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Transcriptome Survey of the Contribution of
Alternative Splicing to Proteome Diversity in
Arabidopsis thaliana
Dear Editor,
Alternative splicing (AS) functions as a key regulatory mechanism
and increases transcriptome and proteome diversity. Recent
genome-wide studies have substantially expanded our estimation of the frequency of AS in plants (Reddy et al., 2013; Staiger
and Brown, 2013). However, the proportion of AS events that
lead to increased proteome diversity in plants, rather than
imperfect pre-mRNA processing, remains unsolved. Here, we
report an analysis of AS events in presumably translated mRNAs,
i.e., those associated with polysomes, in Arabidopsis thaliana.
We found that 35% of AS events identified in total mRNAs occur
in polysome-associated mRNAs, suggesting translation into proteins. Furthermore, most (81%) of these presumably translated
alternative isoforms lead to diversified protein-coding capacity.
By contrast, weakly translated, but not non-translated, alternative
isoforms likely undergo nonsense-mediated mRNA decay (NMD).
Sequence analyses identified structural features of transcripts
and cis-elements that were associated with AS. The results suggest that AS in plants increases proteome complexity but shows
clear differences from AS in animals.
Genome-wide studies in humans indicate that AS plays important
roles and affects nearly 95% of intron-containing genes (Wang
et al., 2008). In plants, genome-wide studies have substantially
expanded our estimation of the frequency of AS events to about
60% in all intron-containing transcripts in Arabidopsis (Filichkin
et al., 2010; Marquez et al., 2012). However, the proportion of
AS events that lead to increased proteome diversity in plants,
rather than imperfect pre-mRNA processing, remains a subject
of debate. A recent analysis identified different characteristics
of polysome-associated mRNAs than those of total mRNAs
(Zhang et al., 2015). However, a comprehensive estimation of
the contribution of AS to proteome diversity is still lacking. It’s
also important to know what determines whether a splicing
isoform translates or not. In addition, what kinds of biological
processes AS-derived translated mRNAs are involved remain
unknown.
To achieve comprehensive and comparable profiles of AS
events in Arabidopsis, we isolated and deeply sequenced total
poly(A)+ RNA (transcriptome) and polysome-associated poly(A)+
RNA (translatome) in parallel from 10-day-old seedlings and
inflorescences (Figure 1A and Supplemental Figure 1). After
filtering low-quality reads, about 93 million uniquely aligned
read pairs were evenly mapped to the Arabidopsis TAIR10 reference genome (Supplemental Figure 2A–2C). Bioinformatic
analysis indicates that our sequence depth was sufficient
to comprehensively estimate AS events (Supplemental
Figure 2D–2F).

We combined the uniquely aligned reads from transcriptome and
translatome to ensure comprehensive and reliable detection of
AS events. Using a relatively stringent standard for intron identification and transcript assembly (Supplemental Methods),
we successfully assembled a total of 31060 transcripts,
corresponding to 22896 genes, including 17670 introncontaining genes. Among the genes with introns, we identified
5824 (33.0%) intron-containing genes that have at least two overlapping transcript isoforms (Supplemental Table 1). Of these
protein-coding genes, we found 6292 AS events (Figure 1B),
including 4058 transcriptome-specific events that were considered to be non-translated (see Supplemental Methods for more
details). The remaining 2234 AS events were considered
translated (Figure 1C), indicating that about 34.9% of AS events
may contribute to proteome diversity. We also applied our
analysis pipeline to a recent similar dataset in humans (SterneWeiler et al., 2013), and observed that a higher proportion
(68.4%) of AS events may contribute to proteome diversity
(Supplemental Figure 3).
To further reveal potential protein sequence alterations caused
by AS events, we first analyzed the distribution of AS events along
transcripts. According to gene structure annotation of the main
isoforms, we found that most of them were located in the coding
DNA sequence (CDS) (Figure 1D). After normalizing by length, the
frequency of AS in the 50 UTR was about three-fold higher
(Figure 1D) than in the CDS or the 30 UTR. Among major types
of AS events, a lower portion of intron retention (IR) was found
in translated transcripts than in the non-translated transcripts in
both the CDS and UTR, and this decrease is much more dramatic
in the 50 UTR and the CDS than in the 30 UTR (Pearson’s chisquared test, P < 1.0E5). By contrast, all other major types of
AS events, including exon skipping (ES), alternative 50 donor
(AD), and alternative 30 acceptor (AA), have higher proportions
in translated isoforms than in non-translated isoforms
(Supplemental Figure 4A).
We then analyzed potential CDS alterations caused by AS
events and identified a total of 1751 AS events that could lead
to protein sequence alterations, accounting for 80.7% of all AS
events detected in the translatome (Figure 1E). On the other
hand, we detected 3775 (93.0%) AS events that could lead to
protein sequence alterations in non-translated transcripts, which
is significantly higher than translated transcripts (Pearson’s chisquared test, P = 6.0E49). The IR type was the major type in
transcriptome. However, there was only a small fraction
(23.5%) of transcriptome-detected IR contributing to the
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Figure 1. AS Contribution to Proteome
Diversity.
(A) Pipelines for construction of RNA-seq libraries
for the transcriptome and translatome. Inflorescences and seedlings were ground to extract
total RNA or polysomal RNA separately, and mixed
equally before mRNA purification. Then RNA-seq
libraries were constructed as described.
(B) Statistics of the four major types of AS events
for protein-coding genes.
(C) Location of AS events in the transcriptome and
translatome for protein-coding transcripts.
(D) Distribution of AS events along gene features
without (upper) and with (lower) normalization to
sequence length.
(E) Effects of AS events on protein sequence (left
panel) and protein domain architecture (right
panel). AS events in translated transcripts (upper)
and in non-translated transcripts (lower) were
calculated separately.
(F) AU richness of alternative intron regions shows
differences within IR, AA, and AD types between
translated and non-translated AS events. Stars
indicate significance by Mann-Whitney-Wilcoxon
test; *P < 0.05, **P < 0.01.
(G) No statistically significant difference in intron
size between translated and non-translated AS
events. For each AS event, the longest alternative
intron was used for calculation.
(H) Distinct translation proportions of associated
AS isoforms among intron subtypes. The number
of AS events for each subtype is included below
the subtype name.
(I) Enrichment of NMD signatures in weakly
translated AS isoforms. The Y axis represents the
proportion of the NMD signature containing transcripts. The statistical significance (P value) was
assessed by Pearson’s chi-squared test.
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alterations of known PDAs, suggesting that
AS is a major contributor to protein function
diversification in Arabidopsis. On the other hand, 63.8% of AS
translatome (Supplemental Figure 4A). By contrast, the other
three major types of AS have more than half AS events identified
events in non-translated isoforms resulted in alteration of PDA.
in the translatome data (Supplemental Figure 4A). This
observation is consistent with the recent report that although IR
We also analyzed the relative expression levels of AS
isoforms and found that the minor isoforms are expressed at
is the most abundant AS type, it is enriched in weakly expressed
transcripts (Marquez et al., 2012), which are more likely
lower levels in non-translated AS isoform pairs than in translated
excluded from the translatome (Supplemental Figure 4B).
pairs (Mann-Whitney-Wilcoxon test, P = 4.3E111), suggesting
that the low-abundance AS isoforms had a lower chance of being
Exitrons are a class of newly identified exon-like introns, which
can be spliced and found on polysomes (Marquez et al., 2015).
translated (Supplemental Figure 4B). This difference is most
We could detect a total of 539 exitrons in the transcriptome,
dramatic in the IR type (P = 3.4E60) but is not significant in
the ES type (Supplemental Figure 4B). To test if the observed
among which 305 (56.6%) exitrons could also be detected in the
translatome, suggesting that exitrons resulting from unique AS
low rate of minor isoforms in the translatome could be a
contribute substantially to proteome diversity.
detection artifact, we compared low abundant transcripts with
0.3

P = 0.31
P = 2.6E-6
P = 4.6E-10
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and without AS. For the 2000 transcripts right above our
detection cutoff, those with AS were less likely identified in the
translatome than those without (80.4% versus 93.3%,
Pearson’s chi-squared test, P = 4.9E18), suggesting that lowabundance AS isoforms had a lower chance of being
translated. We also observed that 65.8% of AS-containing genes
have minor isoform expression levels above 15% (Supplemental
Figure 4B), which is lower than the proportion of 85% in humans
(Wang et al., 2008).
To characterize the biological functions of genes that undergo
regulation by AS, we deployed a gene ontology (GO) analysis.
We found that genes with translated AS isoforms participated in
many different processes (Supplemental Figure 5A), but only a
few terms related to mRNA processing, including splicing
(Supplemental Figure 5B), were enriched in translated isoforms
(FDR-adjusted P < 0.05). On the other hand, more diverse GO
terms are enriched in genes containing non-translated AS isoforms (Supplemental Figure 5C).
To test whether the sequence features related to splicing efficiency also had some influence on translation, we examined
the AU richness, intron size, and the type of splicesomes utilized
based on sequence. At the whole-genome scale, we found that
the AU richness was slightly, but significantly (Mann-WhitneyWilcoxon test, P = 6.5E101), lower in introns in translated AS
isoforms (Figure 1F). By contrast, no significant difference (P >
0.05) in intron size was identified (Figure 1G). Based on the
terminal dinucleotide recognized by the spliceosome or the
type of spliceosome, the GT-AG group and the U2 group have
higher proportions translated isoform than the GC-AG and ATAC groups, and the U12 group, respectively (Figure 1H).
Because the majority of AS-containing transcripts are nontranslated or low in translation (Figure 1B and Supplemental
Figure 4B), we speculated that many of these transcripts
represent imperfect pre-mRNA processing and would be subject
to NMD. We found that known NMD signatures (see
Supplemental Discussion for details) were significantly enriched
in weakly translated (RPKMtranslatome/RPKMtranscriptome < 0.5)
isoforms compared with normally translated (RPKMtranslatome/
RPKMtranscriptome R 0.5) and non-translated (not detected in the
translatome) isoforms (Supplemental Methods, Figure 1I, and
Supplemental Figure 6A and 6B). Furthermore, we found an
enrichment of NMD signatures in the IR and AA types, but not
in the AD and ES types (Supplemental Figure 6C). In addition,
all known types of NMD signatures are depleted from normally
translated isoforms (Supplemental Figure 6E) and show
enrichment in either the weakly translated isoforms or the nontranslated isoforms (Supplemental Figure 6F and 6G). Because
triggering NMD requires the assembly of polysome complexes
(Maquat, 2004), non-translated transcripts, which are not
associated with ribosomes, may not trigger NMD. These
observations are based on genome-scale statistics and may
not apply to each individual gene, as suggested recently
(Kalyna et al., 2012; Marquez et al., 2012; Gohring et al., 2014).
Some transcripts containing retained introns are not NMD
sensitive (Kalyna et al., 2012; Marquez et al., 2012) and are
probably not exported from the nucleus (Gohring et al., 2014).
Many of the non-translated transcripts may be subject to other
mRNA surveillance pathways.
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