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ABSTRACT

Recent studies report that alternatively spliced exons tend to occur in longer introns, which is attributed to the length
constraints for splice site pairing for the two major splicing mechanisms, intron definition versus exon definition. Using genome-
wide studies of EST and microarray data from human and mouse, we have analyzed the distribution of various subsets of
alternatively spliced exons, based on their inclusion level and evolutionary history, versus increasing intron length. Alternative
exons may be included in either a major or minor fraction of all transcripts (known as major-form and minor-form exons,
respectively). We find that major-form exons are seven- to eightfold more likely to be contained in short introns (<400 nt) than
minor-form exons, which occur preferentially in longer introns. Since minor-form exons are more likely to be novel (~75%),
this implied that novel exons arise more frequently in longer introns. To test this hypothesis, we used whole genome alignments
to classify exons according to their phylogenetic age. We find that older exons, i.e., exons that are conserved in all mammals,
predominate at shorter intron lengths, for both major- and minor-form exons. In contrast, exons that arose recently during
primate evolution are more prevalent at longer intron lengths (>1000 nt). This suggests that the observed correlation of longer
intron lengths with alternatively spliced exons may be at least partly due to biases in the probability of exon creation, which is
higher in long introns.
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INTRODUCTION Recently, several studies have suggested that intron
length can play an important role in governing alternative
splicing, both in Drosophila and in the human genome
(Fox-Walsh et al. 2005; Dewey et al. 2006; Kim et al.
2007b). Specifically, recent bioinformatics analyses of ge-
nome databases showed that exons flanked by longer in-
trons were much more likely to be alternatively spliced
compared with exons flanked by short introns (Fox-Walsh
et al. 2005; Kim et al. 2007b). In vitro splicing assays for
Drosophila doublesex/fruitless gene constructs with varying
intron lengths linked this effect to a switch from the intron
definition mechanism to exon definition (Fox-Walsh et al.
2005). These experiments indicated that intron definition
was much more efficient than exon definition at splicing
exons with weak splice sites. Since the exon definition

A central theme in the study of alternative splicing has
been the elucidation of factors that affect the regulation of
splicing, including splice sites, spliceosomal proteins, splic-
ing factors, and their binding sites, such as exonic splicing
enhancers (ESEs) and silencers (ESSs) (Black 2003; Wang
et al. 2006). It has long been known that intron length and
exon length were crucial factors for efficient splicing,
because of the length constraints for splice site pairing for
the two major splicing mechanisms, intron definition ver-
sus exon definition (Talerico and Berget 1994; Berget 1995;
Sterner et al. 1996; Romfo et al. 2000).
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mechanism becomes dominant when the flanking introns
are long, the investigators suggested that the probability of
exon skipping would rise with increasing intron length,
providing a straightforward explanation for the observed
positive correlation between intron length and alternative
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splicing. These results suggested that intron length is an
important causal factor that determines which exons are
alternatively spliced rather than constitutively spliced.

Intron length can affect many processes in addition to
the switch between intron definition versus exon definition
(Moriyama et al. 1998; Deutsch and Long 1999; Marais
et al. 2005). Thus, one question that bears consideration is
whether some other mechanism might explain the corre-
lation of intron length with increased alternative splicing.
For example, since alternative splicing is strongly associated
with recent exon creation events (Sorek et al. 2002; Boue
et al. 2003; Lev-Maor et al. 2003; Modrek and Lee 2003;
Artamonova and Gelfand 2004; Ast 2004; Lareau et al.
2004; Pan et al. 2004; Singer et al. 2004; Cusack and Wolfe
2005; Xing and Lee 2006; Alekseyenko et al. 2007), if novel
exons are simply created more frequently in long introns
than in short introns, that could also explain these results.
For example, a recent study of exon creation in vertebrate
genome evolution found that creation of novel splice sites
via point mutations was one of the predominant mecha-
nisms of exon creation (Alekseyenko et al. 2007). Since the
probability of exon creation would therefore be expected to
be proportional to the number of mutable sites in an in-
tron, this model would predict that longer introns should
have a higher probability of containing recently created exons.

This represents a very different interpretation of the
observed effect. The original model attributed these re-
sults to the current functional constraints of splicing
mechanisms—the length constraints of intron definition
versus exon definition. In contrast, the evolutionary expla-
nation would suggest that these patterns might not be
functional, and may simply reflect biases in the probability
of exon creation during genome evolution.

One way to investigate these contrasting models is
provided by the observation that distinct types of alterna-
tive splicing can be distinguished by their inclusion level,
defined as the fraction of transcripts of a gene that include
a specific alternative exon. Specifically, many studies have
shown that minor-form exons (defined as alternative exons
with low inclusion levels that constitute a small fraction of
the total transcripts from the gene) have quite different
evolutionary characteristics than major-form exons (de-
fined as alternative exons with high inclusion levels that
constitute the majority of the total transcripts) (Modrek
and Lee 2003; Lareau et al. 2004; Pan et al. 2004; Resch
et al. 2004; Baek and Green 2005; Cusack and Wolfe 2005;
Wang et al. 2005; Xing and Lee 2005, 2006; Malko et al.
2006; Alekseyenko et al. 2007; Irimia et al. 2007a). Whereas
major-form exons and constitutive exons are generally
ancient (>90% are older than 300 million years [Myr])
(Alekseyenko et al. 2007), minor-form exons have under-
gone a much higher rate of exon creation during vertebrate
evolution, and >80% of current minor-form exons were
created within the last 300 Myr of vertebrate evolution
(Alekseyenko et al. 2007).
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Thus, one obvious question is whether there is a signifi-
cant difference in intron lengths between major- and minor-
form exons, and to examine their possible evolutionary basis.
In this paper, we analyzed this question using three indepen-
dent datasets for measuring exon inclusion levels: (1) human
EST data, (2) mouse EST data, and (3) microarray quanti-
tation of exon skipping in mouse tissue samples (Pan et al.
2006). We further subdivided our analyses into the separate
effects of upstream and downstream intron lengths, as well
as exon length. Next, using large-scale genome alignments
(e.g., the alignment of 17 vertebrate genomes from human
to fish, obtained from the UCSC Genome Browser at http://
genome.ucsc.edu/; Kuhn et al. 2007), we have analyzed in
detail the evolutionary history of alternative exons, to dis-
tinguish those which were created recently (e.g., during the
last 100 Myr) versus those that are older (i.e., conserved
over a broader range of branches of the vertebrate phylogeny).

Using these data, we have sought to address two
questions. First, is the effect of intron length reported by
Fox-Walsh et al. (2005) a generic effect that applies equally
to all types of alternatively spliced exons, or is it more
specific? Our data indicate that major-form versus minor-
form alternative exons differ significantly in intron length
distribution, especially at short intron lengths. Second, does
this pattern have a possible evolutionary explanation? Our
results suggest that it does: This pattern corresponded
directly to a strong bias favoring the creation of new exons
in long introns as opposed to short introns. These findings
indicate the need for further studies of the interplay
between splicing mechanism constraints versus evolution-
ary biases in alternative splicing.

RESULTS

Effect of skip intron length on exon inclusion levels

To test whether the distribution of major-form versus
minor-form exons changes as a function of varying intron
length, we have performed a genome-wide analysis of the
effect of intron length on major-form versus minor-form
alternative exons. Using a genome-wide analysis of EST
data, we first classified alternatively spliced exons by their
inclusion level: minor-form exons, defined as exons with an
inclusion level of less than one-third of all transcripts,
versus major-form exons, defined as exons with an inclu-
sion level greater than two-thirds of all transcripts. We
measured inclusion levels for 9799 alternative exons from
human EST data, and for 3347 alternative exons from
mouse EST data (see Materials and Methods for details).
We first focused on the effect of the length of the intron
containing the alternative exon (which we will refer to as
the “skip intron length,” since splicing of this intron results
in exon skipping; see Fig. 1A for illustration).

These data showed a strong relationship between skip
intron length and exon inclusion level (Fig. 1B,C). The
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FIGURE 1. Effect of skip intron length on exon inclusion levels. (A) Schematic illustration
showing skipped exon (hatched box) and skip, upstream, and downstream introns. Skip intron
length = length of left intron + length of skipped exon + length of right intron. (B,C) Effect of
skip intron length on exon inclusion levels. (B) Human data set (Hgl7); (C) mouse data set
(mm?7). (X-axis) Skip intron length, (y-axis) ratio of MAJOR/MINOR exons, (dotted line)
ratio of MAJOR/MINOR exons over the entire population (1.29 in hg17; 1.25 in mm?7). Error
bars represent one standard deviation. The data were sorted by increasing intron length and
plotted using a sliding window average; for details, see Materials and Methods.

longer introns (>800 nt) showed an
approximately equal ratio of major-
form versus minor-form exons (P-value
of the difference is <2.2 X 107'% see
Table 1). The same patterns were ob-
served independently in the human ge-
nome (Fig. 1B; using human EST data
to measure inclusion levels) and in the
mouse genome (Fig. 1C; using mouse
EST data to measure inclusion levels).
These two datasets made the transition
to an approximately equal proportion
of major-form and minor-form exons
at an intron length of ~600 nt.

Effect of upstream and downstream
intron length on exon inclusion
levels

A previous study has indicated that
upstream intron length has greater
impact on whether an exon is likely to
be alternatively spliced than down-
stream intron length does (Fox-Walsh
et al. 2005). Since upstream intron
length and downstream intron length
are integral components of the skip
intron length (see Fig. 1A), we decided
to investigate this reported bias in more
detail. Specifically, Fox-Walsh et al.
(2005) reported that Drosophila and
human exons with an upstream intron
>4 kb were several-fold more likely to
display exon skipping than exons with
short upstream introns, but down-
stream intron length appeared to have
relatively little effect.

To assess whether the quantitative
inclusion level for each alternatively

ratio of major-form versus minor-form exons decreased  spliced exon displays a similar bias, we analyzed the effect

markedly as a function of increasing skip intron length. of upstream versus downstream intron lengths on the ratio
Alternative exons contained in short introns (<400 nucleo- of major-form exons versus minor-form exons (Fig. 2).
tides [nt]) were seven- to eightfold more likely to be major- ~ Both upstream intron length and downstream intron

form than minor-form. By contrast, alternative exons in  length displayed an effect similar to that of the skip intron

TABLE 1. Comparison of intron lengths between major- and minor-form exons in hg17

Average skip intron length  Average left intron length  Average right intron length  Average exon length

Major-form exons (hg17) 8237 * 161.67 4516 = 111.19
Minor-form exons (hg17) 10,760 = 216.8 5342 * 141.35
P-value <22 x 107" 2.76 X 107°

3592 + 86.04 130.5 = 1.92
5299 * 137.4 117.6 = 1.46
<22 x10°'° <22 x10°'°

We used the Mann-Whitney U test to determine the significance of the differences in intron and exon lengths between major- and minor-form

exons. For each value we present the average value = the standard error of mean.
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FIGURE 2. Effect of upstream and downstream intron lengths on exon inclusion levels. Effect of upstream intron length (A,B) and downstream
intron length (C,D) in the human dataset (A,C) and mouse dataset (B,D), respectively. (X-axis) Intron length, (y-axis) ratio of MAJOR/MINOR
exons, (dotted line) ratio of MAJOR/MINOR exons over the entire population (1.29 in hgl7; 1.25 in mm?7). Error bars represent one standard
deviation. The data were sorted by increasing intron length and plotted using a sliding window average; for details, see Materials and Methods.

length: At very short intron lengths (=100 bp), major-form
exons outnumbered minor-form exons by a factor of three
or more, but this ratio declined rapidly with increasing
intron length (Fig. 2; Table 1). This decay was slightly more
gradual for upstream introns (up to ~150 nt) than for
downstream introns, although it is not clear whether this
difference is significant. Again, we obtained reproducible
results from the independent human EST (Fig. 2A,C) and
mouse EST datasets (Fig. 2B,D). It is clear that the
upstream and downstream intron length threshold for this
decrease (~100 nt) is much shorter than the length
threshold (4000 nt) reported by Fox-Walsh et al. (2005)
for increased likelihood that an exon will be alternatively
spliced.

Effect of exon length on exon inclusion levels

In light of the relatively consistent effects of skip intron
length, upstream intron length, and downstream intron
length, we decided to examine the effect of the final
component, exon length (note: skip intron length =
upstream intron length + exon length + downstream intron
length). Surprisingly, this analysis showed that exon length
appeared to have an opposite effect on inclusion (Fig. 3).
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Short exons (<50 nt) were much less likely to be major-
form than minor-form, and the ratio of major-form to
minor-form then increased by approximately four- to five-
fold as a function of increasing exon length, up to ~170 nt.
The same effect was seen in the independent human (Fig.
3A) and mouse (Fig. 3B) datasets. The fact that this trend is
opposite to that observed for skip intron length is surpris-
ing, given that the exon length contributes directly to the
skip intron length (see Fig. 1). Since the exon length is part
of the skip intron length, other things being equal, the skip
intron length increases linearly with increasing exon length.

Independent analysis of intron length effects on
inclusion level measured by quantitative microarrays

To assess the possibility that our results might be due
to EST artifacts, we performed an independent analysis
based on inclusion levels measured using a DNA micro-
array. We used data from a microarray designed by
Blencowe and co-workers (Pan et al. 2004), including
3055 alternative exons in the mouse genome. Their inclu-
sion level measurements for each exon have been carefully
calibrated statistically and validated by quantitative RT-
PCR (Pan et al. 2004). Since they measured inclusion levels
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FIGURE 3. Effect of exon length on exon inclusion levels. (A) Analysis of the human dataset (Hgl7), (B) analysis of the mouse dataset (mm?7).
(X-axis) Exon length, (y-axis) ratio of MAJOR/MINOR exons, (dotted line) ratio of MAJOR/MINOR exons over the entire population (1.29 in
hgl7; 1.25 in mm7). Error bars represent one standard deviation. The data were sorted by increasing exon length and plotted using a sliding

window average; for details, see Materials and Methods.

for each exon in 10 different mouse tissues, we simply took
the average inclusion level from all 10 samples (see
Materials and Methods for details).

The microarray data showed the same trends as were
observed in the human and mouse EST data (Fig. 4). The
major-form/minor-form ratio decreased over twofold as a
function of increasing skip intron length from 300 to 800 nt
(Fig. 4A). In contrast, it showed a strong increase as a
function of increasing exon length, up to ~170 nt (Fig.
4D), again in agreement with the EST-based results. For
both upstream and downstream intron length (Fig. 4B,C),
it was maximum for very short introns (<100 nt), decreas-
ing very rapidly (up to ~120 nt) to become approximately
constant. These data indicate that our results are broadly
reproducible via different experimental approaches, and are
not an artifact of EST biases or other errors.

Effect of intron length on the phylogenetic
age of exons

Since major-form and minor-form exons have been shown
to have very different evolutionary histories and ages (for
review, see Xing and Lee 2006), it is important to ask
whether these intron length effects could arise from a
strictly evolutionary model. In particular, Alekseyenko et al.
(2007) reported that new minor-form exons were created
during vertebrate evolution at a much higher rate than
constitutive or major-form exons. Thus, the intron length
effects described above could have a purely evolutionary
explanation, if exon creation rates are themselves affected
by intron length. Indeed, Alekseyenko and colleagues found
that creation of novel splice sites by point mutations was
the most commonly observed mechanism of minor-form
exon creation. According to this model, therefore, the
likelihood of creation of a novel minor-form exon should

be proportional to the number of mutable sites in an
intron, and thus should be higher in long introns than in
short introns. To test this hypothesis, we analyzed the
relative occurrence of evolutionarily “new” exons (i.e.,
exons created during recent primate evolution) versus
“old” exons (i.e., exons conserved across a much longer
range of mammalian evolution), as a function of intron
length. For each exon in our databases, we analyzed its
conservation across a phylogenetic tree consisting of 17
vertebrate genomes. Using multi-genome alignments from
UCSC, we scored the exon as conserved or not conserved in
each genome based on whether the exon and its splice sites
were aligned in that genome and preserved as valid splice sites
(see Materials and Methods for details).

For minor-form exons (Fig. 5A,C), we defined “new”
exons as those that were created during recent primate
evolution, specifically, alternative exons that have valid
splice sites only in human and chimpanzee, but not in
rhesus macaque, mouse, and other species in the dataset.
Such exons likely were created 5 Myr to 40 Myr ago, based
on the evolutionary branch times of human versus chimp
and macaque. We compared these with “old” exons,
defined as those that are conserved (with valid splice sites)
in all mammals (human, chimp, macaque, and mouse) but
not in nonmammalian vertebrate species (chicken and
zebrafish). Such exons likely were created 100 Myr to 250
Myr ago, based on the evolutionary branch times of mam-
mals versus other vertebrate species.

This analysis showed that skip intron length does indeed
have a strong effect on the evolutionary age of minor-form
exons (Fig. 5A): In short introns (=1000 bp), old exons
outnumbered new exons by nearly two to one, but this
ratio declined rapidly with increasing intron length. For
introns >10 kb, the ratio of old/new exons converged to
~0.3. We observed this trend not only as a function of skip
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FIGURE 4. Independent analysis of intron and exon length effects on inclusion level measured in mouse by quantitative microarrays. Effects of
skip intron length (A), upstream intron length (B), downstream intron length (C), and exon length (D) are shown. For all graphs, the x-axis
represents intron or exon lengths and y-axis represents the ratio of MAJOR/MINOR exons. Error bars represent one standard deviation. (Dotted
line) Ratio of MAJOR/MINOR exons over the entire population (2.59). The data were sorted by increasing intron or exon length and plotted

using a sliding window average; for details, see Materials and Methods.

intron length, but also as functions of upstream or
downstream intron length (data not shown).

We repeated this analysis for major-form exons (Fig.
5B). Since few major-form exons are conserved only in
human and chimp, we extended the definition of “new”
exons to include those that are conserved in primates
(human, chimp, and macaque) but not in mouse.
We compared these with “old” exons, defined as those
conserved in both primates and other mammals (human,
chimp, macaque, and mouse). Such exons likely are at least
100 Myr old. These results showed a similar trend: For
introns =1 kb, old exons greatly outnumbered new exons
by a factor of six, but this decreased with increasing intron
length, to a ratio of about three.

To complete this picture, we also looked at the effect
of exon length on phylogenetic age for both minor-
form and major-form exons (Fig. 5C,D). For minor-form
exons, we observed a similar trend as for intron length: At
short exon lengths (=50 bp), old exons outnumbered new
exons, and this ratio decreased more than threefold with
increasing exon length. At an exon length >150 bp, new
exons predominated (Fig. 5C). In contrast, the length of
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major-form exons showed no correlation with their phy-
logenetic age. Novel major-form exons exhibited no sig-
nificant length differences from old major-form exons
(Fig. 5D).

Analysis of GC content, splice site strength,
and intron conservation

Since additional factors such as GC content have been
observed to correlate with intron length (Duret et al. 1995;
Chamary and Hurst 2004; Haddrill et al. 2005; Kondrashov
et al. 2006; Gazave et al. 2007) and could affect our analysis,
we analyzed the effect of these factors on our results. For
example, GC content is on average higher in short introns
than in long introns (Duret et al. 1995; Gazave et al. 2007).
Is it possible then that GC content could explain our
results? To test this hypothesis, we generated scatterplots of
GC content versus intron length, for both evolutionarily
old and new exons (Fig. 6). These data show that there is a
correlation between GC content and intron length. However,
they also show that for a given range of GC content (e.g.,
50%—60%), short introns (<600 nt) have a markedly higher
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FIGURE 5. Effect of intron and exon lengths on the age of human exons. The ratio of old versus new exons is plotted against skip intron length
(A,B) or exon length (C,D), for minor-form exons (A,C) and major-form exons (B,D). Exons were classified according to whether they were
recently created during primate evolution (“new,” created during the last 25 Myr, subsequent to the divergence of macaque vs. human and chimp,
as indicated by conservation of valid splice sites only in human and chimpanzee, but not in rhesus macaque, mouse, chicken, or fish), or not
(“old,” >90 Myr old, as indicated by splice site conservation across mammals; see Materials and Methods for details). Dotted line shows ratio of
old/new exons over the entire population (0.46 in minor, 4.4 in major). Error bars represent one standard deviation. The data were sorted by
increasing intron or exon length and plotted using a sliding window average; for details, see Materials and Methods.

ratio of old versus new exons compared with long introns
(>2000 nt). To control for GC content, we reanalyzed
introns with high GC content (=55%) and medium GC
content (40%-55%) separately, and found that this rela-
tionship between intron length and old/new ratio was
reproduced in both cases (Fig. 6). This relationship was
statistically significant in every GC content range examined
(40%-50%; 50%—60%; 60%—70%; see Table 2), except at
the lower tail (0%-40%), where there were insufficient
counts for the statistical test. Similarly, the relationship
between intron length and major/minor ratio was also
statistically significant after controlling for GC content
(Table 2; Fig. 6).

We also examined whether our results could be
explained by splice site strength, which has been previously
reported to be lower in minor-form exons than in major-
form and constitutive exons (Itoh et al. 2004; Baek and
Green 2005; Zheng et al. 2005). The scatterplot of maxent
splice site score versus intron length (Fig. 6) confirms that
effect, but also shows that for any given range of splice site
scores (e.g., 14-15), short introns (<600 nt) have a

markedly higher major/minor ratio than long introns
(>2000 nt). This relationship was statistically significant
over all splice site score ranges examined (Table 2), except
the upper tail (20-25), where there were insufficient counts.

Finally, we also tested the effect of intron conservation
levels on our observed relationship between intron length
and evolutionarily old versus new exons (Fig. 6; Table 2).
Since it has been reported that exon creation mechanisms
involve intronic point mutations (Sorek et al. 2002; Lev-
Maor et al. 2003; Alekseyenko et al. 2007; Sorek 2007), it is
possible that the frequency of exon creation events might
correlate with increasing local mutation rates (or equiva-
lently, reduced sequence conservation). To control for this
effect, we computed intron sequence identity between
human and rhesus macaque, the genome used as the
outgroup for defining evolutionarily “new” exons in our
analysis. In each range of intron sequence identity (e.g.,
90%-93%), we found that short introns still had a much
higher old/new ratio than long introns, except the upper
and lower tails (97%-100%; 0%—-80%), where there were
too few counts to test the hypothesis.
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rhesus macaque (see Materials and Methods for details). The two vertical lines in each plot
represent the skip intron length thresholds (“short introns” <600 nt; vs. “long introns” >2000

nt) used for statistical significance tests (see Table 2).

DISCUSSION

One consistent conclusion from these results is that not
only does intron length have important effects on alter-
native splicing, it also affects subsets of alternatively spliced
exons differently, such as major-form exons versus minor-
form exons, or recently created exons versus evolutionarily
older exons. While these data are broadly consistent with
the observation of Fox-Walsh et al. (2005) and Kim et al.
(2007b) that exons are more likely to be alternatively
spliced in long introns, our data show that such intron
length effects are not uniform in how they affect different
types of alternative exons.

It is interesting to note that Fox-Walsh et al. (2005)
presented their bioinformatics analysis explicitly in the con-
text of experimental studies of length constraints of the two
major splicing mechanisms, intron definition versus exon
definition. Using in vitro splicing assays with two Drosophila
introns (from doublesex and fruitless), they showed that
short introns of =200 nt yielded much more efficient
splicing of a weak exon, apparently because such short
introns are efficiently spliced by the intron definition
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effects. The fact that long introns show
a greatly increased occurrence of minor-
form exons (as opposed to major-form
exons) initially suggested this possibil-
ity. This proposal has two elements.
First, evolutionary models of exon cre-
ation by point mutations yielding valid
splice sites predict that the likelihood of
creation of a new exon will be directly
proportional to the number of mutable
sites, and thus to the length of the
enclosing intron. Second, many studies
have shown that novel exon creation
shows a strong bias to produce alterna-
tively spliced exons, and particularly minor-form exons
(Modrek and Lee 2003; Lareau et al. 2004; Pan et al. 2004;
Baek and Green 2005; Wang et al. 2005; Malko et al. 2006;
Xing and Lee 2006; Alekseyenko et al. 2007; Nurtdinov et al.
2007), at least in mammals and dipterans, but not in
nematodes (Irimia et al. 2007a,b). Taken together, these
ideas predict that the association of alternative splicing
with long introns might simply be a consequence of the
fact that new exons are more likely to be created in long
introns. Our phylogenetic analysis of 17 vertebrate genomes
confirmed this prediction: Newly created exons are indeed
enriched in longer introns compared with short introns.
While these data in no way rule out the explanation
proposed by Fox-Walsh et al. (2005), they do suggest the
possibility that this pattern might simply be an artifact of
biases for where new exons are most likely to be created
during evolution—in long introns. This question requires
further study.

Our data also raise the question of whether major-
form versus minor-form alternative splicing might differ
somewhat in their splicing mechanisms. We observed an
inverse correlation between intron length and exon inclusion
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levels. This

implies

that major-form

exons may

have shorter introns than minor-form exons. The differ-
ences in intron sizes suggest differences in splicing modes

between major-form and minor-form exons. Our observa-
tions also suggest a positive correlation between exon
length and inclusion levels. This is consistent with data

TABLE 2. Statistical tests for controls of GC content, splice site strength, and intron conservation

GC content Old < 600 nt New < 600 nt Old > 2000 nt New > 2000 nt P-value
60%-70% 114 15 75 25 0.0069
50%—60% 95 16 555 219 0.00089
40%—-50% 27 8 1352 840 0.042
30%—-40% 8 4 787 460 0.53°
GC content Major < 600 nt Minor < 600 nt Major > 2000 nt Minor > 2000 nt P-value
65%—-70% 69 9 11 9 0.0017
60%—65% 109 19 48 34 0.000018
55%—-60% 93 27 174 114 0.00057
50%—55% 53 10 471 353 0.0000094
40%—50% 38 18 2169 1775 0.036
30%—-40% 10 13 1252 1222 0.81¢
3" + 5’ SS score Major < 600 nt Minor < 600 nt Major > 2000 nt Minor > 2000 nt P-value
20-25 32 4 552 133 0.15%
18-20 79 7 938 353 0.000015
16-18 80 11 1068 615 2.8 %1077
15-16 51 9 452 398 47 X 1077
14-15 52 9 363 353 5.4 % 1078
13-14 42 14 261 361 1.6 X 10°
12-13 25 4 162 304 4.4 x 1078
10-12 35 12 171 418 9.2 x 107'°
0-10 27 29 146 543 0.000017
3’ + 5SS score Old < 600 nt New < 600 nt Old > 2000 nt New > 2000 nt P-value
18-25 59 4 829 234 0.0010
15-18 76 8 928 420 41 x10°°
13-15 63 11 492 315 0.000012
10-13 43 9 332 294 0.000016
0-10 29 13 163 268 0.000092
Intron identity Old < 600 nt New < 600 nt Old > 2000 nt New > 2000 nt P-value
97%-100% 15 3 0 1.0°
93%—-97% 78 314 94 0.041
90%-93% 52 10 522 281 0.0012
80%—-90% 44 8 1034 577 0.0012
0%-80% 9 3 871 553 0.25%
Intron identity Major < 600 nt Minor < 600 nt Major > 2000 nt Minor > 2000 nt P-value
95%-100% 82 27 32 24 0.015
94%—-95% 45 8 79 92 29 x 1077
93%-94% 31 12 208 199 0.0063
92%-93% 37 7 286 251 0.000035
91%-92% 22 4 297 230 0.0028
89%-91% 34 15 450 389 0.025
85%—-89% 34 8 704 632 0.00017
80%—85% 16 4 638 581 0.011
0%—-80% 15 4 1388 1078 0.037

Each entry in the lefthand column designates a control, in which only introns matching that range of values for either GC content, splice site
strength, or intron conservation were included in the analysis. The next four columns give the observed counts alternative exons within that
control subset. The last column gives the resulting P-value for a one-tailed Fisher exact test, evaluating whether the old/new exon ratio (or
major/minor ratio) is higher in short introns than in longer introns

“Sample sizes were insufficient to yield statistically significant results.

(SS) Splice site.
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suggesting that minor-form exons are shorter on aver-
age than major-form exons (Sorek et al. 2004; Baek
and Green 2005; Lev-Maor et al. 2007). The restraints on
exon length may reflect size limitations to facilitate bridg-
ing across the exon. Large exons are only a problem if
paired with larger introns (Sterner et al. 1996). Thus,
increasing exon lengths, in the presence of large introns,
would result in failure of exon inclusion. It is also interesting
to speculate that the observed positive correlation of major/
minor ratio with increasing exon length might offer an
explanation of the clear difference in slope for the decrease
in major/minor ratio as a function of skip intron length
(gradually descending, up to ~700 nt; Fig. 1) versus as a
function of upstream or downstream intron length (sharply
descending, ~100-150 nt; Fig. 2). Based on the upstream/
downstream curves, one would expect the skip length curve
to show a sharp decrease ~400-500 nt; however, the
observed effect of exon length would be expected to change
this into a more gradual decay, as is observed.

These data are consistent with previous evidence
that indicates a difference in splicing regulation between
minor- and major-form exons. Minor-form exons
show evidence of increased purifying selection on RNA
sequence (Kaufmann et al. 2004; Baek and Green 2005;
Xing and Lee 2005; Plass and Eyras 2006; Lev-Maor
et al. 2007). This effect is especially pronounced at the
exon flanks, where splicing regulatory sites are located
(Plass and Eyras 2006; Xing et al. 2006). This require-
ment for sequence conservation suggests that splicing
of minor-form exons is under tighter regulation. It also
suggests the presence of splicing regulatory sequences
such as ESEs. In this context, it is interesting that ESE
density has been reported to increase with increasing
intron length, at least up to intron sizes of 1.5 kb (Dewey
et al. 2006). At intron lengths >1.5 kb, increasing
intron lengths are associated with increased splice site
strength, but show no correlation with ESE density (Dewey
et al. 2006). ESEs may be important for the splicing of minor-
form exons, although this remains a subject of ongoing
research.

MATERIALS AND METHODS

EST, mRNA, and microarray data sources

The datasets analyzed were:

(1) Human data: All exon skipping observations from the ASAP2
human splicing data (Jan 06; hgl7; EST and mRNA data
previously described in Kim et al. 2007a), along with infor-
mation about the length of the flanking introns, inclusion level
(see below), etc. The total number of high confidence exon
skips included in this analysis was 9799.

(2) Mouse data: All exon skipping observations are from the
ASAP2 mouse splicing data (Jan 06; mm?7; Kim et al. 2007a),
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along with information about the length of the flanking
introns, etc. Total number of high confidence exon skips
was 3347.

(3) Microarray data: Obtained from Pan et al. (2004), kindly
provided by Dr. Blencowe (Univ. of Toronto). Pan et al.
(2004, 2006) used a custom array design to measure exon
inclusion levels for more than 3000 alternatively spliced exons
in 10 mouse tissues. Total number of exon skips analyzed was
3055.

Classification of exons according to inclusion level
For the human and mouse EST datasets

We calculated the exon inclusion level from EST data as pre-
viously described (Xu et al. 2002; Modrek and Lee 2003). Briefly,
given EST counts for the skip intron, upstream intron, and
downstream intron splicing events of N, N, and Ny respectively,
we estimated the inclusion level:

(N +Nyq)/2

Inclusion level = ————-—
(Nu +Nd)/2+NS

Exons were assigned to the MAJOR-form category if the
inclusion level was >67%, and to the MINOR-form category if
the inclusion level was <33%. If inclusion levels were between 33%
and 67%, exons were assigned to the MEDIUM-form category. To
ensure adequate EST coverage for distinguishing major-form from
minor-form exons accurately, we required that the total number
of EST observations for these splice events, (specifically, [N, +
Ng4l/2 + Ng) be =10 for the hgl7 dataset, and =5 for the mm7
dataset. The number of major-form and minor-form exons were
roughly equal in both human and mouse datasets (1.29 and 1.25,
respectively; also see Table 3).

For microarray data

To obtain an average inclusion level for each exon, we simply took
the average of its inclusion levels measured in each of the 10
mouse tissues analyzed by the Blencowe lab (Pan et al. 2004). The
numbers of major-form and minor-form exons in this dataset are
shown in Table 3.

Global alignment analyses of splice site conservation
and phylogenetic classification of exons according
to exon age

We performed our analyses using data from the Vertebrate Exon
Evolution Database (VEEDB; available at http://bioinfo.mbi.ucla.edu/

TABLE 3. Total number of exon skips in each dataset and their
inclusion levels

TOTAL MAJOR MINOR UNKNOWN
Hg17 9799 5257 4075 467
Mm7 3347 1728 1378 241
Microarray 3054 1437 554 1063
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VEEDB/index.xml), a previously published analysis of exon and
splice site conservation in 17 vertebrate genomes (Alekseyenko
et al. 2007) based on multi-genome alignments from the
UCSC genome browser database (Kuhn et al. 2007; available
at http://genome.ucsc.edu/) and global alignment of introns
using full dynamic programming. Briefly, VEEDB maps each
exon in a given genome to the precise genomic location in
each aligned genome, together with scoring information for
whether the splice sites are conserved in each genome, as a
criterion for functional exon conservation widely adopted in
comparative genomics studies (Ovcharenko et al. 2004; Hsieh et
al. 2006; Alekseyenko et al. 2007). If the target genome aligns to
the exon sequence and its GT/AG splice sites are conserved, the
exon is scored as conserved; if the splice sites are mutated, it is
scored as non-exonic (in the absence of a valid splice site, the
sequence is unlikely to be spliced as an exon in the mature
mRNA).

Human exons from ASAP2 (Kim et al. 2007a) were classified
based on whether the splice sites flanking the potential exonic
sequence were conserved in the following species (shown in Table
4): Human (Homo sapiens), chimpanzee (Pan troglodytes), rhesus
macaque (Macaca mulatta), mouse (Mus musculus), chicken
(Gallus gallus), and zebrafish (Danio rerio). These representative
species were chosen to provide broad coverage of genera (mam-
mals, birds, fish) and evolutionary distance, and on the basis of
genome assembly quality and coverage. We classified exons as
“old” if they are conserved (with valid splice sites) across the
mammals (human, chimp, macaque, and mouse) but not in non-
mammalian vertebrate species (chicken and zebrafish). Such
exons are at least 90 Myr old (created prior to the divergence of
mouse and human). We classified exons as “new’” (recent exon
creation) if they had valid splice sites only in human and
chimpanzee, but not in rhesus macaque, mouse, chicken, or fish.
These “new” exons are thus alternative exons that were created
during the last 25 Myr, subsequent to the divergence of macaque
and primates.

TABLE 4. Total number of exons classified by phylogenetic age and
inclusion levels

H HC HCR HCRM HCRMG HCRMGD
Major exons 32 67 363 1604 1057 2563
Meium exons 253 892 2507 1903 829 1133
Minor exons 249 983 2462 457 147 122

Letters indicate species examined: (H) Homo sapiens (human), (C)
Pan troglodytes (chimpanzee), (R) Rhesus macaque (rhesus mon-
key), (M) Mus musculus (mouse), (G) Gallus gallus (chicken), (D)
Danio rerio (zebrafish). Letter combinations show conservation
among different groups of species: (H) Conserved only in humans;
(HC) conserved only in humans and chimpanzees; (HCR) con-
served only in humans, chimpanzees, and rhesus (i.e., all primates
studied); (HCRM) conserved only in humans, chimpanzees, rhesus,
and mouse (i.e., all mammals studied); (HCRMG) conserved in
humans, chimpanzees, rhesus, mouse, and chicken; (HCRMGD)
conserved in all species studied. Exons assigned to the MAJOR,
MEDIUM, and MINOR forms had inclusion levels of >67%, 33%-—
67%, and <33%, respectively (see Materials and Methods for
details).

Data analyses

To assess the effect of intron and exon lengths (see Fig. 1 for a
schematic illustration of our nomenclature) on exon inclusion
levels, we divided all skipped exons into two categories: MAJOR
(major-form) or MINOR (minor-form) as described above and
in Xu et al. (2002) and Modrek and Lee (2003). To plot the
relationship between intron length versus the ratio of MAJOR/
MINOR exons, we sorted the data by increasing intron length and
used a sliding window (with a typical window size of 100 exons),
to calculate the average intron length and ratio of MAJOR/
MINOR exons within each window. We calculated confidence
intervals for the ratios using the 3 probability distribution, which
provides the posterior for the binomial based on observed counts
of n1, n2 (where n1 = number of MAJOR exons and n2 = number
of MINOR exons), using the Python Scipy package (Jones et al.
2001; http://www.scipy.org/).

Similarly, to assess the effect of intron and exon lengths on
phylogenetic age of exons, we classified all exons as “old” or
“new,” as described above. The ratio of old/new exons was plotted
against average intron/exon length. Average intron/exon lengths
and confidence intervals were calculated exactly as described
above.

GC content was calculated for each skip intron, by computing
the overall GC content of the combined upstream intron plus
downstream intron (in other words, excluding the alternative
exon from the calculation). Splice site strengths were calculated
using MaxEntScan (http://genes.mit.edu/burgelab/maxent/Xmax-
entscan_scoreseq.html) (Eng et al. 2004; Yeo and Burge 2004), to
calculate splice site scores of the 5" SS + 3" SS of all alternative
exons in our dataset. Intron conservation was measured for each
human skip intron by measuring the overall percent sequence
identity for the upstream plus downstream introns (in other
words, excluding the alternative exon from the calculation).
Upstream or downstream introns <120 nt were excluded. For
each upstream or downstream intron, the first and last 50 nt were
excluded, since previous studies have shown that patterns of
alternative splicing can strongly affect sequence conservation in
these flanking intronic regions (Sorek and Ast 2003; Kaufmann
et al. 2004; Baek and Green 2005; Xing and Lee 2005; Zheng et al.
2005; Sugnet et al. 2006). The clipped intron regions were then
queried against the UCSC hg17_multiz17way multigenome align-
ment (using the software package Pygr, http://bioinformatics.
ucla.edu/pygr) to obtain the aligned region in rhesus macaque.
Sequence identities were counted between the aligned human
versus macaque sequences, summed for the upstream and
downstream intron pair, and divided by the total length of the
upstream and downstream intron pair regions used for the
analysis, to obtain the percentage sequence identity.
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