation
ratio almost identical to that of constitutive exons, alternative
exons with a low inclusion level had a frame-preservation
ratio five to seven times higher. For alternative exons within
the protein coding region only, this shift is even stronger

(18- to 19-fold; data not shown). These results are statistically
significant (P-values of 10 %9 to 10737; see Table 4).

Alternative 5’ splicing and alternative 3’ splicing data
sets confirm that conserved alternative splicing is
associated with selection pressure for frame-preservation

All of the results described so far were restricted to alternative
splices that caused exon skipping (i.e. an alternative splice
form that excludes an entire exon). To check whether our
results are a general pattern, we have repeated our analysis on
two different forms of alternative splicing: alternative 5’
splicing (in which alternative usage of two different 5" splice
sites changes the amount of an exon that is retained in the
transcript; see Fig. 6), and alternative 3" splicing (alternative
usage of two different 3" splicing sites). In the total set of
alternative 5’ or alternative 3’ splices, the length of the
alternative spliced region showed little selection pressure for
frame-preservation (Fig. 6 and Table 5). In contrast, the subset
of alternative 5” splices in human that were conserved in
mouse again showed significantly increased frame-preserva-
tion (Fig. 6). Similar results were observed for mouse
alternative 5’ splices, and for alternative 3’ splices in human,
and in mouse. Overall, these data are statistically significant
(P-value 0.013).

DISCUSSION

EST data require careful interpretation for many reasons:
potential experimental artifacts, clustering errors, incomplete
coverage issues and sampling bias (7,8,12,29). For example,
most alternative splicing researchers would agree that a single
EST observation of a novel splice form does not constitute
strong evidence of an authentic biological phenomenon. In
contrast, sequence conservation in the genome sequences of
related organisms is often viewed as highly significant, and
has spawned an entire research field (comparative genomics).

From this point of view, our frame-preservation data are
surprising. On the one hand, conservation of the exon in the
genomic sequence of another species is associated with no
significant increase in functional selection pressure (i.e.
frame-preservation; compare Figs 2 and 3). On the other
hand, observation of an EST from another species displaying
the same alternative splice is associated with a significant
increase in frame-preservation (see Fig. 3). For example,
40.9% of human alternatively spliced exons in the protein
coding region are frame-preserving (even if they are con-
served in the mouse genomic sequence), similar to constitutive
exons (39.7%). But if such an exon is also observed to be
alternatively spliced in rat ESTs, the probability that the exon
is frame-preserving rises to 72%. In many cases this
determination depended on the observation of a single EST
from rat showing an alternative splice. It seems remarkable
that observation of a single rat EST can tell us whether the
exon’s length in the human genome will likely be frame-
preserving or not. Although one might be tempted to dismiss
such an odd result as a fluke, multiple lines of evidence
support it. This was obtained as a statistically significant result
in independent comparisons of human exons versus rat ESTs,
human exons versus mouse ESTs, and mouse exons versus
human ESTs, and supported by further data from rat, zebrafish
and Drosophila. This is evidently a general pattern, as it was
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Mapped ESTs Exon skips

Versus human 2002
Mapped to ortholog

Versus mouse 2002
Alternatively Mapped to ortholog

spliced in both

Alternatively
spliced in both

1 992 958 8177

Mouse 1 560 419 3072 649
Drosophila 186 815 306 15
Rat 91 590 295 76
Zebrafish 73 754 52 7

Human

1514 181
181
6 7 3
35 98 37
3

aSee Figure 4.

observed both for exon-skip alternative splicing (Fig. 2), and
alternative 5" and alternative 3 splicing (Fig. 6). In contrast,
no such increase was observed for alternatively spliced exons
in the UTR, indicating that this result does reflect selection
pressure for maintaining the protein reading frame. Moreover,
our data indicate that EST observations are meaningful for
frame-preservation not only qualitatively, but quantitatively.
The exon inclusion level measured from EST counts has a
strong negative correlation with the frame-preservation ratio,
which is nearly 20-fold higher for alternatively spliced single-
exon skips with a low inclusion level than for those with a high
inclusion level.

We hypothesize that there exists a distinct set of alternative
splicing events that were present in the common ancestors of
the organisms included in this study. We have found that
conservation of alternative splicing in ESTs from different
organisms was observed much more frequently than expected
by random chance (e.g. P-value 1030 for the human versus
mouse comparison). This suggests that the observed conser-
vation of alternative splicing patterns is not a random
coincidence, but instead reflects inheritance of alternative
splicing events from a common ancestor. This is supported by
the fact that these putative ancestral alternative splicing events
display markedly increased frame-preservation, relative to
other alternatively spliced exons. For all five of the genomes
included in this study, conserved alternative splicing appears
to represent a population of exons specialized for modular
alteration of protein architecture.

It is interesting to note that these conserved alternative
splicing events appear to be enriched among the first, most
easily detected alternative splices for each organism. That is,
in organisms with less EST data and correspondingly few
alternative splices detected, we found a much higher fraction
of these events to be observed also in ESTs from another
species (see Fig. 4A and B). Further work is needed to assess
whether this is a generally valid pattern, and if so, to
investigate why. For example, it may be that alternative
splicing in highly expressed genes tends to be more ancient in
origin than alternative splicing as a whole in any given
species, or that alternative splicing in highly expressed genes
is more conserved within these five organisms than alternative
splicing in other genes is.

The observation that exon inclusion level is negatively
correlated with selection pressure for frame-preservation
raises additional questions about the role that alternative
splicing may have played during the evolution of the human
and mouse genomes. At first glance, this result may seem
paradoxical. We have previously defined ‘major-form’ exons
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Figure 5. The frame-preservation ratio of conserved alternatively spliced
single-exon skips, as a function of exon inclusion level. We divided alterna-
tively spliced single-exon skips into three groups by exon inclusion level
(0-33%, 33-66% and 66-100%), and calculated the frame-preservation
ratio for each group. As a control, we also calculated the frame-preservation
ratio for constitutively spliced exons (constit). (A) Human alternatively
spliced exons. (B) Mouse alternatively spliced exons. Both data sets were
restricted to the set of exons that were also observed to be alternatively
spliced in the other organism.

as those which are included in the majority of transcripts (exon
inclusion level >50%), and ‘minor-form’ exons as those which
are included in only a minority of transcripts (exon inclusion
level <50%) (19). The minor-form exons in our data set have
less EST evidence than the major-form exons, and good
questions have been raised about whether minor-form exons
detected from ESTs are real biological forms, and specifically
whether they generate functional proteins (12,13,19). In
contrast, our data in Figure 5 indicate that minor-form exons
show the strongest evidence of functional selection pressure (a
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nearly 20-fold increase in the frame-preservation ratio), while
major-form exons show almost no evidence of functional
selection pressure by the same criterion.

How can there be such a striking difference between minor-
form versus major-form exons? One possible interpretation is
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Figure 6. Frame-preservation selection pressure for alternative 5" and altern-
ative 3" splicing. Alternatively spliced exons from one organism were
matched to orthologous exons in a second genome. Each pie chart shows
the fraction of exons whose lengths are frame-preserving (exon length an
exact multiple of 3 nt, black), versus frame-switching (white, gray).

Mouse aliernafive splices

Mouse alternative splices
conserved in human ESTs

Table 4. Frame-preservation ratio as a function of exon inclusion level?

Frame 0 Frame 1 Frame 2  Ratio
Human versus mouse
Exon inclusion level
0-33% 28 2 4 4.67
33-66% 20 8 10 1.11
66—-100% 38 26 30 0.68
Constitutive exon 17 205 13 611 13 496 0.63
P-value 0.00000012
Mouse versus human
Exon inclusion level
0-33% 29 6 3 3.22
33-66% 35 10 16 1.35
66—-100% 45 31 35 0.68
Constitutive exon 20 444 15 970 15 618 0.65
P-value 0.0000019

aSee Figure 5.

Table 5. Frame-preservation for alternative 5" and 3’ splices?

that the alternative splicing of an exon may arise by different
mechanisms in these two groups. We can hypothesize that a
novel splice form created during evolution is more likely to
initially be expressed at a lower level than the original form of
the transcript, instead of a higher level. If an exon were
originally constitutive (included in 100% of transcripts of a
gene), and a new splice that skips the exon were introduced,
we would expect the new splice form to be produced as <50%
of the gene’s transcripts, resulting in the transformation of a
constitutive exon to a ‘major-form’ alternatively spliced exon.
Our data show that for constitutive exons there is apparently
little selective advantage for frame-preservation, in agreement
with previous reports (16). Major-form exons are almost
exactly like constitutive exons in their lack of selection
pressure for frame-preservation (see Fig. 5), as one might
expect under this model. In contrast, if a new exon were
introduced into an existing gene by alternative splicing, this
model would predict it to arise as a minor-form exon (included
in <50% of the gene’s transcripts). Thus, the model suggests
major-form exons might arise from constitutive exons (by
introduction of an alternative splice that skips the exon),
whereas minor-form exons might arise from the addition of a
new exon in the transcript sequence. One prediction of this
model is that minor-form exons would be predicted to be more
recent in evolutionary origin than major-form exons. We
recently presented independent evidence from comparison of
three genomes that this may indeed be the case (19).

Such different mechanisms could give rise to different
levels of selection pressure for frame-preservation, such as
the following speculative model. In the major-form case,
the novel splice form removes an existing segment of the
functioning protein. For example, this might remove the
regulatory domain from a protein, leaving its catalytic domain
constitutively active in tissues expressing the novel splice
form. Since the primary functional consequence of such a
removal is disruption of an existing functional segment, it does
not seem critically important whether this removal is confined
strictly to a single exon (by preserving the reading frame of
subsequent exons) or affects multiple exons (due to a
frameshift). The latter case could still produce a useful
functional impact (for example, induction of NMD). In
contrast, in the minor-form case, the novel splice form inserts
a new sequence into the protein. Unlike the major-form case
(removal), this introduces a new sequence segment into the
protein that can be positively selected if it produces some
functional benefit. For this new minor form to become fixed in
the population and retained through the subsequent evolution
of multiple descendant genomes as we have observed, it would

Alternative 5

Alternative 3"

Frame 0 Frame 1 Frame 2 Frame 0 Frame 1 Frame 2
Human
Alternatively spliced in human ESTs 453 358 353 794 616 598
Alternatively spliced in both human and mouse ESTs 15 6 8 17 6 12
Mouse
Alternatively spliced in mouse ESTs 298 245 233 545 396 381
Alternatively spliced in both mouse and human ESTs 15 5 9 16 6 13

4See Figure 6.



likely be under strong pressure to preserve the reading frame
of the rest of the existing protein.
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