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Alternative splicing is a potent regulator of gene expression that
vastly increases proteomic diversity in multicellular eukaryotes
and is associated with organismal complexity. Although alterna-
tive splicing is widespread in vertebrates, little is known about the
evolutionary origins of this process, in part because of the absence
of phylogenetically conserved events that cross major eukaryotic
clades. Here we describe a lariat-sequencing approach, which
offers high sensitivity for detecting splicing events, and its appli-
cation to the unicellular fungus, Schizosaccharomyces pombe, an
organism that shares many of the hallmarks of alternative splicing
in mammalian systems but for which no previous examples of
exon-skipping had been demonstrated. Over 200 previously un-
annotated splicing events were identified, including examples of
regulated alternative splicing. Remarkably, an evolutionary analy-
sis of four of the exons identified here as subject to skipping in
S. pombe reveals high sequence conservation and perfect length
conservation with their homologs in scores of plants, animals, and
fungi. Moreover, alternative splicing of two of these exons have
been documented in multiple vertebrate organisms, making these
the first demonstrations of identical alternative-splicing patterns
in species that are separated by over 1 billion y of evolution.
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The protein coding regions of eukaryotic genes are typically
interrupted by noncoding introns that must be removed to

produce a translatable mRNA. The removal of introns, catalyzed
by the spliceosome, offers a powerful opportunity for an organism
to regulate gene expression. In mammals, where individual genes
are often interrupted by multiple introns, it is now abundantly
clear that the process of intron removal provides a critical regu-
latory control point for both qualitative and quantitative aspects
of gene expression (1). By changing the identity of the exons that
are included within the final mRNA, the process of alternative
splicing plays a critical role in expanding the diversity of proteins
that can be synthesized within a cell (2). Moreover, alternative
splicing can direct the production of isoforms of genes that are
directly targeted to cellular decay pathways, providing a mecha-
nism to quantitatively regulate gene expression (3, 4).
In mammalian organisms the predominant form of alternative

splicing is exon skipping, wherein different combinations of exons
are included in the final transcript. In contrast, exon skipping is
far less prevalent in simpler eukaryotes (5, 6); however, recent
studies suggest that splicing in the last eukaryotic common an-
cestor was similar in many respects to splicing in vertebrates, in so
much as it was intron-dense (7–9), had degenerate splice site
sequences (10), and likely had many of the proteins involved in
alternative splicing (11, 12). Intron density correlates positively
with the prevalence of alternative splicing across the eukaryotic
kingdoms (13), and thus it has been posited that the intron-rich
eukaryotic ancestor had alternative splicing, and may have had
exon skipping. However, it is less clear whether the inferred an-
cestral exon skipping was functional or represents “noise” that
was later harnessed in the evolutionary lineages that led to mul-
ticellularity (13, 14). Two “smoking guns” that would corroborate

early functional exon skipping have been previously suggested:
environmentally or developmentally regulated exon skipping in
a unicellular eukaryote, and conservation of a particular exon-
skipping pattern across eukaryotic kingdoms (11, 14). Although
examples of exon skipping in a few unicellular eukaryotes have
been published (15–17), to our knowledge there are no published
examples of either evolutionarily conserved or environmentally
regulated exon-skipping events in any unicellular eukaryote.
The unicellular fission yeast, Schizosaccharomyces pombe, shares

many of the hallmarks of alternative splicing in mammalian sys-
tems. Nearly 50% of S. pombe genes contain an intron, and almost
half of those contain multiple introns (18, 19). Moreover, the splice
site sequences found within S. pombe introns do not conform to the
tight consensus sequences seen in some other unicellular fungi, but
rather are marked by a degeneracy more similar to that seen in
human introns (20, 21). Importantly, a single bona fide member
of the serine/arginine-rich (SR) family of splicing regulators and
several SR-like proteins implicated in the regulation of alternative
splicing are encoded within the S. pombe genome (22, 23). Fur-
thermore, cis-acting sequence elements important in splicing reg-
ulation in multicellular eukaryotes have been shown to modulate
the splicing efficiency of individual S. pombe introns (24), and in-
deed nonendogenous plant and mammalian intron sequences have
been shown to be properly excised in S. pombe (25, 26). Never-
theless, although instances of intron-retention have been docu-
mented (27, 28), no examples of exon skipping have been described
in S. pombe. Surprisingly, two recent RNA-seq studies (29, 30)
failed to detect any instances of exon skipping in S. pombe; however,
it was unclear whether this reflected an absence of such splicing
events in S. pombe or a limitation of RNA-seq for detecting them.

Results
To facilitate a deeper analysis of global splicing patterns in
S. pombe that might uncover exon-skipping events, we developed
an alternative approach designed to concentrate sequencing
efforts on the products of a splicing reaction. This approach
seeks to enrich, purify, and sequence the excised circular lariat
RNAs that are a product of every splicing reaction. To stabilize
these circular RNAs, the gene encoding the debranching enzyme
(Dbr1) responsible for linearizing introns (31) was genetically
deleted from an S. pombe strain. Because environmental stresses
can stimulate splicing regulation even in budding yeast (32), the
Δdbr1 S. pombe strain was exposed to a variety of environmental
stresses, including various nutrient deprivations, temperature
variations, and chemical exposures (SI Materials and Methods
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and Dataset S1, Table S1). Total RNA from each individual
sample was pooled together for analysis.
Circular RNAs are retarded in their mobility relative to linear

RNA and can be detected in 2D polyacrylamide gels (33) as an
arc above a diagonal of linear RNAs (Fig. 1A). Importantly,
these arcs were only detected in RNA from strains lacking
functional Dbr1, suggesting they are predominantly populated by
excised lariats (Fig. S1). To increase the chances of identifying
exon-skipping events, gel conditions were optimized to recover
circular RNAs in a size range likely to include lariats that con-
tained skipped exons. According to the most recent S. pombe
genome annotation, the shortest lariat that could be formed by
skipping a single exon is 89 nucleotides; as such, gel conditions
were determined to optimize recovery of lariats ∼85 nucleotides
or greater (Materials and Methods).
The circular RNA arcs were excised from the 2D gels and

converted into cDNA by random priming without prior debranch-
ing. The resulting cDNAs were sequenced using Illumina’s 3G
technology, and the resulting reads were aligned to the S. pombe
genome using Bowtie (34). Importantly, of a total of 12.4 million
alignable reads, over 80% of the reads derived from this approach
align to previously annotated introns (Dataset S1, Table S2), con-
firming that the circular arc in the 2D gel consists primarily of lariat
RNA. “Peaks” of read enrichment were subsequently identified,
allowing for the characterization of putative lariat RNAs. In con-
sidering only those peaks with a minimum of 25 overlapping reads,
lariats corresponding to 82% of all annotated introns between 85
and 400 nucleotides were identified (Dataset S1, Table S3), con-
firming the efficiency of lariat purification. Moreover, the con-
ditions used here successfully isolated lariats in a size range that
would enable detection of 66% of all possible single exon-skipping
events in the S. pombe genome (SI Materials and Methods and
Dataset S1, Table S4).
Representative examples of lariat-sequencing read peaks align-

ing to known introns are shown in Fig. 1B for the sim4 and rpl4301
genes, representing the lower and upper ends of read counts, re-
spectively. The appearance of these peaks strongly suggests that
they are derived from fully excised lariats rather than lariat inter-
mediates (LI) resulting from incomplete splicing reactions. Al-
though LI RNAs could be isolated from this approach, such RNAs
would be expected to produce sequencing reads that align not only
to the intronic region, but also through the entire downstream re-
gion. As expected, flanking PCR using primers that flank the pre-
dicted splice sites shows that the spliced isoform is the predominant
species for both of these transcripts.

Lariat Sequencing Identifies Over 200 Previously Uncharacterized
Splicing Events. Although over 80% of the lariat-sequencing reads
mapped to previously annotated introns, nearly 15% of the reads
mapped to regions currently annotated as untranslated or protein-
coding (Dataset S1, Table S2). To determine whether these peaks
might represent novel, unannotated splicing events, probabilistic
modeling was used to score putative splicing motifs surrounding
each peak in these regions. A Markov model derived from known
intron sequences (35) allowed the quality of putative introns to be
scored (SI Materials and Methods), enabling identification of over
200 previously uncharacterized introns (Dataset S1, Table S5), the
majority of which have splice site sequences that are indistin-
guishable from canonical S. pombe introns (Fig. S2).
Nearly half of the unique introns identified here are located

within the UTRs of protein-coding genes, two of which are shown
in Fig. 2A. For both the cnl2 and caf5 genes, the peaks lie com-
pletely within the 5′ UTR of the transcripts. For both of these
putative introns, strong splice site sequences were identified at
the boundaries of the lariat-sequencing peaks. Flanking PCR in
a wild-type strain confirms the splicing of both of these introns.
Moreover, in the background of a strain lacking the nonessential
splicing factor smd3, the efficiency of each of these splicing events
is reduced, consistent with their being canonical, spliceosomal
introns. A subset of the predicted introns that vary both in terms
of lariat sequencing read count and probabilistic modeling score
was chosen for further validation, each of which confirms the
splicing event, suggesting a high true-positive rate of discovery
(Fig. S3). Our data suggest that as many as 10% of all S. pombe
genes contain an intron within their 5′ or 3′UTRs. Although such
introns have often been ignored, recent work strongly argues in
favor of a role for these introns in regulating gene expression (36).
A second category of peaks was identified in which the putative

intron was located entirely within a coding region, suggesting the
existence of alternatively retained introns. Twenty-five such peaks
were identified, two of which are shown in Fig. 2B. For six of these
peaks the putative intron has a length that is divisible by three, as
seen for the peak in the cys11 gene, suggesting that its removal
would not disrupt the translational frame of the downstream
portion of the protein. Flanking PCR revealed an intermediate
splicing phenotype of this intron, with both the spliced and the
retained isoforms readily detectable. In contrast, 19 of the exonic
peaks suggest the presence of an intron whose length is not di-
visible by three, as seen for rad8 in Fig. 2B. Removal of these
introns is predicted to change the reading frame, in all cases
resulting in production of an mRNA with a premature stop codon.
Although such isoforms may generate truncated proteins, they are
often targeted to the nonsense mediated decay (NMD) pathway
(37). Flanking PCR examining the unique rad8 intron revealed
only a small amount of spliced product in a wild-type strain, but an
increase in a strain where the NMD factor upf1 (38) had been
disrupted (Fig. 2B), suggesting that a sizable fraction of rad8
transcripts are normally spliced at this intron.

Identification and Characterization of Exon-Skipping Events. Given
the ability of lariat sequencing to detect previously unidentified
splicing events, we asked whether exon-skipping events could be
detected in S. pombe. Twenty-three peaks were identified that had
continuous signal across an exon and its flanking introns, the
expected appearance of a lariat resulting from exon skipping (Fig.
S4 and Dataset S1, Table S6). For 14 of these, including srrm1 in
Fig. 3A, PCR using primers that target the exons flanking the
skipped exon detects both the canonical and alternatively spliced
isoforms of the transcript in wild-type (dbr1+) cells grown under
standard conditions, confirming the alternative splicing event. In
contrast, for the remaining 10 genes the exon-skipping event was
not readily apparent. Because our lariat-sequencing dataset was
generated from a pooled sample of RNAs derived from many
environmental stresses, we individually tested each of the stress
conditions for two of the putative alternative events. Indeed, the
only samples in which the alternative isoform of alp41 could be
detected were those in which the cells had been exposed to heat
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Fig. 1. Purification and sequencing of excised lariat introns. (A) Stabiliza-
tion of lariat RNAs is achieved by genetically deleting the gene encoding the
debranching enzyme, Dbr1. Total cellular RNA isolated from a Δdbr1 strain
grown under a variety of conditions was pooled and subjected to 2D gel
electrophoresis, allowing for separation of linear RNAs from circular lariats.
(B) Lariat RNAs recovered from the 2D gel were sequenced and aligned to
the S. pombe genome. Read density plots are shown near the known introns
in the sim4 and rpl4301 genes. Arrows indicate locations of primers used for
confirmation. PCR products generated using either genomic DNA or cDNA as
a template confirm the splicing of these introns. Locations of the unspliced
and spliced products are noted.
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shock, whereas the alternative isoform of qcr10 was specifically
elicited in response to cold shock (Fig. 3A and Fig. S4). Flanking
PCR using cDNA from a time courses of each of these stressors
confirms the induction of the alternative isoforms of both alp41
and qcr10 (Fig. 3B). Similarly, a quantitative PCR-based ap-
proach confirms the rapid and specific production of the alter-
native isoforms (SI Materials and Methods and Figs. S5 and S6).
Importantly, sequencing of the bands corresponding to the al-
ternative products for all three genes in Fig. 3 confirms the pre-
dicted alternative splicing.
Given a priori knowledge about the specific transcripts that

are subject to alternative splicing, we returned to the published
S. pombe datasets to determine whether any RNA-seq evidence
existed for these exon skipping events (29, 30). Importantly, for 7 of
the 23 events we describe here, small numbers of RNA-seq reads
can be identified that independently confirm our observations (Fig.
S7 and Dataset S1, Table S6), including two that could not be
validated by flanking PCR. The low number of alternative reads
and their propensity to be misaligned presumably precluded their
identification in the original work. Although computational
approaches for identifying splicing junctions within RNA-seq
datasets continue to improve (39, 40), the statistical limitations
inherent to the low read counts associated with these events will
complicate their ability to be distinguished from noise.

Characterizing Circular RNAs Using Split Reads. Although the ma-
jority of the reads generated from our sequencing could be directly
aligned to the S. pombe genome, we sought to further characterize

the ∼2 million reads that were unalignable (SI Materials and
Methods and Figs. S8 and S9). It was recently demonstrated that
lariat RNAs can be identified from the unalignable reads in an
RNA-seq experiment by virtue of the juxtapositioning of the 5′
splice site (5′SS) and branchpoint (BP) sequences produced during
the splicing reaction (41). By “splitting” the sequencing reads, both
the 5′SS and BP-aligning regions can be readily identified, enabling
detection of these BP-spanning elements. By adopting a modified
version of this computational approach, we identified over 37,000
such reads in our dataset (SI Materials and Methods and Dataset S1,
Table S7), which allowed us to precisely map the BP for 916
S. pombe introns, 817 of which were previously annotated introns,
and 99 of which were previously uncharacterized introns identified
in this study.
To assess the accuracy of computational prediction of BPs

in the S. pombe genome, empirically determined BPs from the
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Fig. 2. Lariat sequencing identifies over 200 unannotated introns. (A) Read
density plots of previously uncharacterized introns in the cnl2 and caf5
genes. Cartoons of the currently annotated coding regions are indicated
below. The sequences corresponding to the putative branch point, 5′ and 3′
splice sites are indicated, as are the consensus sequences in known S. pombe
introns (60). Flanking PCR demonstrates removal of the introns in cDNA from
wild-type cells, but a block to splicing in cDNA from cells lacking the splicing
factor, smd3 (Δsmd3 cDNA). (B) Read density plots of unannotated introns
in the coding regions of the cys11 and rad8 genes. Intron length is indicated
by arrows. Flanking PCR using cDNA from wild-type cells reveals an inter-
mediate amount of splicing of these introns. In the background of a strain
lacking the NMD factor upf1 (Δupf1 cDNA), the spliced isoform of rad8 is
stabilized.

250 qcr10

80 srrm1

re
ad

 d
en

si
ty

re
ad

 d
en

si
ty

200 alp41

A

B

gDNA cDNA

cold

heat

GTTTTATAAGGTTGACATGA
Exon 3Exon 1

Exon 6Exon 4
GGTAGAAGAGATATTAAATA

GATTTCTTTCTATTCCTGCC
Exon 3Exon 1

gDNA cDNA

gDNA cDNA

re
ad

 d
en

si
ty

*

*

*

alp41 heat shock

0
*

10 30
Time (mins)

qcr10 cold shock

Time (mins)

*
0 12030 60 180

Fig. 3. Examples of constitutive and inducible exon skipping. (A) Read
density plots surrounding alternatively skipped exons (red) within the srrm1,
alp41, and qcr10 transcripts. Peaks are colored red where the reads overlap
with the skipped exon, and gray where they overlap with the flanking
introns. PCR products generated using either genomic DNA or cDNA from
wild-type cells grown under normal conditions are indicated; cDNA from
wild-type cells exposed to either heat or cold shock are also indicated.
Locations of the unspliced, spliced, and exon-skipped (*) products are noted
(SI Materials and Methods and Fig. S11). (B) Flanking PCR using cDNA from
a time-course of heat shock (alp41) or cold shock (qcr10) demonstrates the
stress-induced alternative splicing of these transcripts.
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BP-traversing reads were compared with the predicted BPs for
these introns (Dataset S1, Table S8). A total of 864 BPs were
predicted within 693 of these introns (158 introns contain mul-
tiple predictions), whereas 124 introns lacked any predictions.
Experimental support was found for 588 of the predicted BPs
(located in 578 introns), but was absent for the remaining 276
predicted BPs (located within 233 introns); it is unclear whether
these latter BP predictions are incorrect or whether insufficient
experimental coverage precluded their detection. Overall, these
data suggest that computational prediction of BPs in S. pombe is
largely accurate; however, a total of 423 previously uncharac-
terized BPs were identified in 365 introns, including the 124
introns for which no predictions existed. Although many of the
alternative BPs are rare, they provide novel insights into global al-
ternative BP usage. Importantly, although the vast majority of BP-
traversing reads corresponded to canonical splicing of single introns,
12 of these reads confirmed eight of the previously described exon-
skipping events identified in this work (Dataset S1, Table S9), in-
cluding three that were not previously validated by flanking PCR,
providing additional evidence for their alternative splicing.
Whereas the vast majority (∼98%) of the unalignable reads

remained unalignable even when split into two segments (Fig. S8),
just under 400 reads were alignable as two segments on the same
chromosome and strand, and separated by fewer than 5,000 bases.
Of these reads, most (387) corresponded to canonical splice-
junction reads, presumably reflecting low levels of LI or mature
mRNA contamination. Interestingly, however, 11 reads corre-
sponded to circularized protein-coding exons, analogous to the
“circRNAs” that have been recently demonstrated in a variety of
organisms (42–45). These reads corresponded to 10 unique cir-
cularization events, nine of which were characterized by a single
read and one for which two reads were identified (Dataset S1,
Table S10). Although infrequent, these reads suggest that the
spliceosome in S. pombe is also capable of producing these
“inverted” splicing events. Understanding the prevalence and
biological significance of these species in S. pombe will require
future examination.

Evolutionary Conservation of Alternative Splicing Events. To assess
the potential evolutionary conservation of the identified exon-
skipping patterns between S. pombe and multicellular eukar-
yotes, we adopted an approach from two previous studies that
compared alternative splicing patterns between species from
different eukaryotic clades (flowering plants and mosses), where
it was argued that a necessary property of a conserved alternative
splicing pattern between species is the conservation of the gene
architecture that allows such alternative splicing (46, 47). Ac-
cordingly, we examined the global conservation of exon-structure
between the S. pombe and human genomes. For all 2,641 an-
notated internal coding exons in the S. pombe genome, a search
was conducted within the human genome for an orthologous
exon, using three criteria to define conservation: the host genes
had to be clear orthologs, the exons themselves had to be clear
orthologs, and the orthologous exons had to have an identical
nucleotide length (SI Materials and Methods and Dataset S1,
Table S11). Given the evolutionary distance separating these
organisms, it is unsurprising that few exons satisfy these metrics.
Nevertheless, 4 of the 23 skipped exons identified by lariat se-
quencing were conserved, including those in the srrm1, alp41,
pth1, and SPAC27D7.08c genes (Fig. 4 and Fig. S10), more than
expected by chance (SI Materials and Methods).
Although conserved gene architecture is a necessary condition

for a conserved alternative splicing pattern between two species,
better support for this paradigm would be direct experimental ev-
idence of alternative splicing in both species and species spanning
the evolutionary distance between them. Remarkably, the skipped
S. pombe exons of three of the four genes noted above are not only
structurally conserved with their human orthologs, but alternative
skipping of the orthologous exons has been observed within their
mammalian counterparts (Fig. 4 and Fig. S10). For the alp41 and
pth1 genes, the human orthologs have been demonstrated to skip

their orthologous exons, in each case generating protein-coding
alternative isoforms (48, 49). Moreover, a recent RNA-seq exper-
iment in macaque provides further evidence for the skipping of
these exons (50) (SI Materials and Methods). Similarly, for the
SPAC27D7.08c gene, the orthologous mouse exon is subject to
exon skipping (50, 51). Interestingly, an analysis of RNA-seq data
from the Illumina BodyMap study reveals tissue-specific regulation
of the alternative isoform of the human ortholog of alp41 (GEO
accession GSE30611) (SI Materials and Methods), further aug-
menting the relationship with the regulated behavior of the S. pombe
ortholog demonstrated here.
To better understand the evolutionary history of these con-

served exon-skipping events, a systematic search of all sequenced
eukaryotic genomes from the National Center for Biotechnology
Inforation (NCBI) was carried out (SI Materials and Methods). This
endeavor yielded over 100 species in which one or more of these
exons were stringently conserved (Fig. 4, Fig. S10, and Dataset S1,
Table S12). Notably, the skipped exon of alp41 is conserved by the
previously defined metrics in vertebrates, plants, and fungi, and in
all but two cases the length of the exon is identical. This evolu-
tionary analysis suggests that the gene structure necessary to sup-
port alternative splicing of this exon is at least as old as the common
ancestor of animals, plants, and fungi. Although no evidence cur-
rently exists for skipping of the conserved exon in these species,
transcriptome data in these species are markedly lower than that
available for humans. The identification of exon skipping across
these lineages will be critical to support the notion of a single,
ancestral origin for these alternative splicing events.
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Fig. 4. Evolutionary conservation of skipped exons in the srrm1 and alp41
genes of S. pombe. (Left) Pruned phylogenetic trees depicting model species
that have an ortholog of the skipped S. pombe exons in srrm1 (Upper) or alp41
(Lower), drawn according to NCBI taxonomy relationships (61). Full trees are
shown in Fig. S10. Vertebrate branches are colored red and plant branches are
colored green. (Right) For the srrm1 and alp41 genes, the two alternate
S. pombe isoforms corresponding to the skipping events are shown with the
corresponding isoforms from Ensembl (human) or UniProt (mouse) shown
above. Only the first six exons of the human ortholog of the srrm1 gene are
shown. The evolutionarily conserved exons are shown in red; intron lengths are
shown in Fig. S10. Below thegene diagrams are shown the peptide translations
of the S. pombe skipped exons and below that a peptide motif constructed
from a multiple sequence alignment of the translated orthologous exons
from all species for which an orthologous exon was found (60).
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Unlike the previous examples, there is no evidence for exon
skipping of the conserved exon in the human ortholog of srrm1.
However, srrm1 gene structure is specifically conserved between
vertebrates, insects, plants, and fungi exclusively at this exon and
the two flanking exons (Fig. 4 and Fig. S10). Importantly, the
srrm1 protein is an SR-like protein that functions to regulate
alternative splicing in higher eukaryotes (52). The skipped exon
of srrm1 encodes a stretch of basic amino acids just upstream of
the proline-tryptophan-isoleucine containing (PWI) domain
demonstrated to play an important role in RNA binding (53),
suggesting that the alternative protein isoform has dramatically
different RNA-binding properties. Notably, this separation of
basic motif (in exon 2) from the PWI motif (at the start of exon
3) is conserved in vertebrate srrm1 genes, although the rest of the
gene is more variable. There are well-documented examples in
higher eukaryotes where transcripts encoding SR-proteins are
themselves subject to regulation via alternative splicing (54, 55),
suggesting the intriguing possibility that alternative splicing of
the S. pombe srrm1 mRNA may function to regulate the levels of
functional Srrm1 protein.

Discussion
Here we describe the development and implementation of a
technique that leverages sequencing of the lariat introns that are
excised during splicing to enable high-sensitivity detection of
genome-wide pre-mRNA splicing events. This lariat-sequencing
approach was applied to the unicellular yeast, S. pombe, an or-
ganism that shares with vertebrates many of the features of al-
ternative splicing, yet for which recent RNA-seq experiments
had failed to detect instances of exon-skipping (29, 30). Lariat
sequencing was able to identify hundreds of previously unchar-
acterized splicing events in S. pombe, including over 20 examples
of exon skipping, several of which are shown in Fig. 3. Although
exon-skipping has been previously demonstrated at similarly low
frequency in other unicellular organisms (15–17), no such
examples of this type of alternative splicing had been previously
demonstrated in this organism. More importantly, however, is
the demonstration here that several of the S. pombe exons that
were identified as subject to skipping are highly conserved across
eukaryotic species spanning several major eukaryotic lineages,
and that experimental evidence exists for the alternative splicing
of the orthologous exons in mammalian species. To our knowl-
edge, these exon-skipping events represent the first known
examples of specific alternative splicing patterns that are iden-
tical between species from different eukaryotic kingdoms for
which both isoforms encode functional proteins, or for which
conditional regulation has been demonstrated. These findings
provide support for the hypothesis that functional alternative
splicing predates multicellularity (13).
Importantly, exon-skipping inmulticellular eukaryotes is thought

to be facilitated via an “exon-definition” model of spliceosome
assembly, yet mechanistic studies of splicing in S. pombe suggest
that assembly occurs through the “intron-definition” model more
commonly associated with unicellular eukaryotes (56). Neverthe-
less, it remains unclear whether spliceosome assembly on select
introns in S. pombe can occur by exon-definition; indeed, it has been
proposed that both intron- and exon-definition exist in Drosophila
melanogaster (57), and assembly via intron- and exon-definition can
occur on a single human transcript (58). An important future goal
will be to determine whether the mechanistic bases by which these
alternative splicing events are regulated are indeed conserved
between S. pombe and humans. The highly tractable genetics of
S. pombe provide a powerful system in which to undertake these
experiments.
Beyond the identification of alternative splicing events, lariat

sequencing was also able to identify over 200 previously un-
characterized splicing events within the S. pombe genome, many
of which appear to be canonical, constitutively spliced introns. In
fact, because the present experiments were designed primarily to
recover the larger lariats that result from exon-skipping events,
the unique splicing events found in this work almost certainly

represent only a portion the unannotated splicing events that
occur in S. pombe. Thousands of currently annotated introns in
the S. pombe genome have lengths that are shorter than 100
nucleotides; a simple extrapolation based on the ratio of un-
annotated versus annotated introns detected in this experiment
suggests that as many as 1,000 splicing events are likely to exist
within the S. pombe genome that have yet to be identified.
The majority of the uncharacterized splicing events in coding

exons of protein-coding genes identified in this work result in the
production of a transcript that is predicted to be targeted for
degradation. It is generally accepted that many cellular mRNAs
are subject to rapid cellular destabilization as a mechanism for
regulating their gene expression (4). The ability to detect these
transcripts, or splicing events within them, in an RNA-seq ex-
periment will be compromised relative to more stable mRNAs.
Although little is known about the degradation rates of specific
lariats (59), lariat intron decay is likely subject to less transcript-
specific regulation than is mRNA decay, making lariat sequencing
a particularly sensitive method for detecting splicing events for
which the mature transcript is subject to rapid degradation.
The results presented here have important implications not

only for our understanding of splicing in S. pombe, but more
generally for the use of lariat sequencing as a complement to
RNA-seq for characterizing genome-wide splicing events in any
organism. The relatively modest-sized lariat-sequencing experi-
ment presented here surveyed the combined RNA from dozens
of different stressed samples, yet was able to detect hundreds of
splicing events that went undetected in an RNA-seq experiment
with nearly 20-times the sequencing depth. The reasons for this
enrichment are almost certainly both technical as well as bi-
ological in nature. In fact, for some of the introns identified here,
limited numbers of RNA-seq reads can be found that confirm
these splicing events, highlighting the bioinformatic challenge
associated with de novo identification of splicing events. To be
sure, the technical shortcomings of RNA-seq will diminish in
scope as newer technologies allow for increased read lengths,
reductions in sequencing costs enable even greater sequencing
depths, and the tools for splice-junction identification continue
to evolve. However, even with these improvements, splicing
events that produce unstable transcripts will be better sampled
by approaches, such as lariat sequencing, which capture and
sequence the intronic material excised by the splicing machinery.
Further optimizations of the stabilization, purification, and se-
quencing of lariats should provide a powerful addition to the
arsenal of tools for characterizing splicing within genomes
and transcriptomes.

Materials and Methods
Additional details can be found in the SI Materials and Methods.

Isolation of lariat RNAs by 2D PAGE was accomplished by first isolating
total cellular RNA from a Δdbr1 strain grown under a variety of conditions as
described in SI Materials and Methods. Two different sets of gel running
conditions were used to optimize the recovery of lariat RNAs of different
lengths from these samples. To recover lariats that were as short as ∼100
nucleotides, the RNA was initially run in a single lane on a 7.5% (wt/vol)
polyacrylamide gel containing 8.3 M urea in 1× TBE at 40 mA until the
bromophenol blue had migrated 12 cm. This lane was cut out of the gel and
recast across the top of a 15% (wt/vol) gel. This second gel was run at 30 mA
until the bromophenol blue had migrated 28 cm. RNAs were stained with
SYBR Gold and visualized using a DarkReader. The lariat RNAs recovered
from this 2D gel sample are referred to as “short” lariats in Dataset S1, Table
S6. To ensure recovery of longer lariats, a separate purification was per-
formed where the first dimension used a 7.5% (wt/vol) acrylamide gel run at
40 mA until the xylene cyanol had migrated 31cm, while the second di-
mension used a 20% (wt/vol) gel run at 28 mA until the xylene cyanol had
migrated 68 cm. The lariats recovered from this gel are referred to as “long”
lariats in Dataset S1, Table S6. The downstream processing of the RNAs
isolated from both sets of gel conditions was identical, as described in SI
Materials and Methods. Of the 23 exon-skipping events identified, five were
identified exclusively from the “short” gel running conditions, nine exclu-
sively from the “long” gel running conditions, and nine from both.
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Strains Used. All experiments were performed using one of four
strains: (i) Wild-type 972 h− from ATCC, # 38366 (www.atcc.
org/ATCCAdvancedCatalogSearch/ProductDetails/tabid/452/
Default.aspx?ATCCNum=38366&Template=fungiYeast); (ii)
Δdbr1 DBR1::Nat, constructed using standard cloning techni-
ques from the wild-type strain in (i); (iii) Δsmd3 from Bioneer
Haploid Deletion Mutant Set (http://pombe.bioneer.com); or
(iv) Δupf1 from Bioneer Haploid Deletion Mutant Set (http://
pombe.bioneer.com).

Growth Conditions of Δdbr1 Cells. To elicit a broad spectrum of
transcriptional and splicing paradigms, the Δdbr1 strain was ex-
posed to a variety of different growth conditions, with samples
collected at a variety of times after exposure to environmental
stressors. The growth conditions (summarized in Dataset S1,
Table S1) for Δdbr1 cells used to make the lariat sequencing RNA
pool were as follows.

YES vegetative growth (samples 1–7): Rich liquid media (YES)
wasmade according to the recipe in Forsburg andRhind (1). For
samples 1–4, cells were grown in YES at 30 °C overnight to
saturation in a 5-mL culture, then back-diluted to an OD of
0.05. When cells reached ODs of 0.1, 0.6, 1, and 5, 10 mL of
cell culture was harvested by filtration, then placed in a 15-mL
Falcon tube and flash-frozen using liquid nitrogen and stored
until RNA isolation (see below). For samples 5–7, the process
was the same, except that cells were grown at the temperatures
indicated inDataset S1, Table S1, and harvested at anODof 0.6.

Heat shock (samples 8 and 9): Cells were grown overnight in
YES at a temperature of 25 °C then back-diluted to an OD of
0.05. When the cells reached an OD of 0.6 they were shifted to
a temperature of 42 °C. At 10 and 60 min after the shift, cells
were harvested as described above.

Cold shock (samples 10 and 11): Cells were grown overnight in
YES at a temperature of 30 °C then back-diluted to an OD of
0.05. When the cells reached an OD of 0.6 they were shifted to
a temperature of 16 °C. At 30 and 180 min after the shift, cells
were harvested as described above.

Salt, DNA damage, oxidation and other stresses (samples 12–
25): Cells were grown overnight in YES at a temperature of
30 °C, then back-diluted to an OD of 0.05. For each stressor
(KCl, 4NQO, MMS, Lithium, Ethanol, DTT, H2O2), when
cells reached an OD of 0.6, prewarmed YES containing the
stressor was added to the cell culture, to give the final concen-
trations of stressor indicated in Dataset S1, Table S1. After 20
and 120 min of stress, cells were harvested as described above.

Growth in minimal media, EMM, (samples 26–32): EMM was
made according to standard techniques (1). Samples were har-
vested as described for samples 1–7 above, except that cells
were grown in EMM instead of YES.

Amino acid starvation (samples 33 and 34): Cells were grown
overnight in EMM at a temperature of 30 °C, then back-
diluted to an OD of 0.05. When cells reached an OD of 0.6,
prewarmed EMM containing 0.5M 3-amino triazole (3-AT)
was added to give a final concentration of 0.05 M. After 30
and 180 min of exposure to 3-AT, cells were harvested as
described above.

Glucose, nitrogen, and phosphorous starvation (samples 36–40):
For each of these three stresses, cells were grown in EMM at

30 °C, then back-diluted to an OD of 0.05. When cells reached
an OD of 0.6, 50 mL of culture was filter-collected, then resus-
pended in 50 mL of prewarmed EMM lacking either glucose,
nitrogen, or phosphorous. This media was prepared according
to standard techniques, but omitting either glucose, NH4Cl, or
Na2HPO4, respectively. After this, cells were harvested at times
of 20 min and 120 min, as described above.

Solid YES agar (sample 41): Cells were streaked to single col-
onies from a glycerol stock onto a plate of YES agar [YES +
2% (wt/vol) Difco Bacto Agar], and grown for 2 d at 30 °C.
A single colony was transferred to a 15-mL Falcon tube and
flash-frozen using liquid nitrogen.

For every other experiment in the article (all of the flanking
PCR experiments in Figs. 1, 2, and 3 with wild-type Schizo-
saccharomyces pombe), except the quantitative PCR (qPCR)
experiments for the alp41 and qcr10 gene (see below), unless
otherwise noted, cells of the relevant strain were grown over-
night in YES then back-diluted to an OD of 0.05, allowed to
grow to OD 0.6, and then harvested by filtration.

Total RNA Isolation from Δdbr1 Cells. From the cell pellets collected
above, total cellular RNA was isolated using hot phenol chlo-
roform extraction as follows. Into the 15-mL Falcon tube con-
taining filter-collected cells was added 2 mL Acid Phenol (pH <
5.5), followed by 2 mL AES Buffer [50 mM sodium acetate (pH
5.3), 10 mM EDTA, 1% SDS], and the tube was vortexed for
10 s, then incubated at 65 °C for 7 min, vortexing for at least 3 s
at 1-min intervals. The tube was then incubated on ice for 5 min,
then the entire mixture was transferred to a 15-mL PhaseLock
Heavy Gel tube (5PRIME) and centrifuged at 4 °C at 5,250 × g
for 5 min. Two milliliters phenol:chloroform:iaa (25:24:1) was
then added to the supernatant, and mixed by shaking the tube up
and down vigorously for 5 s. The tube was then centrifuged again
in the same manner, and 2 mL chloroform was added to the
supernatant, mixing as before. The tube was centrifuged as be-
fore, and this time the supernatant was transferred to a new
15-mL Falcon tube, to which 2 mL isopropanol and 200 μL 3M
sodium acetate (pH 5.3) was added. The resulting solution was
mixed by vortexing, and 2 mL was transferred to a 2-mL cen-
trifuge tube. The 2-mL tube was centrifuged for 20 min at 4 °C at
18,000 × g, then supernatant was removed by decanting, and
2 mL 70% ethanol was used to wash the RNA pellet. The tube
was then centrifuged for 5 min at 4 °C at 18,000 × g and the 70%
ethanol wash step and 5-min centrifugation step was repeated.
This second 2 mL of 70% ethanol was then decanted, and the
sample was dried using vacuum centrifugation at room temper-
ature. The RNA pellet was resuspended in RNase-free water.
After isolation, 21 μg of RNA from each of the 41 samples was
pooled together. This sample was split into two 400-μg aliquots
for purification on 2D PAGE: one for the “short” gel conditions
and one for the “long” gel conditions (seeMaterials and Methods).

Library Preparation and Sequencing. Library preparation was sim-
ilar to that outlined in Quail et al. (2), with modifications as
described below.
cDNA synthesis. Gel-purified lariat RNAs were converted into
cDNA without prior debranching by using random nonamers as
primers in a 20-μL reaction containing 5 μg of primer, 1 μg RNA
sample, 50 mM Tris·HCl (pH 8.5), 3 mM MgCl2, 10 mM DTT,
0.2 mM each dNTP, and 60 ng of MMLV reverse transcriptase.
Reactions were incubated overnight at 42 °C.
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Second-strand synthesis. Second strand cDNA was generated using
Escherichia coliDNA Pol I and RNaseH (Invitrogen) in a 100-μL
reaction containing 20 μL of the cDNA synthesis mixture, 12 μM
each dNTP, 1× DNA Pol I buffer, 50 units of DNA Pol I, and 1
unit of RNase H. The reaction was incubated at 16 °C for 1 h.
Clean-up. The products of the second-strand synthesis reactions
were phenol-chloroform–extracted, chloroform-extracted twice,
ethanol-precipitated, washed, and finally desalted using BioRad
Micro Bio-Spin 6 columns equilibrated with water. This extrac-
tion, precipitation, and desalting clean-up regimen was used af-
ter each subsequent step in library preparation.
End repair. A 100-μL reaction was set up using 34 μL dsDNA
(volume of second-strand reaction left after clean-up), 10 μL
New England Biolabs end-repair buffer, 5 μL New England Bi-
olabs end-repair enzyme mix, and 51 μL water. The reaction was
incubated at 20 °C for 30 min. Clean-up was as above (eluted
into 34 μL).
A-tailing. A 50-μL reaction was set up using 32 μL DNA (from
postclean-up of end-repair reaction), 5 μL of 10× New England
Biolabs Buffer 2, 10 μL of 10 mM dATP, and 5,000 units Klenow
exo- (New England Biolabs). The reaction was incubated at
37 °C for 30 min. Cleanup was as described above, but eluted
into 22 μL water.
Adapter ligation.A 50-μL adapter ligation reaction was set up using
19.5 μL DNA (from postclean-up of a-tailing reaction), 25 μL
DNA ligase buffer, 0.5 μL sequencing adapter, and 3,000 units
of T4 DNA ligase (Enzymatics). The reaction was incubated at
room temperature for 15 min.
PCR Amplification. Adapter-ligated DNA was purified on a 6%
acrylamide gel. The gel was cut between 150 and 300 nucleotides,
and DNA isolated from the gel was precipitated and subjected to
Phusion PCR as follows. Reaction mix was 100 μL, with 4 μL
DNA sample precipitated from gel, 1× HF buffer, dNTPs (0.3 mM
each), 0.25 μM long Solexa PCR primer, 0.25 μM short Solexa
PCR primer, and Phusion polymerase (New England Biolabs).
The PCR protocol was 98 °C for 30 s, then 24 cycles of 98 °C for
10 s, 65 °C for 30 s, 72 °C for 30 s. Final extension was 72 °C for
5 min. The PCR product was purified on a 6% acrylamide gel,
recovering the material above the primer dimer (100 bp). The
purified products were sequenced on an Illumina GAIIx ma-
chine platform.

Intron Discovery. Sequence reads were initially aligned to the
S. pombe reference genome from the Sanger CenterWeb site using
Bowtie v0.10.1, allowing for zeromismatches, and alignments at up
to three different genomic regions. The decision to allow reads that
could align to multiple genomic loci read was made to allow
alignment to ribosomal RNAs, which are often present in multiple
genomic copies. To determine the number and percentage of reads
aligning to different types of genomic features, aligned read posi-
tions were compared with the pombe_040211.gff file from the
Sanger Center Web site. A second, more conservative, alignment
was performed that only permitted unique read alignments; this
alignment was used for all subsequent analyses.
After read alignment, “peaks” were defined as nonzero read

regions with at least five reads. Peak edges were defined as the
nucleotide on either side of the peak where the read count be-
came zero. A total of 1,541 peaks overlapped a single intron
annotated in the S. pombe gff files, of which 1,325 had at least
90% of peak density contained within the intron (Dataset S1,
Table S3). For 9 of the 1,541 detected introns, a small number of
reads were detected that extended beyond the annotated
boundaries. For example, the peak for rpl4301 shown in Fig. 1
contains 237,155 reads that map entirely within the intron, but an
additional 12 reads that map to the exons flanking the intron. We
presume that these reflect a small amount of contamination of
linear RNA because these introns are all contained within very
highly expressed genes, but cannot rule out the possibilities that

they reflect either: aberrant splicing at noncanonical splice sites
within this transcript, the isolation of lariat-intermediates of the
splicing reaction, or a low level of contaminating genomic DNA.
In Fig. 1, only the 237,155 reads that mapped to the intron are
shown, with the remaining 12 reads having been excluded. Of the
nine peaks showing this behavior, all had at least 10,000 reads
that mapped within the intron, and none had more than 12 reads
mapping outside of the intron. None of the other peaks dis-
played in any of the figures were trimmed.
Whereas a minimum of five reads were required for peak

calling, only peaks with at least 50 reads were further considered
as candidate introns. For each of these peaks, 30 base-sequence
windows both up- and downstream of each of the peak boundary
coordinates were scanned for potential splice site sequences. The
upstream window was scanned for all GT dinucleotides, repre-
senting possible 5′ splice sites. The downstream window was
scanned for all possible branchpoint (BP) sequences and all AG
dinucleotides, representing possible 3′ splice sites. For every
peak, these sequences were scanned separately in both the
Watson and the Crick strand. For each peak, four different in-
tronic features were then considered: 5′ splice site, 3′ splice site,
BP sequence, and BP to 3′ splice site distance. Each of these was
scored by calculating the log-odds ratio under a foreground
versus background probability model. For the 5′ splice site, the
foreground model was a feature-specific first-order Markov
model [as detailed in Lim and Burge (3)], built using the first 8
nucleotides of every intron annotated in the pombe_040211.gff
file (see above). A background model in the form of a di-
nucleotide frequency matrix was built using exonic sequences
and intronic sequences that were not part of the first 8 nucleo-
tides of the intron. The score of any putative 5′ splice site se-
quence was calculated as the log odds ratio of that 8-mer under
the 5′ splice site model relative to the background model. Pu-
tative 3′ splice site sequences were scored analogously to the 5′
splice sites, considering instead the last five nucleotides of the
intron. BP sequences were scored using BP sequences from the
“aligned_introns” file from the Sanger Center to build the
foreground model, and all exonic and intronic sequence specified
by the pombe_040211.gff file to build the background model.
Finally, the branch point to 3′ splice site distance was scored,
using for the foreground model an empirical probability distri-
bution (smoothed by a Gaussian kernel) of the number of nu-
cleotides from the branch point adenosine to the terminal
nucleotide of the 3′ splice site, extracted from the “aligned_in-
trons” file, and for the background model a uniform probability
distribution, with minimum and maximum values corresponding
to the minimum and maximum empirical values for branch point
adenosine to terminal 3′ splice site nucleotide observed in the
“aligned_introns” file. To get a final score for each putative in-
tron, an unweighted sum was taken of the four scores described
above. The scoring process was carried out in both Watson and
Crick strands, and the higher final score was chosen as the pu-
tative splicing event.

Classifying Unique Introns. Unique splicing events were classified
based on overlap with known genomic features, specified by the
pombe_09052011.gff file from the Sanger Center Web site, and
the SP2_CALLGENES_FINAL_3.gff3 and SP2_ncRNA.gff3 files
from the BROAD Institute Web site. Intron type categories were
then annotated as follows:

Exon skipping: Peak completely spans an exon, starting in the
upstream intron and ending in the downstream intron.

5′ UTR: Intron is completely contained within or partially over-
laps with the annotated 5′ UTR of a gene, on the same strand.

3′ UTR: Intron is completely contained within or partially over-
laps with the annotated 3′ UTR of a gene, on the same strand.
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cds in-frame: Intron is completely contained within a coding
exon of an annotated gene, on the same strand, and the intron
has a length that is a multiple of three.

cds frameshift: Intron is completely contained within a coding
exon of an annotated gene, on the same strand, and the intron
has a length that is not a multiple of three.

5′ model change: Intron spans the annotated start codon of
a gene, on the same strand.

3′ model change: Intron spans the annotated stop codon of
a gene, on the same strand.

Antisense: Intron completely overlaps coding or untranslated
region of a protein-coding gene, but on the opposite strand.

Intronic snoRNA: Intron contains an annotated snoRNA, on
the same strand.

snoRNA intron: Intron is contained within an annotated
snoRNA, on the same strand.

ncRNA: Intron is contained within a noncoding RNA on the
same strand, and does not overlap a protein-coding gene or
snoRNA on either strand.

Unclassified: Intron does not overlap any features in either
strand.

Determining the Percentage of Single Exon-Skipping Events Covered
by Lariat Sequencing. The length of all potential single exon-
skipping events was determined as follows. For each nonterminal
exon in the S. pombe genome, the length of the exon was added
to the sum of the lengths of the two flanking introns. A total of
2,808 intron-exon-intron units (potential single exon-skipping
events) were identified with the shortest being 40 nucleotides
and the longest being 4,015 nucleotides in length. Of this total,
1,853 such units (66%) had lengths in the range of 85–400 nu-
cleotides, the size range captured by our gel conditions.

Characterizing the Slow-Migrating Bands in Fig. 3A. In the gels for
alp41 and qcr10 in Fig. 3A, bands are apparent in the cDNA
template lanes that run between the fully unspliced products and
the constitutively spliced products (see also Fig. S11). We tested
the idea that these bands represented retention of either the up-
or down-stream intron that flanks the internal exon, because of
either intron retention or incomplete splicing. To this end, au-
thentic DNA amplicons were constructed that recapitulated ei-
ther the retained upstream or downstream intron, using chimeric
primers to construct the intron deletions. For example, to make
the version of qcr10 with intron 1 deleted and intron 2 retained,
genomic DNA was amplified using two different primer pairs,
as follows. The first primer pair used an upstream primer in the
5′UTR (primer #15 in Dataset S1, Table S14) and a downstream
chimeric primer whose 3′ end aligned to the 3′ end of exon 1,
and whose 5′ end aligned to the 5′ end of exon 2 (primer #21).
The second primer pair used an upstream chimeric primer whose
5′ end aligned to the end of exon 1 and whose 3′ end aligned to
the start of exon 2 (primer #20), and a downstream primer that
aligned to exon 3 (primers #16). The two PCR products were
then gel-purified and “stitched” together via the complementary
ends produced by the chimeric primers in two cycles of PCR
without external primers. Then the outermost primers—the
upstream primer from the first primer pair (primer #15) and the
downstream primer from the second primer pair (primer #16)—
were added to an aliquot of the stitched template and standard
PCR was carried out. Because the outermost primers were the
same as those used to carry out PCR of qcr10 for Fig. 3A, we
could directly run out this stitched product with intron 1-deleted
and intron 2-retained side by side with the cDNA PCR product

from Fig. 3A to test whether the band between the fully un-
spliced band and the fully spliced band migrated with the intron
2-retained standard band. In an analogous fashion, a version of
qcr10 was constructed where intron 1 was retained and intron 2
was deleted. Similarly, versions of alp41 were constructed where
either intron 4 or intron 5 were retained. All of the primers used
are indicated in Dataset S1, Table S14. For each gene, both
retained authentic standards were run on a gel alongside the
heat-shock (alp41) or cold-shock (qcr10) cDNA PCR products
from Fig. 3A. The results are shown in Fig. S11 and are consis-
tent with these bands representing amplicons with only one of
the two introns excised.

Quantitative PCR Validates Environmentally Regulated Alternative
Splicing of alp41 and qcr10. qPCR was used to examine the lev-
els of the constitutively and alternatively spliced isoforms of both
alp41 and qcr10. Primers were designed to detect either the ca-
nonically spliced or the exon-skipped isoforms of each tran-
script, as follows. The forward primer in all cases was comprised
entirely of sequence that spanned an exon-exon junction: the
nonconsecutive exons exon4-exon6 for the skipped isoform of
alp41 (primer #10 in Dataset S1, Table S14), and the non-
consecutive exons exon1-exon3 for the skipped isoform of qcr10
(primer #18 in Dataset S1, Table S14); the consecutive exons
exon4-exon5 for the canonical isoform of alp41 (primer #9 in
Dataset S1, Table S14), and the consecutive exons exon2-exon3
for the canonical isoform of qcr10 (primer #17 in Dataset S1,
Table S14). The number of bases in the primer corresponding to
each exon was chosen to make the Δ G as close to −17 kcal/mol
as possible, using a nearest neighbor calculation (4). The reverse
primer in all cases aligned to a downstream exon: exon 6 for
alp41 (primer #8 in Dataset S1, Table S14) and exon 5 for qcr10
(primer #19 in Dataset S1, Table S14). The standard curves for
qPCR for both isoform-specific primer pairs were made using
a dilution series of purified PCR product (Fig. S5A). Specifically,
flanking PCR was performed for both alp41 and qcr10, the
products were run out on a gel, and the bands corresponding to
the canonically and alternatively spliced isoforms were extracted
from the gel. The gel-purified PCR products were then used to
construct the standard curves shown in Fig. S5A. The qPCR was
performed in 15-μL reactions containing 5 ng cDNA, 250 nM
forward and reverse primers, 10 mM Tris·HCl (pH 8.5), 50 mM
KCl, 1.5 mM MgCl2, 0.2 mM each dNTP, 0.25× Sybr Green, and
0.7 ng of Taq DNA Polymerase. The amplification protocol
was 40 cycles of 95 °C for 15 s of denaturation, 56 °C for 30 s
of annealing, and 72 °C for 45 s of extension using a Roche
LightCycler 480.
To induce heat shock, wild-type S. pombe cells were grown to

mid-log phase (OD 0.6) in YES media at 25 °C, then the culture
was shifted to 37 °C, after which cells were collected at 5, 10, and
20 min. A sample was also collected immediately before the
temperature shift to serve as the baseline sample. To induce
ethanol stress, wild-type S. pombe cells were grown to mid-log
phase (OD 0.6) in YES media at 30 °C, then were shifted to
YES + 10% ethanol at 30 °C. Cells were collected immediately
before addition of ethanol (for baseline comparison), then after
5, 10, and 20 min of stress. Total RNA isolation and cDNA syn-
thesis for each of these samples was performed as described above.
To induce cold shock, wild-type S. pombe cells were grown

overnight in YES at 30 °C, then back-diluted and grown to mid-
log phase (OD 0.6) in YES media, then shifted to 16 °C, after
which cells were collected at 10, 30, 60, 120, and 180 min. A
baseline sample was collected immediately before the tempera-
ture shift. To induce amino acid starvation, wild-type S. pombe
cells were grown to mid-log phase (OD 0.6) in EMM at 30 °C,
then were shifted to EMM + 0.05 M 3-AT at 30 °C. Cells were
collected immediately before addition of 3-AT (for baseline
comparison), then after 10, 30, 60, 120, and 180 min of stress.
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Total RNA isolation and cDNA synthesis for each of these
samples was performed as described above.
As seen in Fig. S5B, production of the alternative isoforms

of both transcripts are rapidly induced in response to specific
stressors, with the alternative alp41 isoform showing a 10-fold
increase, and the alternative qcr10 isoform showing a fivefold
increase over the course of the experiments. Importantly, no
changes in alternative isoform levels are observed for either
transcript in response to other stress conditions, indicating that
the exon-skipping events reflect specific, regulated responses to
distinct stressors.

Testing the Specificity of Isoform-Specific qPCR Primers for alp41 and
qcr10.For both of these genes, a qPCR experiment was performed
to test the specificity of the two primer pairs used to detect the
canonically spliced and the exon-skipped isoforms. For example,
primers #10 and #8 from Dataset S1, Table S14 were designed
to specifically detect the exon-skipped isoform of alp41 in the
experiments shown in Fig. 3B. To test the specificity of these
primers for the alternative isoform of alp41 (in this example,
termed the “cognate” template) versus the canonically-spliced
isoform of alp41 (here termed the “noncognate” template),
qPCR was carried out using these primers with a titration
of increasing ratios of noncognate to cognate template. The
amount of cognate template was held constant at a level calcu-
lated to give the same threshold cycle as the lowest threshold
cycle observed for this primer pair in the experiment in Fig. 3B.
The noncognate template was doubled at each of eight steps,
starting at a ratio of 1:4 (noncognate:cognate) and ending at
a ratio of 32:1, allowing for a >100-fold variation in the ratios.
The source of the cognate and noncognate template was gel-
purified PCR products produced using the appropriate primers.
The band corresponding to the canonical splicing event was
purified and used as the noncognate template in this case, and
the band corresponding to the exon-skipping splicing event was
purified and used as the cognate template. The test of specificity
was carried out for all four primer pairs used in the qPCR ex-
periments shown in Fig. 3B (alp41 exon-skipping primer pair
#10 and #9; alp41 canonical splicing primer pair #9 and #8;
qcr10 exon-skipping primer pair #18 and #19; qcr10 canonical
splicing primer pair #17 and #19).
All qPCRs were performed in 15-μL reactions containing

templates as specified above, 250 nM forward and reverse pri-
mers, 10 mM Tris·HCl (pH 8.5), 50 mM KCl, 1.5 mM MgCl2,
0.2 mM each dNTP, 0.25× Sybr Green, and 0.7 ng of Taq DNA
Polymerase. The amplification protocol for all alp41 experiments
was 40 cycles of 95 °C for 15 seconds of denaturation, 56 °C for
30 s of annealing, and 72 °C for 45 s of extension using a Roche
LightCycler 480. The amplification protocol for all qcr10 ex-
periments was 40 cycles of 95 °C for 15 s of denaturation, 55 °C
for 30 s of annealing, and 72 °C for 45 s of extension using a
Roche LightCycler 480.
Importantly, as seen in Fig. S6A, high-specificity is observed

for both of the primer pairs designed to detect the alternatively
spliced isoforms. For the alp41 primers, the presence of a 32-fold
excess of the noncognate template results in only an ∼twofold
increase in the measured level of cognate material. Similarly, for
the qcr10 primers a 16-fold excess of the noncognate template
results in a twofold increase in the measured level of cognate
material. The primers designed to detect the constitutively spliced
isoform of qcr10 also performed quite well, showing less than
a twofold change in the measured level of cognate template even
in the presence of a 32-fold excess of noncognate template. In
contrast, the primers designed to detect the constitutively spliced
isoform of alp41 showed the highest level of cross-reactivity,
demonstrating a twofold change in the measured level of the
cognate material in the presence of just a fourfold excess of the
noncognate template. It is important to note, however, that these

data suggest that the precision with which the levels of the con-
stitutive isoform of qcr10 can be measured will be compromised
under conditions where the alternative isoform is present in ex-
cess amounts. Because our data (and the current state of anno-
tation for the alp41 transcript) suggest that the alternative isoform
is rare under normal conditions, we expect that these primers are
giving a robust measure of the levels of the constitutively spliced
isoform. Moreover, as seen in Fig. S6B, the amount of canonically
spliced isoform for both alp41 and qcr10 that was detected in the
experiments shown in Fig. 3B is either decreasing or staying the
same. As such, although the measured levels of alternative iso-
form at time 0 might overestimate their actual levels, the in-
creased levels of alternative isoforms being detected over the
course of the stress responses cannot be derived from cross-re-
activity with the constitutive isoforms.

Classifying Split Reads for Fig. S8.All reads for which no alignment
could be found with fewer than three mismatches to the S. pombe
genome (using bowtie, option –v 3) were considered as potential
split reads. Each of these ∼2 million reads was classified as fol-
lows. Each read was split into all possible pairs of two segments
(a “head” segment and a “tail” segment), ensuring that both
segments were at least 10-nucleotides long. Reads were classified
based on how the segments aligned to the genome, as follows:

Neither segment alignable: No split exists for the read in which
either segment is alignable to the genome with zero mismatches.

Single-segment alignable: No split exists for the read in
which both segments are alignable to the genome with zero
mismatches.

Implausible biological alignment: No split exists for the read in
which both segments are alignable to the same chromosome
and same strand, and less than 5,000 bases apart, with zero
mismatches.

Branchpoint traversing reads: Analogous to the alignment
strategy used in Taggart et al. (5). A single split exists for
which the “head” fragment aligns downstream of the “tail”
fragment, less than 5,000 bases apart, and the tail fragment
being with GT dinucleotide (5′SS), and the head fragment
ends in a mismatch [reflecting misincorporation of the BP
adenosine by reverse transcriptase reading through a lariat
branchpoint, as described in Taggart et al. (5)]. To precisely
map branchpoints for Dataset S1, Table S8, the last base of
the head fragment was trimmed [as this is the position most
frequently misincorprated by reverse transcriptase (5, 6)], the
trimmed head fragment was aligned to the intron with zero
mismatches, and if the next base downstream of the end of the
aligned head fragment was an adenosine (which it was for over
80% of the reads), that adenosine was determined to be the
BP adenosine.

Splice junction reads: A single split exists for which the “head”
fragment aligns upstream of the “tail” fragment on the same
chromosome and strand and less than 5,000 bases apart, and
the head fragment is immediately upstream of a GT dinucle-
otide (5′SS), and the tail fragment is immediately downstream
of an AG dinucleotide (3′SS).
circRNA reads: A single split exists for which the “head” frag-
ment aligns downstream of the “tail” fragment on the same
chromosome and strand and less than 5,000 bases apart, and
the head fragment is immediately downstream of an AG di-
nucleotide (3′SS), and the tail fragment is immediately up-
stream of a GT dinucleotide (5′SS). For circRNA reads,
these GT and AG dinulceotides were further required to
correspond to the annotated splice sites of different introns
within the same gene.
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Identifying Gene and Exon Orthologs for Skipped Exons Between
S. pombe and Homo Sapiens. A perl script was written to find
the reciprocal best BLAST (by blastp, default parameters) hit for
every gene in the S. pombe genome. The set of genes and exons
for S. pombe were defined by the pompep.fsa file at pombase and
the gtf file from the Broad Institute, and the set of genes and
exons for humans was downloaded from Dnsembl, using the
biomart tool (www.ensembl.org). For each S. pombe gene, the
cDNA was translated and used to find a reciprocal best BLASTP
hit with the human proteome. For every S. pombe gene that had
a reciprocal best BLASTP hit (the human gene ortholog), every
exon was subjected to a BLASTP search against every exon
of the same length in the human gene ortholog. For those
S. pombe–H. sapiens exon pairs of the same length, only if they
were reciprocal best BLASTp hits were they considered exon
orthologs. In a subsequent, relaxed stringency search, we ap-
proached the problem in an identical way, except we allowed for
the length of the exon pairs to vary by ± 15 nucleotides in length
and still be considered as exon orthologs.

Calculating the Statistical Significance of the Observed Exon-Skipping
Events. Given the 23 exon-skipping events we identified in
S. pombe, we sought to determine whether there was an en-
richment for exons that were conserved with their human or-
thologs according to the criteria described above. To do this, we
calculated the simple 2 × 2 contingency table using the following
parameters of all S. pombe internal coding exons (of which there
are a total of 2,641): 4 of the exons are conserved and skipped,
19 of the exons are not conserved but are skipped, 109 of the
exons are conserved but not skipped, and 2,509 of the exons are
neither conserved nor skipped. The P value associated with this
contingency table is 0.013, suggesting that there are significantly
more conserved exons among those we have identified within
our exon-skipping candidates than would be expected by chance.
We next sought to address whether there was an enrichment

for skipping events in S. pombe that were both conserved with
their human orthologs and for which their human orthologs were
alternatively spliced. Using the metrics described above, we
again considered the 113 orthologs identified when the exon
lengths were required to be identical length, as was the case
for the orthologous human exons in the alp41 and pth1 genes.
However, because the requirement for identical lengths could be
considered too strict, we also considered a larger set of 262 or-
thologs whose lengths were within 15 nucleotides of each other
(Dataset S1, Table S11). We then manually inspected each of
these 262 human orthologs using the Ensembl human Web site
to determine whether there was evidence for their functioning as
simple cassette exons: specifically, whether there existed at least
one isoform where the exon was present and at least one isoform
where it was skipped (note that to be considered skipped here
required that the exon was independent of flanking exons, such
that it could be included or excluded in the transcript by itself,
and not just as part of a larger exon skipping event involving
multiple exons). When considering only those 113 exons that
have perfect length conservation, 13 instances of alternative
splicing of the human isoforms were identified. By comparison,
when considering the 262 exons where length conservation was
within 15 nucleotides, 40 instances of alternative splicing were
identified.
To determine how often one would expect to observe at least

two exons that are conserved between S. pombe and humans and
skipped in humans when picking 23 internal exons at random
from the S. pombe genome, we considered the product of these
two frequencies: (113/2,641) × (13/113) = 13/2,641 for the
“strict” conservation, and (263/2,641) × (40/263) = 40/2,641 for
the “relaxed” conservation. To assess the probability of identi-
fying two such events of 23 possibilities, a perl script was written
that automated one million trials whereby each trial consisted of

23 repeats of the following process. A number between 0 and 1
was randomly generated, then compared with the ratio of con-
servation and skipping (set to either 13/2,641 or 40/2,641, de-
pending on the stringency set for conservation). If the random
number was less than or equal to the conservation and skipping
ratio, this was considered a “success,” and the count was in-
cremented. After this process was repeated 23 times, the count
was recorded. Each such set of 23 randomly generated numbers,
comparisons, and summations was considered a trial. Upon
performing one-million trials, the proportion of times that at
least two “successes” were observed was reported as the P value
of observing two conserved, skipped exons in our actual dataset.
Using the “strict” criteria (as was actually the case for our ob-
served data with the conserved, skipped exons in the alp41 and
pth1 genes) the P value was 0.00567; using the “relaxed” criteria
the P value was 0.0468. In both cases, the observed number of
“successes” in the actual dataset is significantly higher than that
expected by chance based on background conservation rates
between S. pombe and human exons and background skipping
rates in human exons that are conserved with S. pombe exons.
It seems important to acknowledge several important caveats

about these significance calculations. As with many such calcu-
lations, decisions about how to determine the background rates
can have a profound impact on the calculated significance. In this
case, we have determined the frequency of exon skipping (as
cataloged by Ensembl) for this discrete set of genes and used this
as the background rate of exon skipping. The rates that we de-
termined (13/113 or ∼11.5% from the “strict” analysis, and 40/
262 or ∼15% for the “relaxed” dataset) are slightly higher than
some published values (7), which would tend to underrepresent
the significance we have calculated. By contrast, as newer
methods allow for better detection of alternative events, the
number of exons demonstrated to be skipped has also increased,
suggesting that our values could overstate the significance we
have calculated. It is also true, however, that these calculations
consider conservation only between S. pombe and humans,
whereas Fig. 4 and Fig. S10 demonstrate that these exons show
conservations across large evolutionary distances. Although it is
unclear how to appropriately quantify an expected rate of con-
servation across this many species, there can be no doubt that the
background rate of exon conservation across the many species
included in these analyses will be considerably lower than that
calculated between S. pombe and humans, alone; as such, the
probability of identifying two exons by chance of 23 that are: (i)
conserved between S. pombe and humans; (ii) alternatively
spliced in both S. pombe and humans; and (iii) demonstrate gene
architecture conservation over the distances demonstrated in
Fig. 4 and Fig. S10, is almost certainly much lower than the
values we have presented here.

Finding Exon Orthologs for the S. pombe Cassette Exons in alp41, srrm1,
pth1, and SPAC27D7.08c Among all National Center Biotechnology
Information (NCBI) Eukaryotic Sequenced Genomes. A perl script
was written to do the following. For each of the four S. pombe
genes, the amino acid sequence of the full-length protein was
used in a BLASTP against the entire nonredundant protein
database from the NCBI: (http://blast.ncbi.nlm.nih.gov/Blast.cgi?
PAGE=Proteins), with a cut-off e-value of 5,000 so as to not be
too stringent at this step. Next, the reciprocal best BLASTP hit
was calculated for each species with S. pombe to determine the
set of orthologs at the gene level (the “gene ortholog” of the S.
pombe gene). For each gene ortholog, a search was conducted
for the reciprocal best BLASTP hit among the translated exons
of the S. pombe gene and the gene ortholog. Here the additional
constraint of a length difference of at most 15 nucleotides was
imposed. However, all exon orthologs in fact had identical lengths
to the S. pombe exon.
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Multiple Sequence Alignments. All non-BLAST multiple sequence
alignments for Fig. 4 and Fig. S10 were performed using clustalw2,
v2.0.12, available from www.ebi.ac.uk/Tools/msa/clustalw2/#. The
default options were used. For SPAC727D7.08c gaps in the align-
ment were suppressed.

Finding Evidence for Exon-Skipping of the alp41, pth1, and
SPAC27D7.08c Exons in Macaque and Mouse RNA-seq Data. To find
evidence for exon-skipping of the four evolutionarily conserved
exons in the alp41, pth1, SPAC27D7.08c, and srrm1 genes in
species other than human and S. pombe, a recent RNA-seq study
(8) that performed some of the deepest sequencing of several
vertebrate species was searched. For each of the four S. pombe
exons for which there was an orthologous exon in the species in
question, a minimal unique alternative junction was created with
which to search the RNA-seq data. An example of the process is
outlined below for the exon-skipping event in the SPAC27D7.08c
gene in mouse. First, it was determined whether the S. pombe
exon for this gene has an orthologous exon in mouse, as pre-
viously described. Because this is indeed the case, the next step
was to determine the sequences of the exons flanking the con-
served exon and to construct a set of junction sequences from
these flanking exon sequences. To construct each junction se-
quence in the set, the last n bases of the upstream flanking exon
were followed by the first n bases of the downstream flanking
exon, where n was varied from 8 to 20. This process produced
a set of 13 alternative junction sequences with lengths from 16 to
40 nucleotides. To find the minimal unique junction (unique in
the sense that it did not align anywhere to the mouse genome),
all junctions were aligned using Bowtie to the latest index of the
mouse genome from the Bowtie Web site. The shortest junction
that did not align perfectly to the genome was considered the
minimal unique junction. This process ensured that the junction
used to search for alternative reads had at least 8 nucleotides
from each of the exons flanking the conserved exon, and that it
did not align anywhere in the genome (to reduce false-positives).
To search for reads indicating skipping of the conserved exon,
the minimal unique junction was used in a unix grep command
against the fastq file of read sequences. This command produced
a list of lines in the read fastq file that contained the minimal
unique junction. These lines were then manually curated to

make sure that the junction (or “seed”) sequence could be ex-
tended in at least one direction in the matched read, and that the
extended sequence matched the flanking exon sequence. This
process yielded several alternative splicing reads for macaque
and one for mouse (confirming previous EST data). The pro-
cedure described above to search for alternative reads was also
carried out to search for the corresponding canonical splicing
reads, with the following modifications. Instead of constructing
minimal unique junctions from the two exons flanking the con-
served exon, this time two different pairs of exons were used: the
upstream flanking exon and the conserved exon itself; and the
conserved exon and the downstream flanking exon. Whereas for
the alternative junction construction two noncontiguous exons
n − 1 and n + 1 were used, in this case the two pairs n − 1, n and
n, n + 1 were used to construct the canonical junctions. The read
counts for macaque and mouse for all four genes are given in
Dataset S1, Table S16.

Assessing Tissue-Specific Exon-Skipping of Human ARL2. Using Hi-
Seq read data from the Illumina Human Body Map 2.0 Project
(www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE30611), reads
that corresponded to the junction of ARL2 exon4-exon5 or exon
5-exon6 (canonical splicing reads) and reads that corresponded
to the junction of exon4-exon6 (alternative splicing reads) were
tabulated for each of 16 different human tissues (Dataset S1,
Table S15). For each tissue, a percentage of exon skipping was
calculated by dividing the exon 5 skipping reads by the number of
canonical splicing reads divided by two.
The data were tested for heterogeneity in the exon5 skipping

percentage using the χ2 test in the R statistical package on the
16 × 2 table of tissue-specific alternative and canonical junction
read counts. The P value for this test was 3.77 × 10−5. By instead
comparing the 2 × 2 table of canonical and alternative splicing
read counts from the tissue with the highest percentage of exon 5
skipping (lung, 19.15%) to the counts from the tissue with the
lowest percentage (skeletal muscle, 1.69%) by Fisher’s exact test,
the P value was 4.48 × 10−5. The analogous test comparing the
tissues with second-highest and second-lowest exon5-skipping
yielded a P value of 2.46 × 10−4.
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Fig. S1. Two-dimensional gels for RNA from Δdbr1 and wild-type S. pombe strains grown under standard conditions. Arc corresponding to circular RNA is
indicated with an arrow.

Awan et al. www.pnas.org/cgi/content/short/1218353110 6 of 14

http://www.ebi.ac.uk/Tools/msa/clustalw2/#
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218353110/-/DCSupplemental/sd01.xlsx
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE30611
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218353110/-/DCSupplemental/sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218353110/-/DCSupplemental/sd01.xlsx
www.pnas.org/cgi/content/short/1218353110


26 210 214 218

Lariat sequencing reads

known intron
novel intron

In
tro

n 
S

co
re

40

30

20
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Fig. S3. Introns in 5′ UTRs predicted by lariat sequencing are validated using flanking PCR. (A) Plot of probabilistic intron score versus peak read count for all
previously uncharacterized introns between 85 and 200 nucleotides in length (black), highlighting those introns that are found within 5′ UTRs (blue) and those
which were tested for splicing using flanking PCR (red). (B) Read density plots and PCR confirmation of introns in the cnl2, ade7, caf5, sxa2, pof5, and gpi3 5′ UTRs.
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Fig. S4. Exon-skipping read peaks and gels. For all 20 exon-skipping events in Dataset S1, Table S6 not shown in Fig. 3, read peaks are shown, with those
events that could be validated by flanking PCR shown first, then in order of decreasing total peak read count, with color coding as in Fig. 3. Gels depicting the
different spliced isoforms are shown to the right of the peak for those exon-skipping events that were validated using flanking PCR with wild-type cDNA from
rich media (nonstressed) growth conditions. CS, canonically spliced isoform; ES, exon-skipped isoform; IR, intron retention isoform; US, unspliced isoform.
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Fig. S5. qPCR validates the induced alternative splicing events in both the alp41 and qcr10 transcripts. (A) Standard curves generated using qPCR primers
targeted to either the canonical or exon-skipped isoform of alp41 and qcr10. The appropriate authentic standard was used as a template in each reaction (SI
Materials and Methods). (B) qPCR using primers that specifically amplify the canonical or alternative isoforms of either alp41 or qcr10 demonstrate an increase
in exon skipping specifically during the indicated stresses. Values are an average of three biological replicates with three technical replicates each. Error bars
represent SD.
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Fig. S6. Test of specificity for each of the four primer pairs used in the qPCR experiments shown in Fig. S5. (A) A test of specificity was carried out using each of
the four primer pairs used to detect both the alternative and canonically spliced isoforms of the qcr10 and alp41 genes. For each primer pair, qPCR was
performed in a reaction with an increasing ratio of noncognate to cognate template. The amount of cognate template was held constant at a level calculated
to give the same threshold cycle as the lowest threshold cycle observed for the primer pair in the experiment in Fig. S5. The noncognate template was doubled
over eight steps, starting at a ratio of 1:4 (noncognate:cognate) and ending at a ratio of 32:1. The results are shown as threshold cycle versus the log2 ratio of
noncognate:cognate template (blue diamonds). On each graph are also presented the “expected” results for instances where the primer pairs lack any
specificity (can equally detect either the cognate or noncognate template; open, gray circles), or exhibit perfect specificity (no cross-reactivity with the
noncognate template; open gray boxes). (B) The threshold cycles given by both the canonically spliced isoform primer pair and the exon-skipped isoform
primer pair for each time point of the heat-shock (alp41) and cold-shock (qcr10) qPCR time-course experiments shown in Fig. S5.
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Fig. S7. A handful of exon-skipping reads are present in the BROAD S. pombe RNA-seq data, independently confirming the alternative splicing events de-
tected by lariat sequencing. (A) A screen-shot from IGV (1) showing RNA-seq reads mapping to srrm1 in log phase growth, with numbered identifiers added to
each line for clarification. Two reads (lines 7 and 8) indicate alternative splicing of exon 1 to exon 3, compared with nine reads that indicate the canonical
exon1-exon2 splicing event (only four of which are shown on lines 1–4), and 14 reads that indicate the canonical exon2-exon3 splicing event (only nine of which
are shown on lines 4–6 and 9–14). (B) Two screen-shots from IGV showing RNA-seq reads mapping to alp41 in log phase growth, showing either a wide view
(Upper) or a zoomed view (Lower). The zoomed view is a close-up of the region in the red circle in the wide view. The same subset of reads is presented in the
six lines in both panels. In the zoomed view, both the alignment inferred in the original study (Left column) and the zero-mismatch, most parsimonious
alignment (Right column) are shown for each of the six reads. Reads are indicated as blue horizontal lines overlaid on the cartoon of different alp41 splicing
isoforms. For alp41, one read correctly indicates splicing of exon 4 to exon 6 (shown on line 3), one read is misaligned as an exon4-exon6 junction read with two
mismatches (shown on line 2), whereas it can align perfectly as a canonical exon4-exon5 read; three reads are misaligned as intron5-exon6 junction reads with
one or two mismatches (shown on lines 1, 5, and 6), whereas they can align perfectly as canonical exon5-exon6 junction reads; and finally one read is mis-
aligned as an intron5-exon6 junction read with one mismatch (shown on line 4), whereas it can align perfectly as an alternative exon4-exon6 junction read. For
alp41 in log-phase therefore, there are two exon4-exon6 alternative reads, one canonical exon4-exon5 read, and three canonical exon 5-exon6 reads.

1. Robinson JT, et al. (2011) Integrative genomics viewer. Nat Biotechnol 29(1):24–26.
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Fig. S8. Analyzing sequencing reads that could not be aligned as single segments to the S. pombe genome. For all reads that could not be aligned to the
genome with fewer than three mismatches, an attempt was made to align the reads as two separate fragments. These reads were classified into three main
categories: fully alignable as two segments, partially alignable, or unalignable (SI Materials and Methods). Reads that were fully alignable as two segments on
the same chromosome and strand were further categorized as either BP-traversing reads, splice junction reads, or circRNA reads (SI Materials and Methods).
Reads that were partially alignable were further categorized as having a biologically implausible alignment (different chromosome or strand, or too far apart
on the same chromosome), or only having one alignable segment. The top four overrepresented 5mers as calculated by the fastqc program (www.
bioinformatics.babraham.ac.uk/projects/fastqc) are shown to the right for each subcategory (all fully alignable reads were analyzed as a single category).
The 5mers in red represent the first five bases of the most frequent S. pombe five prime splice site sequence, and its reverse complement.
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Fig. S9. Finding BP-traversing reads. (A) Splicing produces a branched lariat structure with an unusual 2′–5′ phospohodiester linkage at the branch. (B) Reverse
transcriptase often misincorporates near the 2′–5′ linkage at the BP, leading to apparent transitions in the sequencing data (6). (C) BP-traversing reads align in
back-to-front order within an intron, where the “tail” fragment aligns to the five prime splice site, and the “head” fragment to the BP, with a mismatch at the
BP adenosine.
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Fig. S10. Evolutionarily conservation of the skipped exons in the srrm1, alp41, pth1, and SPAC27D7.08c genes. (Left) Full phylogenetic trees depicting all species that
have an ortholog of the skipped S. pombe exons in srrm1, alp41, pth1 or SPAC27D7.08c (Top to Bottom, see SI Materials and Methods), drawn according to NCBI
taxonomy relationships (1). Vertebrate branches are colored red and plant branches are colored green. (Right) For the the srrm1, alp41, pth1, or SPAC27D7.08c (Top to
Bottom) genes, the two alternate S. pombe isoforms corresponding to the skipping event are shown with the corresponding isoforms from Ensembl (human) or
UniProt (mouse) shown above. Only thefirst six exons of the human ortholog of the srrm1 gene are shown. The evolutionarily conserved exons are shown in red, and
intron lengths are indicated in the longer isoform. Below the gene diagrams is shown the peptide translation of the S. pombe skipped exon, and below that a peptide
motif constructed from a multiple sequence alignment of the translated orthologous exon from all species for which an orthologous exon was found (2).

1. Letunic I, Bork P (2011) Interactive Tree Of Life v2: Online annotation and display of phylogenetic trees made easy. Nucleic Acids Res 39(Web Server issue):W475-8.
2. Crooks GE, Hon G, Chandonia J-M, Brenner SE (2004) WebLogo: A sequence logo generator. Genome Res 14(6):1188–1190.
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Fig. S11. Characterizing the slow migrating bands in Fig. 3A. Authentic standards representing versions of the alp41 and qcr10 genes where either the
upstream or the downstream intron flanking the alternative exon was retained (SI Materials and Methods). These standards were amplified using the same
flanking primers used to amplify cDNA from a heat-shock experiment (alp41) or from a cold-shock experiment (qcr10) to reveal the exon-skipping events in
Fig. 3A. These amplified standards were run on a gel flanking the amplified heat-shock cDNA for alp41 and flanking the amplified cold-shock cDNA for qcr10.
Cartoons to the right of each gel depict either the fully unspliced product (alp41), the canonically spliced product (alp41 and qcr10), or the exon-skipped
product (alp41 and qcr10). Red asterisk depicts the putative intron retention band in the middle experimental sample lanes. Cartoons above each gel represent
the upstream retained intron standard (Leftmost lane) or downstream retained intron standard (Rightmost lane).
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