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1 Some properties of the Chlamydomonas genome

Table 1 presents genome statistics for Chalmydomonas as compared to other organisms.
Data in the table is compiled from several sources [6, 10], and the Chlamydomonas
version 4.0 genome annotations.

Organism % of genes | Avg. # Exons | Avg. intron | Avg. exon | G+C % in
with introns per gene length length genome
Chlamydomonas 88 7.4 336 240 64
S. cerevisiae ) 1 256 1500 38
S. pombe 43 2 107 330 36
Arabidopsis 79 5 165 304 36
Human 85 9 ~3400 282 41

Table 1: A comparison of the Chlamydomonas genome.

2 Detection of alternative splicing from EST-to-
genome alignments

In what follows we describe the steps in our pipeline for aligning and detecting alter-
native splicing. An overview of the process is shown in Figure 1.

2.1 EST alignment and clustering

To detect potential AS events, we obtained high-fidelity Chlamydomonas EST se-
quences that Liang et al. corrected using cDNA termini to anchor transcripts to their
correct positions in the genome [7]. The 252,484 EST sequences were aligned to the
Chlamydomonas v4.0 draft genome [4] with the BLAT [5] program. Default parameters
were used except for maximum intron length, which was set to 2000 as determined by
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Figure 1: The steps in the alternative splicing detection pipeline. See text for details.

analysis of intron lengths in the genome. The resulting alignments were filtered such
that the total number of matched bases was greater than or equal to 90% of the length
of the EST. Out of all alignments for a given EST, the alignment with the highest
percent identity was identified. These alignments were further filtered to include only
alignments with all canonical GT/AG splice sites.

The final set of alignments underwent preprocessing to reduce sequence and align-
ment artifacts. Inserts in the EST sequence with respect to the genome were removed
such that alignments had no genomic gaps. Short deletions in an EST were consid-
ered a result of polymorphism between Chlamydomonas strains, and were ignored.
Finally, initial and terminal exons were filtered if they were shorter than 10 bases to
avoid detecting potentially spurious AS events due to incorrect alignments. The edited
alignments were grouped into clusters such that all EST alignments in a cluster have
overlapping genomic coordinates and they align to the same strand.

From the alignments remaining after filtering we constructed 8177 clusters of over-
lapping ESTs. We successfully mapped 7675 out of the 8177 clusters to genes in v4.0
of the Chlamydomonas genome using overlapping positions in the genome to identify
matches. We processed the EST clusters, and used a modified Sircah implementation
(described below) to identify genes with evidence of AS.

2.2 Splice graph construction and prediction of AS events

We used Sircah [3] to detect AS events from the clusters of aligned ESTs. Sircah is an
application written in Python that detects AS events and provides visualizations in the
form of splice graphs. On the program’s website [1], the authors have outlined the rules
Sircah uses to detect AS events. Those rules were developed in the context of metazoans
where intron retention is rare. However, their rules may detect spurious alternative
3" and 5’ events whenever there is intron retention: Sircah detects alternative 3’ or 5’



splice sites whenever an exon in one transcript overlaps an exon with a distinct 3’ or 5’
splice site in another transcript (see Figure 2). We modified Sircah’s rules to eliminate
such spurious detection of Alt5” and Alt3’ events.
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Figure 2: This splice graph shows how the original Sircah rules interpret an intron re-
tention event. Sircah’s algorithm may detect alternative 3’ and 5’ exons when evidence
supports only an intron retention event. Here, Sircah detected that X overlaps A and
that their 3’ splice sites are distinct. Similarly, it detected that X overlaps B and that
their 5’ splice sites are distinct. As a result, it highlighted spurious alternative 5’ and
3’ events.

3 Properties of alternative splicing events

Using the modified Sircah we identified AS events and generated a variety of statistics
for each kind of AS event.

Retained introns. We compared the intron length distributions for constitutive
introns and retained introns (Figure 3); we observe that retained introns tend to be
shorter (median: 127 bp compared to a median of 232 bp in constitutively spliced
introns). In addition, we found a statistically significant difference in the GC content
of retained introns compared to constitutive introns (57.8% vs. 63.7%, p < 10721).
See also Table 2. We also checked whether in-frame intron retention events (retained
introns whose length is divisible by 3) were over-represented in our data. This would
be the case if significantly more than a third of IR events were in-frame, but out of 325
IR events, 108—almost exactly one-third—were in-frame.

Alt5’ and Alt3’ events. For Alt5’ and Alt3’ events we examined the change in
exon length as a result of each such event. The distribution of these offsets is shown
in Figure 4.

3.1 The impact of alternative splicing on predicted proteins

To find the effect each kind of AS event has on a gene’s product we compared the
predicted protein produced by a gene’s most common splice form (prevalent) with
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Figure 3: Comparison of intron length distributions between constitutively spliced
introns and those involved in intron retention. Retained introns tend to be shorter than
constitutive introns (median: 127 bp compared to a median of 232 bp in constitutively
spliced introns).
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Figure 4: Distribution of the change in intron length across all alternative 3’ and 5’
splice site events. The majority of offsets are less than 40nt, with nearly 9% being 4nt
long.



Introns | Exons
Single-exon - 63.0%
Non-AS 62.4% | 66.4%
ES 61.3% | 63.4%
IR 57.8% | 60.4%

Table 2: GC content for unspliced, constitutitvely spliced, and alternatively spliced
genes. For intron retention we report the GC content for the intron and for flanking
exons. For exon skipping we report GC content for the exon and for its flanking introns.

AS event 5 UTR | 3’ UTR | ORF | Total
IR exon 24 11 219 254
ES exon 5 3 69 77
Alt. 3’ site 5 12 138 155
Alt. 5’ site 8 1 50 69
Total 42 27 476 545

Table 3: Distribution of AS events within the 5 UTR, 3’ UTR and the coding region
for the clusters that had published start codons. Out of 447 clusters with published
start codons, 64 had AS events within UTRs. In all, 13% of AS events occurred in
UTR, while 87% occurred within open reading frames.

those produced in its alternative (non-prevalent) forms. We defined the prevalent form
of a gene exhibiting alternative splicing as the splice form supported by the greatest
number of ESTs. When possible, we used the longest transcript corresponding to the
cluster’s prevalent form as a reference. In cases where there were no ESTs spanning
the full splice graph, we used the splice graph to construct the prevalent form and its
alternative. For simplicity, and to isolate the effect of each AS event, we only performed
this analysis on clusters with a single AS event.

We identified introns and exons in our splice graphs by their aligned positions in
the reference genome. To convert their genomic sequences into putative proteins, we
established an ORF using codon information from the JGI gene annotations. In some
cases the start codon associated with a gene was far upstream of the first exon in our
cluster. We omitted those clusters from our analysis. 82 clusters satisifed these criteria.
Despite this relatively small sample, we found strong evidence that non-prevalent AS
events yield truncated protein sequences as a result of a premature termination codon
(results shown in the main paper).

To better understand how often AS events take place in the 3’ or 5 UTR, we also
used the published codon information to count the number of AS events in our clusters
that appeared outside the ORF. We counted events upstream of a start codon as 5’
UTR events; those downstream of a stop codon were 3’ UTR events. Overall, 12.6% of
AS events occurred in either the 3’ UTR or 5" UTR, while 87.4% occured within the
reading frame (see Table 3).



3.2 Splice site motif analysis

Sequences corresponding to AS events identified by the pipeline were analyzed for splice
site strength following the protocol in [11]. Splice sites for each type of AS event (5,
3’, intron retention, exon skipping) as well as splice sites where we found no evidence
of AS were used to construct motifs using the TAMO package [2]. Splice sites were
considered to be 3 bases of exonic sequence and 10 bases of intronic sequence flanking
appropriate GT/AG splice site markers, resulting in motifs of length 13. Splice site
instances were scored according to:

score = g:log (pm(s(])’j)> , (1)

j=0 pbg(s(])v])

where N is the length of the motif, s(j) is the nucleotide at position j, p,,(i,7) is
the probability of seeing nucleotide ¢ at position j of the motif, and py,(7,7) is the
background distribution for nucleotide 7 at position j of the motif. For the background
distribution we used a background based on exon sequences for the exonic part of
the motif, and a background based on intronic sequences for the intronic part of the
motif. Two sets of motif instances were scored using Eqn. (1), and the significance of
the difference between the scores was determined using the Wilcoxon Rank Sum test.
z-scores were calculated using the normal approximation of the test and converted to
p-values. In the paper we show comparisons between splice sites associated with AS
events and constitutive splicing, showing that AS-associated splice sites are significantly
weaker than constitutive ones; we also show that splice sites associated with non-
prevalent splice forms are weaker than those of the prevalent splice forms, and that the
splice sites of the prevalent splice forms are weaker than those of constitutive splicing.

3.3 Motif analysis

The objective of our motif analysis was to look for motifs that are over-represented
in retained introns compared to constitutive introns (potential intronic splicing sup-
pressors), and for motifs that are over-represented in constitutive introns compared to
retained introns (potential intronic splicing enhancers). In this analysis we used the
Discriminative Matrix Enumerator (DME) program [9]. DME is a discriminative mo-
tif finder, i.e., it takes as input a set of sequences of interest, and a set of background
sequences where we don’t expect to find the motifs. DME scores a motif occurrence
according to the log odds ratio of its occurrence in the set of sequences of interest
relative to the background set.

When using such a method the choice of the background is important: if the se-
quences of interest have completely different characteristics, then the significance of the
discovered motifs can be exaggerated. In our case the two sets of sequences have dif-
ferent GC content and different length (DME does not normalize its score for length).
The authors of DME recommend searching for motifs using more than one choice of
background. We considered two types of background sets.
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Figure 5: WebLogo images of splice site motifs for different types of AS. Except for the
case of exon skipping, the 5’ and 3’ sites refer to the splice sites of an excised intron.
In exon skipping the 5" and 3’ sites are the splice sites flanking the skipped exon.
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Figure 6: Nucleotide composition in the last 70bp of Chlamydomonas introns.

Markov background. Constructed to have the same di-nucleotide frequency as the
foreground set. Sequence length is chosen as the average sequence length of the fore-
ground set.

Edited background. Another way to account for the difference between the fore-
ground and background sequences is to modify the background to have similar charac-
teristics as the foreground. When using constitutively spliced introns as foreground, we
“padded” the background (retained introns) with 4-mers from the foreground, which
also made the GC content similar. When using retained introns as foreground, we
randomly removed nucleotides from the background set to achieve similar length; to
achieve similar GC content we biased the removal process appropriately.

Assessing significance. We assessed the significance of the discovered motifs by
computing an empirical p-value. This was done by pooling the background and fore-
ground sets and randomly dividing them into foreground and background sets, and
running DME on the permuted background-foreground sets of sequences. The p-value
of a motif was computed as the fraction of runs in which we found a motif with a score
equal or higher to the score of the given motif.

Results. We ran DME looking for motifs of width 8 using its default parameters. Our
search for motifs in retained introns yielded significant motifs when using the Markov



Background Consensus | p-value
Markov TGCTGCTG 0.0
CTGCTGCT | 0.001
TGTGTGTG | 0.002
CACACGCA | 0.015
GTGTATGT | 0.054
GTGCGTGT | 0.081
edited retained | CTGCTGCT | 0.001
introns CAGCAGCA | 0.002
ACCCCCAC | 0.024
GCACACAC | 0.027
CGCACACA | 0.032
GTATGTGT | 0.073

Table 4: The top scoring motifs found in constitutively spliced introns with two kinds
of background sequences. The Markov background is generated by a one-step Markov
model with a transition matrix trained on the constitutively spliced introns; the “edited
retained introns” sequences are obtained by randomly inserting 4-mers from the con-
stitutive introns to obtain a similar length distribution. The p-value is an empirical
p-value. See text for details.

background, but not when using the “edited” background. The run on a sample of
constitutive introns gave significant motifs under both kinds of background, and the top
scoring motif under both kinds of background was almost identical—a tandem repeat
of TGC. Table 4 lists the top scoring motifs discovered using both kinds of background
sets.

Comment: Since version 2 of DME searches for motifs on both strands, we had to
modify the program so that it would only search on the positive strand.
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