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ABSTRACT

We mapped RIKEN Arabidopsis full-length (RAFL)
cDNAs to the Arabidopsis thaliana genome to search
for alternative splicing events. We used 278 734 full-
length and 30/50 terminal reads of the sequences of
220 214 RAFL cDNA clones for the analysis. Eighty-
nine percent of the cDNA sequences could be mapped
to the genome and were clustered in 17 130 transcrip-
tion units (TUs). Alternative splicing events were
found in 1764 out of 15 214 TUs (11.6%) with multiple
sequences. We collected full-length cDNA clones
from plants grown under various environmental con-
ditions or from various organs. We then analyzed the
correlation between alternative splicing events and
environmental stress conditions. Alternative splicing
profiles changed according to environmental stress
conditions and the various developmental stages of
plant organs. In particular, cold-stress conditions
affected alternative splicing profiles. The change in
alternative splicing profiles under cold stress may
be mediated by alternative splicing and transcrip-
tional regulation of splicing factors.

INTRODUCTION

Arabidopsis thaliana Heynh. is a model organism used to study
various molecular systems in the development, environmental
responses and metabolism of higher plants. Its complete geno-
mic sequence has been determined (1), and extensive large-
scale, full-length cDNA collections have been made (2–4).
From work on the human genome sequence, alternative splic-
ing is now thought to be important to the complexity of gene
function (5). Alternative splicing events produce additional
transcripts from genes to mediate the complicated functions
of the human body. Alternative splicing events are also import-
ant in higher plants. Large-scale alternative splicing in

A.thaliana was first analyzed by Haas et al. (3,6). They used
�180 000 expressed sequence tags (ESTs), including �80 000
RIKEN Arabidopsis full-length (RAFL) cDNAs, to detect 1188
genescontainingalternativesplicingvariations. Inaddition,Zhu
et al. (7) have reported 327 alternative splicing events in an
analysis using�180 000 ESTs. In our project, we had collected
more than 270 000 sequences by the end of 2003 (Figure 1a). We
expectedthata largenumberofESTsequenceswouldallowus to
detect many alternative splicing events. It was also of help that
our EST sequences were obtained from full-length cDNA,
because all EST sequences have information on the 50 and/or
30 terminal sites.

Our RAFL cDNA collection has an additional advantage
for the analysis of alternative splicing events. We have
constructed 18 cDNA libraries of expressed genes from
Arabidopsis plants grown under various environmental
conditions or from plant organs at various developmental
stages. Therefore, each RAFL cDNA clone has associated
information on the conditions or organs in which it is
expressed. To use this information, we analyzed the relation-
ship between the expression of alternatively spliced transcripts
and plant growth conditions. Previous studies suggest that
alternative splicing events occur in response to environmental
changes or at particular developmental stages (8–10). How-
ever, there have been few reports on changes in alternative
splicing profiles according to expressional conditions at the
whole transcriptome level. We discuss the molecular mechan-
ism of cold-inducible changes in alternative splicing profiles.

MATERIALS AND METHODS

Data set

We used 278 734 sequences from RAFL cDNA clones. They
included 92 654 RAFL 50 terminal read sequences, 172 653
RAFL 30 terminal read sequences and 13 427 RAFL full-
length read sequences (Figure 2). We analyzed 248 514
mapped cDNA clones. About 190 000 unpublished sequences
were also used for the analysis. These sequences can be
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downloaded from RARGE (http://rarge.gsc.riken.jp/) and
have been deposited in the DNA database of Japan (DDBJ).

Mapping the RAFL cDNA clone sequences to the
Arabidopsis genome

We mapped the RAFL cDNA sequences to the Arabidopsis
genome using BLAST (11). We clustered the results in
two steps. In the first step, to detect long and identical
exons, we chose sequences with >95% identity and a length
of >50 bp as exons. In the second step, to detect micro-exons
(3) or other small exons, we chose sequences with >85%
identity and a length of >15 bp where each HSP (high-scoring
segment pair) was consistent with exons detected in the
first step. Although a micro-exon is defined as an exon with
a length of 3–25 bp (3), we did not treat HSPs with a length of
<15 bp as exons. It is difficult to detect such micro-exons
using BLAST. In some cases, this problem causes the incorrect
detection of exon skip-type (ES-type) alternative splicing
events. In addition, �10 bp sequences on exon–intron
boundaries usually belong to both of the two neighboring
exons. To avoid the incorrect detection of exon–intron
structure as a result, we used 15 bp sequences as a spacer
to check the consistency of the exon–intron structure.

After mapping the RAFL cDNA sequences to the
genome, we clustered mapped sequences into transcription
units (TUs) according to the method of Okazaki et al. (12).
Sequences with the same direction and overlapping
nucleotides were clustered into single TUs.

Detection of alternative splicing

Before searching for alternative splicing events, we surveyed
the genomic exon–intron structure of each TU. We aligned
sequences clustered into single TUs on the genome sequence
and considered contiguous nucleotides as genomic exons if
each nucleotide was on an exon in at least one RAFL cDNA
sequence. Following detection of the genomic exon–intron
structure, we searched for alternative splicing events. For
ES-type alternative splicing, we simply searched for
sequences without genomic exons. If an exon loss occurred
on the 30 terminal site of a TU, the alternative splicing event
was categorized as an alternative terminal exon type (AT-type)
one. The genomic exon reflected the longest exon. For alter-
native donor type (AD-type) and alternative acceptor type
(AA-type) alternative splicing, we searched for exons shorter
than genomic exons. We did not check the 50 sites of initial
exons or 30 sites of terminal exons because these are not splice
sites. We used an additional rule in the search for AD/AA-type
alternative splicing events to avoid misdetection. The BLAST
algorithm was sometimes not good at finding identical
sequences at an exon–intron boundary if the similarities of
the boundary sequences were not high because of sequence
read errors. To detect AD/AA-type events, we used the lengths
of sequences that could not be aligned on the genome as
spacers. In considering spacers, we considered a sequence
as an alternatively spliced clone of the AD/AA type if
Ld � Ls > Lt (AD/AA) [where Ld is the length of the sequence
difference between the genomic and sequence exon–intron
boundaries, Ls is the spacer length and Lt (AD/AA) is a threshold
length for the detection of an AD/AA-type event; we used
Lt (AD/AA) = 10]. For a retained intron type (RI-type) alterna-
tive splicing event, we searched for introns on genomic exons.
As in the detection of other types of alternative splicing, we
used nucleotides that could not be aligned to the genome as
spacers. We considered a sequence to be an RI-type alterna-
tively spliced clone if Li � Ls > Lt (RI) (where Li is the length of
an intron found on a genomic exon, Ls is the spacer length and

Figure 1. Comparison of sequencing resources and detected alternative splicing events between this work and previous work. (a) A.thaliana cDNA sequence
resources used in our analysis (in December 2003), (b) Venne diagram of the genes with alternative splicing events detected in this work and in previous work by
Hass et al. (6).

Figure 2. Data flow of clustering for the analysis of alternative splicing events
in RAFL sequences.
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Lt (RI) is a threshold length for the detection of RI-type alter-
native splicing; we used Lt (RI) = 20).

The sequences used contained both 50 and 30 terminal read
sequences of the RAFL clones. We deselected uninformative
sites of each sequence to check alternative splicing. (For
example, the 30 terminal sites of the 50 terminal read sequences
were not used to check AT-type alternative splicing.)

We used the BLAST algorithm for mapping the RAFL
cDNA clones to the genome. The BLAST algorithm is
good for searching for highly similar sequences, but some-
times it will not detect sequences with low similarity, espe-
cially exon–intron boundary sequences. Other programs are
better tuned for mapping sequences to a genome, e.g. Gene-
Seqer (13) and Sim4 (14). We tried these programs, but they
gave worse results than BLAST because our sequence set
included some poor-quality terminal read sequences. As we
did not use sequences with <95% identity, good sequences
remained that could be mapped to the genome. Considering
these issues, we chose BLAST.

Analysis of alternative splicing profiles in each library

We analyzed the relationships between alternative splicing
events and environmental conditions or the various develop-
mental stages of plant organs. In this analysis, we compared
the measured and expected numbers of clones that have spe-
cific alternative splicing profiles in each library. For this com-
parison, we counted clones without alternative exons in ES-
type alternative splicing events, those with short terminal sites
in AT-type alternative splicing, those with short exons in AD
or AA sites and those with unspliced introns in RI-type alter-
native splicing. Expected numbers were calculated as the
product of the number of library members and the probability
of each alternative splicing event. We used the chi-square test
to check whether the differences between measured and
expected values were statistically significant. We used the
statistics software ‘R’ (http://cran.r-project.org/) to compute
P-values in the chi-square test.

RESULTS

Mapping the RAFL cDNA clone sequences to the
Arabidopsis genome

We mapped 248 514 (89%) of 278 734 RAFL cDNA clone
sequences to the A.thaliana genome (1) using the BLAST
search (11). We used a mapping rule in which each exon

has >95% identity to the genome in a >50 bp region.
Haas et al. (3) reported micro-exons in some Arabidopsis
genes. To detect micro-exons or other small exons, we used
an additional rule in which exons >15 bp are considered to be
micro-exons only if they occur between mapped exons. cDNA
clones with mapping coverage of <90% of the corresponding
full-length exons were not used. After mapping these
sequences to the genome, we constructed TUs (12). Sequences
that are encoded on the same strands of the same chromosome
and overlap by at least 1 nt were clustered into single TUs.
Using this rule, we analyzed the whole Arabidopsis genome to
identify 17 130 TUs out of 248 514 sequences (Figure 2). Each
TU was estimated to contain 14.5 sequences on average. The
TU with the most sequences contained 1335 sequences, encod-
ing the dnak-type molecular chaperone hsc 70.1. TUs with
�30 sequences accounted for almost 90% of all TUs.

Detection of alternative splicing

We searched for alternative splicing events in 15 214 TUs with
two or more sequences. We divided events into five types:
ES-type, AT-type, AD-type, alternative AA-type and RI-type
events, following Zhou et al. (15) and Haas et al. (3) (Figure 3).
Although AT is a subtype of ES, we treat AT-type events as an
independent category. These two alternative splicing events
may belong to different types, because selection of an
alternative terminal exon can occur as a result of alternative
polyadenylation.

We detected 1764 TUs (11.6% of multisequence TUs) with
splicing variants (Table 1; http://rarge.gsc.riken.jp/a_splicing/)
including 1315 TUs that were newly detected as alternatively
spliced TUs (Figure 1b). Among the 15 214 TUs, we identified
273 (1.8%) ES-type and 458 (3.0%) AT-type events. In both
ES-type and AT-type alternative splicing events, there was at
least one alternative exon. If the alternative exon was on the
terminal site of the TU, this alternative splicing event was
classified as an AT-type one. These results indicate that the
alternative exon tended to be on the terminal sites of TUs
rather than on their initial or middle sites. We identified
250 (1.6%) AD-type and 321 (2.1%) AA-type events.
When TUs contained a shorter exon than the genomic
exon, they were considered to be AD-type or AA-type events
(details in Materials and Methods). We could not find much
difference among occurrences of these two alternative splicing
events. Of the 15 214 TUs, 790 (5.2%) had RI-type alternative
splicing events. RI-type TUs were slightly more common than
the other types. Some RI-type alternative splicing events may

Figure 3. Types of alternative splicing: (a) exon skip, (b) alternative terminal exon (subtype of exon skip), (c) alternative donor site, (d) alternative acceptor site, (e)
retained intron. [based on Zhou et al. (15) and Haas et al. (3).
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be due to immature mRNAs. In our data, there were 267 TUs
(34%) in which RI-type alternative splicing events were sup-
ported by more than two transcripts. When using other EST data
registered with the NCBI, the proportion of TUs including more
than two transcripts with an unspliced intron was 65% (data not
shown).

Change of alternative splicing profiles

We analyzed whether alternative splicing profiles change with
environmental conditions or the developmental stages of
plants. We collected RAFL cDNAs from 18 cDNA libraries
prepared from Arabidopsis plants grown under various abiotic
stress conditions (2). Thus, each RAFL cDNA clone was
associated with a library (Table 2). Using this information,
we could analyze the relationship between alternative splicing
profiles and growth conditions. Significant changes of alter-
native splicing profiles were observed in several libraries.

From the analysis of ES-type alternative splicing
(Figure 3a), we compared the measured and expected numbers
of clones without alternatively spliced exons in each library.
Libraries RAFL07 (cold-treated plants), RAFL15 (siliques and
flowers), RAFL17 (rehydration) and RAFL21 (various stres-
ses) had statistically significant differences (P < 1.0 · 10�7)
between measured and expected values (Table 2 and Figure 4a).
In those except RAFL21, the numbers of alternatively spliced
clones without alternative exons were fewer than expected.

For AT-type alternative splicing, we compared the meas-
ured and expected numbers of clones with short termination
events. Libraries RAFL07, RAFL21, RAFL06 (various devel-
opmental stages) and RAFL19 (siliques and flowers) had
statistically significant differences between measured and
expected values (Figure 4b). In RAFL06 and RAFL07, the
observed numbers of clones with short termination sites were
greater than expected. In libraries RAFL19 and RAFL21, the
numbers were smaller than expected.

For AD-type and AA-type alternative splicing, we analyzed
the number of clones with short exons. These two types of
alternative splicing showed similar results. RAFL07 and
RAFL21 had statistically significant differences (Figure 4c
and d). In RAFL07 (cold-treated plants), the number of clones
with short exons as a result of AD/AA-type alternative splicing
was lower than expected. In contrast, in RAFL21 (various
stresses), the number of clones with short exons was greater
than expected.

For RI-type alternative splicing, we compared the measured
and expected number of clones with at least one unspliced
intron. RAFL04 (cold-treated plants), RAFL08 (dehydration-
treated plants), RAFL09 (various developmental stages) and
RAFL21 had statistically significant differences between the
two values (Figure 4e). In all those except RAFL21, the num-
bers of alternatively spliced clones with unspliced introns were
greater than expected.

These results suggest that alternative splicing profiles are
significantly affected by environmental stress conditions. In
particular, RAFL07 (cold-treated plants) and RAFL21 (var-
ious stresses) had very different alternative splicing profiles
from those of other libraries (Figure 4).

DISCUSSION

This study presents a large-scale analysis of alternative splic-
ing profiles in the A.thaliana transcriptome. We used 278 734
cDNA sequences obtained from our collection of Arabidopsis
full-length cDNAs [(2,4) and Figure 1a]. We detected 1764
TUs with alternatively splicing transcripts out of 15 214 TUs
with two or more sequences (Figure 2). We were able to detect
many more TUs with alternative splicing events than reported
previously [(6) and Figure 1b] because of the number of
sequences we analyzed. Moreover, all the sequences used
in this study had associated information on at least one term-
inal site, which means that cDNA sequences have more infor-
mation than EST sequences. For example, we could determine
both the 50 initiation and 30 termination sites of 13 580 out of
17 130 TUs mapped on the genome. The percentage of TUs
with alternative splicing events was 11.6%. The percentages of
alternatively spliced genes out of the detected transcripts are
42% in human (16), 41% in mouse (12) and �10% in rice (17).
Johnson et al. (18) reported that the percentage of alternative
splicing events was 74% in human transcripts on the basis of a
search of alternative splicing events using microarray analysis.
The occurrence of alternative splicing events in Arabidopsis is
similar to that in rice. The large difference in alternative spli-
cing frequencies between higher animals and higher plants
may cause differences in variations of transcripts.

Alternative splicing profiles were affected by environmental
stress conditions at the transcriptome level (Figure 4 and
Table 2). In particular, libraries RAFL07 (cold-treated plants)
and RAFL21 (plants treated with various stresses) had statis-
tically significant differences between the measured and
expected numbers of alternatively spliced clones in many
types of alternative splicing. Because RAFL21 included
cDNA clones isolated from plants grown under various stress
and hormone-treatment conditions, the relationship between
alternative splicing and the exact environmental stress was not
clear. However, on the basis of the data on alternative splicing
events in RAFL07, we can discuss the effect of cold stress on
alternative splicing.

We analyzed the alternative splicing variants of transcripts
for splicing factors because alternative splicing profiles could
be affected by splicing factors. In the Arabidopsis genome,
there are 33 genes annotated as splicing factors (ftp://
ftpmips.gsf.de/cress/). We obtained 26 TUs corresponding
to these genes annotated as splicing factors; 13 contained
splicing variation (Table 3). Among these, 11 were identified

Table 1. Numbers of TUs including alternatively spliced transcripts

Type of alternative
splicing

Number of
alternative
splicing events

Percentagea

Exon skip type (ES-type) 273 1.8
Alternative terminal exon

type (AT-type)
458 3.0

Alternative donor type
(AD-type)

250 1.6

Alternative acceptor type
(AA-type)

321 2.1

Retained intron type
(RI-type)

790 5.2

Total 2092 13.8
Total (non-redundant) 1764 11.6

aPercentage of 15 214 multisequence TUs.
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from RAFL libraries prepared from cold-treated plants
(RAFL04, 07, 12, 18). Transcripts for splicing factors
expressed under cold stress showed different splicing from
those identified under other growth conditions. The transcript
for splicing factor SR1 has splicing variants under cold stress.
The SR1 transcript is alternatively spliced at an acceptor site of
exon 11 (Figure 5). Splicing variants of SR1 expressed under
cold stress (RAFL04-19-E10) have a long exon 11 as a result
of the selection of the acceptor site (Figure 5). Lazar and
Goodman (19) reported that the SR1 transcript has splicing
variants, and that its alternative splicing is regulated by tem-
perature increase. They suggested that alternative splicing
profiles may be changed at the genomic level as a result of

alternative splicing of SR1 at high temperature. SR1 is a
homolog of human general/alternative splicing factor SF2/
ASF (20), which can affect alternative splicing of several
genes (21,22). These results suggest that the change in the
splicing profile of SR1 by temperature change affects the
splicing profiles of various transcripts.

In addition to SR1, transcripts of other splicing factors
showed splicing variations under cold conditions (Table 3).
Our microarray analyses [(23); data available at http://rarge.
gsc.riken.jp/microarray/] revealed that some genes for splicing
factors were induced (>2.5 times) under cold stress (gray cells
in Table 3). Fourteen splicing factor genes on the 7k full-
length cDNA microarray can be divided into two groups: a

Figure 4. Comparison of the measured values and expected values of alternatively spliced transcripts in each library: (a) exon skip, (b) alternative terminal exon,
(c) alternative donor site, (d) alternative acceptor site, (e) retained intron. Arrows indicate the libraries with statistically significant differences (P < 1.0 · 10�7)
between measured values and expected values.
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Figure 5. Splicing variations of the splicing factor SR1 transcripts. Full-length read sequences are colored in blue, 50 terminal read sequences in red and 30 terminal
read sequences in green. AD-type alternative splicing events on the junction site between intron 10 and exon 11 are indicated by red arrows.

Table 3. Alternative splicing events in various splicing factor transcripts

TU name RAFL clone name on
microarray

Alternative splicing
type

Clones from
cold libraries

AGI code Gene name

ATU-1-1-00680 AA o At1g02840 Splicing factor SR1
ATU-1-0-03240 RAFL08-12-I05 o At1g09140 Putative SF2/ASF splicing modulator, SRP30
ATU-1-0-03900 AT o At1g10580 Putative pre-mRNA splicing factor
ATU-1-0-08320 RAFL05-12-O10 At1g23860 9G8-like splicing factor/SRZ-21
ATU-1-0-17180 At1g65660 Step II splicing factor, putative
ATU-1-1-01210 RAFL04-09-P15 o At1g04510 Putative pre-mRNA splicing factor PRP19
ATU-1-1-04740 RAFL11-07-B22 AT,AD,RI At1g14650 Splicing factor, putative
ATU-1-1-11690 RAFL11-09-L02 AT o At1g44910 Splicing factor, putative
ATU-2-0-02310 AT o At2g16940 Splicing factor-like protein
ATU-2-0-11510 o At2g43770 Putative splicing factor
ATU-2-0-12560 o At2g46610 Putative arginine/serine-rich splicing factor
ATU-2-0-12820 RAFL09-09-N06 At2g47250 Putative pre-mRNA splicing factor

RNA helicase
ATU-2-1-00840 o At2g03870 Putative snRNP splicing factor
ATU-2-1-04690 o At2g24590 RSZp22 splicing factor like-protein
ATU-3-0-13490 RAFL05-17-P20 AA o At3g53500 Splicing factor-like protein
ATU-3-0-16270 ES o At3g61860 Arginine/serine-rich splicing factor RSP31
ATU-4-0-01200 RAFL05-18-E11 o At4g03430 Putative pre-mRNA splicing factor
ATU-4-0-11380 RAFL08-12-N11 RI o At4g36690 Splicing factor-like protein
ATU-4-1-00880 AD,RI At4g02430 Putative alternative splicing factor

ASF protein (AT4g02430)
ATU-4-1-07370 RAFL04-10-E08 ES,AT o At4g25500 Splicing factor At-SRP40
ATU-4-1-09580 At4g31580 Splicing factor 9G8-like SR protein/SRZ-22
ATU-4-1-11640 At4g37120 Step II splicing factor-like protein
ATU-5-0-01650 RAFL04-12-N14 ES o At5g06160 Splicing factor 3a
ATU-5-0-02970 RAFL04-19-H09 ES,RI o At5g09880 Splicing factor-like protein
ATU-5-1-04250 RAFL08-17-F04 At5g13010 Pre-mRNA splicing factor ATP-dependent

RNA helicase-like protein
ATU-5-1-14590 RAFL05-05-P06 ES o At5g52040 Arginine/serine-rich splicing factor RSP41

homolog

Expression of the RAFL members shaded with gray was induced (>2.5-fold) in response to cold stress as reported by Seki et al. (23).
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group of eight genes that have alternative splicing events, and
a group of six genes that have no alternative splicing events.
Out of the eight genes with splicing variations, five were
induced >2.5 times under cold stress. In contrast, out of the
six genes without splicing variations, only one was induced
under cold stress. These observations suggest a correlation
between alternative splicing events and the cold-inducibility
of splicing factor genes, and that both transcriptional and
splicing regulation of splicing factor genes affects genome-
wide alternative splicing profiles under cold stress. According
to us, splicing factors change alternative splicing profiles at the
transcriptome level by binding to exon–intron junctions
for splicing. Further study of the relationship between
alternative splicing and expressional and alternative splicing
regulation of splicing factor genes is necessary to explain how
splicing factors affect alternative splicing.

We showed a correlation between alternative splicing
events and cold-stress conditions. This correlation may be
due to the cold-inducible expression of splicing factor
genes. This means that alternative splicing events in certain
splicing factors affect alternative splicing profiles at the whole
transcriptome level.
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