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Glossary

Alternative 50 and 30 splice sites: use of alternative splice sites at either end of

the intron (in the intron or exon sequence) adds or removes sequences.

Alternative splicing: precursor mRNAs (pre-mRNAs) are spliced differently to

generate different mRNA isoforms.

Exon skipping/inclusion: an exon can be removed in a single splicing event or

included by two splicing events. Such exons are called alternative exons or

cassette exons.

Heterogeneous nuclear ribonucleoproteins (hnRNP): RNA-binding proteins

which bind RNA in the cell.

Intron retention (IR): one or more introns is/are not removed from a pre-mRNA.

It is often difficult to determine whether intron retention is due to DNA

contamination or partial splicing of pre-mRNAs at the time of RNA extraction

or are actively retained.

Micro-protein (miP): micro-proteins are usually generated by translation of a

transcript containing a premature termination codon, lack one or more

functional domains, and have fewer than 100 amino acids [82].

Nonsense-mediated decay (NMD): a cellular quality control mechanism that

recognizes mRNA transcripts containing PTCs and targets them for degradation.

Polypyrimidine tract-binding protein (PTB): an hnRNP protein which binds

pyrimidine-rich sequences in RNA to regulate alternative splicing and other

mRNA biogenesis processes.

Precursor messenger RNA (pre-mRNA): the primary transcript of a gene which

is processed to mRNA.

Premature termination codon (PTC): a translational stop codon found in

transcripts upstream of the authentic stop codon; PTCs can be generated by

mutations in DNA, errors in transcription or splicing, or alternative splicing.

Serine/arginine-rich (SR) proteins: constitutive and alternative splicing factors
More than 60% of intron-containing genes undergo al-
ternative splicing (AS) in plants. This number will in-
crease when AS in different tissues, developmental
stages, and environmental conditions are explored. Al-
though the functional impact of AS on protein complex-
ity is still understudied in plants, recent examples
demonstrate its importance in regulating plant process-
es. AS also regulates transcript levels and the link with
nonsense-mediated decay and generation of unproduc-
tive mRNAs illustrate the need for both transcriptional
and AS data in gene expression analyses. AS has influ-
enced the evolution of the complex networks of regula-
tion of gene expression and variation in AS contributed
to adaptation of plants to their environment and there-
fore will impact strategies for improving plant and crop
phenotypes.

Frequency and consequences of alternative splicing
(AS)
AS (see Glossary) produces multiple mRNAs from the same
gene through variable selection of splice sites during pre-
mRNA splicing. It plays a key regulatory role in modulat-
ing gene expression during development and in response to
environmental signals [1–4]. Regulation of AS in different
cell types and under different conditions depends on se-
quence elements in pre-mRNAs and the interactions of
RNA-binding proteins which vary in their concentration
and activity. The phenotype of a cell is determined by
transcriptional, post-transcriptional, and post-translation-
al networks, which include as a key component the regu-
lated AS of thousands of genes. In humans, where >95% of
genes are alternatively spliced, extensive protein diversity
is largely a result of AS [5]. Next generation sequencing
has revolutionized research into AS and global mapping of
human splicing regulatory proteins to their target RNA
sequences has led to the development of a splicing code
that will allow prediction of tissue-dependent AS [6]. AS
not only contributes to proteome diversity but also can
generate truncated proteins that are potentially regulatory
or detrimental to the cell. It also plays a role in gene
expression by regulating transcript levels through produc-
tion of isoforms which are degraded by the nonsense-
mediated decay (NMD) pathway.
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In plants, computational analyses of AS events based on
expressed sequence tags and more recently high-through-
put transcriptome sequencing have examined the frequen-
cy of occurrence of AS in different species [42% and 33% of
intron-containing genes in Arabidopsis (Arabidopsis thali-
ana) and rice (Oryza sativa), respectively] and of different
types of AS events [7–10]. In Arabidopsis, the frequency of
occurrence has risen significantly over the past 10 years
(Figure 1). Recently, an extensive RNA-seq analysis has
significantly increased the observed frequency of AS in
Arabidopsis to more than 61% of intron-containing genes
showing AS. This estimate of 61% of AS is based on
analysis of plants grown under normal growth conditions
[11] and it is likely that this level will increase further as
different tissues at various developmental stages and
growth conditions are analyzed [11]. Of the most common
types of AS (Figure 2b), intron retention (IR) has been
shown to be the most frequent AS event in plants [7–10].
However, some IR events were recently shown to be more
likely to represent partially spliced transcripts due to their
containing RNA-binding motifs and a RS-rich domain.

Small-interfering peptides (siPEPs): short peptides which interfere with cellular

processes.
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Figure 1. Increasing frequency of occurrence of alternative splicing (AS) in Arabidopsis with time. In 2003, a study using EST (expressed sequence tag) libraries estimated

that only 1.2% of the genes in Arabidopsis undergo AS [101]. Subsequently, greater coverage of ESTs and cDNAs libraries allowed the discovery of many more AS events

(2004–2006, [7,102–104]). The advent of high-throughput technologies [9,11] has resulted in significant increases in the frequency of AS (almost 60-fold over the past 10

years).
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low abundance [11]. In addition, in the genome-wide analy-
sis above, IR was still the most frequent AS event (40%) but
it only occurred in assembled AS transcripts of 23% of the
genes providing a more reasonable estimate of the impact of
IR to AS plants (Figure 2c) [11]. More importantly, 51% of
intron-containing genes utilize alternative 50 or 30 splice
sites or exon skipping events which can affect the protein
Types of AS events 

(a)

(b)

IR 

Alt 5′ ss 

Alt 3′ ss 

ES 

ISS 
5′ GU A 

ISE 

+ – 

UA-rich 

Figure 2. Main types of alternative splicing (AS) events and frequency in Arabidopsis. (a)

point, and polypyrimidine tract sequences. Selection of alternative splice sites is affec

termed splicing enhancers and silencers. (b) Types of AS events. (c) Frequency of occu

event in Arabidopsis (40%) but its contribution to transcript diversity is much lower [1

transcripts which do not involve intron retention (–IR). Among alternatively spliced tran

are produced by other AS events. Colored boxes, exons; lines, introns; GU, 50 splice site 

highly conserved AG dinucleotide; A, branch point adenosine; (Y)n, polypyrimidine tract

line, unspliced (retained) intron. Abbreviations: ESE, exonic splicing enhancers; ESS,

silencers; Alt 30 ss, alternative 30 splice sites; Alt 50 ss, alternative 50 splice sites; ES, ex
coding sequence or generate unproductive mRNAs to affect
transcript levels [11]. The widespread occurrence of AS and
the range of functional gene groups which it affects supports
an essential role for AS in plant development, physiology,
metabolism, and responses to environmental conditions and
pathogens, all of which have important consequences on
plant/crop phenotypes [7,12–18].
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 Splicing of pre-mRNA is directed by cis elements which include splice sites, branch
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Figure 3. Dynamic regulation of expression by alternative splicing. Developmental

or environmental cues activate signaling pathways which can directly modulate

splicing factor activity by post-translational modifications, relocalization, etc.

Signaling also directs changes in transcription of splicing factor genes and

alternative splicing of these genes changes the abundance, composition, and

activity of the splicing factor population. Expression of other target genes

including transcription factors is also modulated by alternative splicing

responding to the dynamic changes in splicing factor profiles. Changes in the

proteome feedback to transcription and alternative splicing (and other post-

transcriptional mechanisms) ultimately generating the cellular and organismal

phenotype and response. Boxes of colored bars, abundance and/or composition of

SFs. Abbreviations: AS, alternative splicing; SF, splicing factor.
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Regulation of alternative splicing
Assembly of the spliceosome during intron removal and
ligation of exons is directed by sequence features of the pre-
mRNA. The cis sequences in the pre-mRNA include splice
sites, branch point, polypyrimidine tract, enhancer, and
suppressor sequences (Figure 2a). In addition, it is well
documented in plants that UA-richness of introns contrib-
utes to their recognition and is essential for efficient splic-
ing. The splice sites situated at the transition between UA-
rich introns and GC-rich exons are preferentially selected
for splicing (for review see [19]). The compositional bias for
UA-richness has been always considered as a distinguish-
ing feature of plant introns; however, recently it has been
shown also for animals that exons have higher GC content
than introns [20,21]. Regulation of AS depends on cis
signals and their recognition by trans-acting splicing fac-
tors. Serine/arginine-rich (SR) and heterogeneous nuclear
RNP (hnRNP) proteins function as constitutive and AS
splicing factors controlling splice site choice in a concen-
tration-dependent manner [22]. SR proteins are highly
conserved in metazoa and plants and, typically, contain
one or two RNA recognition motifs (RRMs) and a C-termi-
nal domain (CTD) rich in serine and arginine residues (RS
domain). Interestingly, plants possess plant-specific SR
proteins and in general they have almost a double number
of SR proteins of that in nonphotosynthetic organisms [23].
Many of them have different spatiotemporal expression
patterns, implicating diverse target specificities and bio-
logical functions [24]. hnRNP proteins, by contrast, consti-
tute a structurally diverse group of RNA-binding proteins
associated with nascent pre-mRNA molecules and, in ad-
dition to their role in splicing, are involved in a variety of
molecular processes [25]. SR and hnRNP proteins bind
splicing signals and intronic and exonic enhancer/silencer
sequences and through multicomponent interactions with
other splicing factors (including cell- and tissue-specific
factors) determine splice site selection and where the
spliceosome assembles. In general, SR proteins promote
splicing and the hnRNP proteins inhibit splice site selec-
tion. However, both SRs and hnRNPs can also have oppo-
site functions with, for example, SRSF10 (also known as
SRp38) [26] being a negative regulator and polypyrimidine
tract-binding protein (PTB; also known as hnRNPI) being a
positive regulator [27].

Variation in abundance and activity of splicing factors
determines the AS profiles of target genes and therefore
their differential expression under different growth condi-
tions and during development [28–31]. Importantly, differ-
ent growth conditions modulate AS of SR and hnRNP genes
causing dynamic changes in the splicing factor profile,
further impacting expression of target genes (Figure 3).
For example, AS of many Arabidopsis SR genes is affected
by temperature, light, salt, hormones, etc. [30–32]. In addi-
tion, the activity or localization of SR proteins can be affect-
ed by phosphorylation [4,33,34] and protein kinases which
phosphorylate plant SR proteins have been identified [35–
37]. Not surprisingly therefore, SR protein overexpression
and knockout lines show a variety of developmental and
growth phenotypes, demonstrating the importance of these
proteins to normal growth and development and broad
effects on gene expression [28]. The best-studied plant
618
hnRNP proteins to date are the Arabidopsis orthologs of
the animal negative splicing regulator, PTB [38], and the
glycine-rich RNA-binding proteins, GRP7 and GRP8, com-
ponents of a slave oscillator coupled to the circadian clock
[39–41]. The Arabidopsis PTBs auto- and crossregulate the
AS within the family [38]. GRP7 and GRP8 also autoregu-
late their own AS and crossregulate each other’s AS to
generate unproductive mRNAs which are targeted by
NMD to reduce mRNA and protein levels [39,41]. Finally,
the nuclear cap-binding complex (the CBC) consists of two
subunits, AtCBP20 and AtCBP80, and AtCBP20 contains a
canonical RNA-binding domain (RBD). Mutation of these
subunits showed the CBC to be involved in AS of at least
some Arabidopsis genes and to preferentially influence AS of
the first intron, particularly at the 50 splice site [42].

Although the abundance and activity of splicing factors
determines the AS profiles of downstream genes, very few
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examples of the biological relevance of AS-derived pro-
tein isoforms of splicing factors have been published.
Functional diversity of AS isoforms was elegantly dem-
onstrated when two isoforms of SR45 (which differ by
only eight amino acids and include putative phosphory-
lation sites), differentially complemented petal or root
developmental phenotypes in the sr45 mutant [43].
Hence, isoforms with very similar sequences can have
substantially different morphological outcomes which
will reflect a host of gene expression changes in different
organs of the plant.

Epigenetic control of alternative splicing
An extensive body of evidence from human and yeast
shows that splicing is often coupled to transcription [44–
46]. The CTD of RNA polymerase II serves as a landing pad
for recruitment of proteins involved in capping, splicing,
polyadenylation, and export [47–52]. The rate of transcrip-
tion elongation by RNA polymerase II may affect splice site
choice and thereby AS outcomes [45,46]. A slower rate of
transcription tends to favor inclusion of weak upstream
exons before the splicing complex is committed to splicing
of a stronger downstream exon [45,46]. Importantly, effi-
ciency of the splicing process may also influence the rate of
transcription elongation, where, for example, transient
pausing of RNAP II at the 30 splice site of an intron
coincides with the appearance of spliced product [53].
The rate of transcript elongation may depend on the chro-
matin state [50]. For example, nucleosome occupancy var-
ies along a gene with GC-rich exons being relatively
nucleosome-rich compared with GC poor introns
[20,21,52,54] and transcription through nucleosome-rich
regions with compact chromatin tends to be slower [50].
Furthermore, nucleosome occupancy is also lower in alter-
natively spliced exons compared with constitutively
spliced exons [20]. The relations between chromatin state,
nucleosome occupancy, RNAP II elongation rates, splicing
efficiency, and AS outcomes are key to understanding AS
regulation. Indeed, a direct link between histone modifica-
tions and AS was demonstrated recently [55]. The splicing
of two PTB-dependent mutually exclusive exons in the
human fibroblast growth factor receptor 2 (FGFR2) gene
depended on histone modifications H3K36me3 and
H3K4me1 acting in one direction, and H3K27me3,
H3K4me3, and H3K9me1 acting in the opposite direction.
The changes in chromatin state are read by the chromatin-
binding adapter protein MRG15 which then recruits the
splicing factor PTB to the pre-mRNA and affects splicing
outcomes [45,46,55]. In plants, the direct link between AS
and either chromatin state or RNAP II elongation rates
(transcription) has not yet been demonstrated. However,
clearly the impact of environmental cues and signaling
pathways on chromatin and transcription to generate
different AS variants has the potential to further our
understanding how plants respond to their ever-changing
environment.

Alternative splicing affects protein complexity and
transcript levels and stability
The different forms of AS (Figure 2b) and, in particular,
alternative 50 and 30 splice site selection and exon skipping
often lead to changes in protein sequences from the inclu-
sion or removal of a few amino acids (see above for SR45
[43]) to large regions of proteins affecting protein domains,
or generating changes in N-terminal or C-terminal regions
[56,57]. Different protein isoforms have the potential for
differential functions as highlighted by several recent
studies. For example, cold-induced sweetening is a serious
problem in potatoes where starch is converted to glucose
and fructose by vacuolar acid invertase: lines showing
resistance to cold-induced sweetening have higher expres-
sion of two splice variants (INH2a and INH2b) of the
invertase inhibitor gene (INH2) [58]. The flavin-dependent
monooxygenase gene, YUCCA4, involved in auxin biosyn-
thesis, undergoes tissue-specific AS to generate isoforms
with different intracellular localization. One isoform is
expressed in all tissues and is distributed throughout
the cytosol, whereas a second is restricted to flowers and
is attached to the endoplasmic reticulum [59]. In silico
analysis of MADS-box MIKC-type (MADS, Intervening,
Keratin-like and C-terminal domain) transcription factors
in Arabidopsis predicted protein isoforms which affect
dimerization properties or higher order protein complex
formation [57]. The potential for AS to influence function
was shown by the differential effects on flowering time and
floral development of overexpression of isoforms of SHORT
VEGETATIVE PHASE, consistent with their different
protein–protein interactions [57]. This systematic analysis
of a large gene family illustrates the potential of AS to
affect key protein domains and function as well as the
impact of AS in the evolution of gene families and protein
interaction networks.

AS can regulate mRNA levels through the production of
AS isoforms containing premature termination codons
(PTCs) which are targeted for degradation by NMD
[60,61]. Plants possess orthologs of the key eukaryotic
NMD proteins, UPF1, UPF2, UPF3, and SMG-7 (but not
SMG-1, SMG-5, or SMG-6) and these have been shown to
be involved in degrading mRNAs with PTCs [62–68]. Rules
for NMD in plants have been established mainly by study-
ing mutations in a small number of model transcripts. The
mechanisms of recognition of NMD substrates in plants
appear to be fundamentally similar to those in other
eukaryotes relying on the distance from a PTC to the 30

end of the transcript (long 30UTR) or downstream splice
junctions (splicing-dependent) [18,64,69–71]. Recently, by
analyzing a large population of endogenous Arabidopsis
transcripts, coupled AS, and NMD has been shown to be a
widespread mechanism for regulating gene expression
with 11–18% of alternatively spliced transcripts being
turned over by NMD [18]. This study also showed that
transcripts containing PTCs which are NMD substrates
are often readily detectable and can contribute significant-
ly to steady-state transcript levels of genes. In addition,
some PTC-containing transcripts were not turned over by
NMD. For example, some transcripts containing retained
introns or parts of introns were unaffected in NMD
mutants, suggesting that not all NMD triggering signals
or transcript arrangements are understood [18]. Thus, the
generation of unproductive AS transcripts can influence
the levels of functional mRNAs (full-length protein coding),
as has been observed in the regulation of human SR and
619
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hnRNP proteins through AS and ultraconserved elements
[72–74]. Similarly in plants, SR and PTB genes are regu-
lated by AS [28,38,75] which gives rise to PTC-containing
transcripts, suggesting a regulatory function via unpro-
ductive mRNAs.

Alternative splicing in the plant circadian clock
Regulation of expression by AS generating unproductive
transcripts has recently been demonstrated for core circa-
dian clock genes in Arabidopsis. Circadian clocks have
approximately 24-h rhythms and allow organisms to an-
ticipate the day–night cycle and coordinate their genetic,
biochemical, and physiological responses [76–78]. Core
clock gene expression is regulated at multiple different
levels: transcription, protein degradation, and modifica-
tion with AS being an emerging theme in regulation of the
clock [77,78]. Until recently, examples of AS in clock genes
and their functional significance were rare. For example,
an IR event in CCA1 was conserved in at least four plant
species and levels of IR-containing transcripts increased in
high light and decreased in the cold [9]. In addition, a
mutant in PROTEIN ARGININE METHYL TRANSFER-
ASE 5 (PRMT5) showed a longer circadian period and
dramatic changes in the levels of unproductive AS tran-
scripts of PRR9 [79,80]. Recently, extensive AS in the
majority of the core clock genes in Arabidopsis was identi-
fied and dynamic changes in AS profiles for many AS
events were observed in response to changes in tempera-
ture and particularly to lower temperatures [81]. AS events
were either induced by low temperatures or increased in
abundance to 10–50% of the transcripts; the majority of
these events were nonproductive resulting in a reduction of
functional mRNAs potentially impacting protein levels
[81]. Furthermore, the partially redundant gene pairs,
LHY and CCA1, and PRR7 and PRR9 behaved differently
with respect to AS, implying functional differences be-
tween these related genes. Thus, temperature-associated
AS modulating the balance between productive and non-
productive mRNA isoforms is an additional mechanism
involved in the operation and control of the plant circadian
clock.

Alternative splicing and regulation by small interfering
peptides/micro-proteins
The fate of alternatively spliced transcripts containing
PTCs is expected to be degradation by the NMD pathway
but some PTC-containing transcripts are stable and ap-
pear to avoid the NMD machinery [18]. PTC-containing
transcripts also have the potential to be translated into
truncated proteins or peptides. In plants, intron-contain-
ing mRNA transcripts were found associated with poly-
somes and recently ribosome profiling in mouse has
identified novel upstream open reading frames (ORFs)
and ORFs in long noncoding RNAs [82,83]. In animal
and plant systems, small interfering peptides (siPEPs)
or micro-proteins (miPs) named after their analogy with
siRNAs and miRNAs have been described [84,85]. Such
peptides can have altered functionality by only containing
particular domains (e.g., DNA binding, transcriptional
activators) and can act as both positive and negative
regulators and affect regulatory feedback loops [86]. For
620
example, in animals, an AS isoform generates a miP of the
ETS1 transcription factor which regulates growth and
development responses, lacks the transactivation
domains, and interacts physically with ETS1 blocking
ETS1-mediated expression of target genes in a dominant
negative manner [86–88]. Similarly, miP AS protein iso-
forms of the animal transcription factor MEIS2 also inter-
act in a dominant negative manner [89]. Interestingly, one
of the splice variants (MEIS2E) is structurally similar to a
plant protein ‘KNATM’, which is a member of the TALE
homeodomain transcription regulators (controlling meri-
stem formation, organ position and morphogenesis, and
some aspects of reproductive phase) [86]. KNATM, howev-
er, lacks a homeodomain and by forming nonfunctional
heterodimers with the BELL TALE protein regulates leaf
pattern [90,91]. It is intriguing that a protein generated via
AS in animals appears to exist as a miP equivalent in
plants.

Genome-wide analysis of AS in Arabidopsis suggested
that 78% of alternative transcripts introduced in-frame
PTCs [9], providing a huge potential for production of miPs.
Examples of miPs in plants with functional consequences
are rare but a recent study showed that the Arabidopsis
transcription factor gene, IDD14, produces a splice variant
(IDD14b) which lacks the DNA-binding domain but inter-
acts with the functional IDD14a isoform to produce hetero-
dimers. The IDD14a/b heterodimer has reduced binding
affinity for the promoter of the Qua-Quine Starch (QQS)
gene which regulates starch accumulation by initiating
starch degradation [84]. Starch accumulation is one re-
sponse of plants to cold and as the IDD14b splice variant is
only expressed under cold conditions, starch degradation is
reduced providing an AS/miP-dependent strategy for
maintaining starch reserves at low temperatures. Inter-
estingly, the core clock proteins CCA1 and LHY can both
homo- and heterodimerize [92,93], and different combina-
tions have different binding affinity to their target
sequences [94]. It is interesting to speculate whether the
extensive production of PTC-containing transcripts in core
clock genes by AS could add a further level of regulation by
miPs. Furthermore, siPEPs/miPs offer another mechanism
to modify or knock-down expression of endogenous genes.
Artificial siPEPs/miPs encoding dimerization domains
could be transformed into plants to reduce the activity of
a target gene. As they function at the protein level and
depend on homo- or heterodimerization, this should
improve specificity and reduce off-target silencing [85].

Alternative splicing diversity in ecotypes and polyploids
Extensive AS occurs under altered growth or stress con-
ditions in plants. Similarly, extensive variation in AS is
expected in diverse ecotypes adapted to very different
climates thereby achieving environmental and phenotypic
plasticity. To address such diversity, genomic and tran-
scriptomic sequencing is being performed on geographical-
ly and phenotypically diverse accessions of Arabidopsis.
Sequencing of the genomes and transcriptomes of 18 Ara-
bidopsis accessions identified extensive single nucleotide
polymorphism and indel variation among the genotypes
[95]. When compared with Col-0 (TAIR10) one-third of
protein coding genes were disrupted/altered in at least
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one accession although re-annotation restored coding po-
tential in most cases. Sequence variations affected trans-
lation start and stop sites, introduced PTCs, or changed the
frame of the coding sequence, or potentially generated
protein isoforms in different accessions. Two-thirds of
2572 genes with disrupted splice sites when compared to
TAIR10 had new splice sites and a quarter of these sites
were close to the splice sites in Col-0 [95]. Clearly, natu-
rally occurring sequence variation can disrupt splice sites
and RNA-binding motifs for splicing factors. Such muta-
tions impact protein expression and activity and provide a
basis for selection for adaptation of different ecotypes to
their environments [7,8,10,57].

Extensive duplication or polyploidization has occurred
in the evolutionary history of many plant species [96].
Theoretically, such events could generate immediate and
drastic changes in the abundance, composition, and activi-
ty of splicing factors which in turn could affect splice site
choice among variable analogous splice site sequences.
Further mutation, gene loss, or changes in expression or
protein functionality provide the basis for selection and
continued evolution of the species. Recently, AS patterns
have been studied among natural and synthetic polyploids
of Brassica napus. Interestingly, two independently syn-
thesized lines showed parallel loss of AS events after
polyploidy [97]. This is intriguing because it shows that
even in two independent events of polyploidy, using the
same species, results in identical pattern of AS loss, point-
ing towards a non-random response of the so-called ‘geno-
mic shock’ after two genomes physically interact with each
other. The same study also showed that 26–30% of the
duplicated genes show changes in AS, compared with the
parents, with some showing organ specificity or response to
abiotic stress [97]. It is likely that AS has played an
important role in the evolution and adaptation of cultivat-
ed crops to different environmental conditions and niches,
because many crop species are polyploids and this whole
area will be one of great interest in the future, particularly
with the power of high-throughput sequencing.

Evolutionary aspects of alternative splicing factor
diversity
The Arabidopsis genome encodes 18 SR proteins which is
nearly double the number found in humans. At least 12 of the
18 SR genes are located in duplicated genomic regions and
the current data indicate that most of them have different
spatiotemporal expression patterns, suggesting functional
diversification [24]. In different plant lineages, the number
of paralogous SR genes is highly variable. For example, the
plant-specific RS subfamily of SR proteins is encoded by four
genes in Arabidopsis, two in rice, at least five in Pinus taeda
and by one gene both in Physcomitrella patens and Chlamy-
domonas reinhardtii [98]. Differential or common, redun-
dant functions of SR paralogs in different species remain to
be determined. However, it is interesting that several SR
paralogs and orthologs are regulated by AS events conserved
from unicellular green algae to land plants. These events
occur in the analogous long introns situated in the RRM
coding regions [98,99] and, moreover, they involve unusually
highly conserved sequences around alternative splice sites
[98], suggesting an important biological function of such
regulation. A recent systematic survey of SR genes in 27
eukaryotic genomes showed that flowering plants on aver-
age possess nearly double the number of SR genes than
nonphotosynthetic species [23]. Moreover, most of the plant
SR genes are under purifying selection, ensuring that para-
logous genes which originated due to the duplication events
maintain their structure and function, whereas redundancy
is reduced via diversification of gene expression [23].

Future challenges in alternative splicing research in
plants
AS research in plants has made substantial progress in the
past 4–5 years. The ever-increasing number of plant genes
with AS and the processes in which they are involved point
to the importance of understanding the mechanisms and
regulation of AS and the functions of AS. The functional
impact of AS is one of the most important questions – this is
largely due to the relatively small number of examples of AS
for which differential functions have been demonstrated for
different protein isoforms. However, we draw a parallel with
research to discover the extent of AS in plants. Around 10
years ago the first estimate was only 1.2% of plant genes
showing AS! With massively improved technologies this
number has now grown to more than 61% (Figure 1). Simi-
larly, the increasing number of plant genome sequences and
the generation of vast transcriptome data will allow compu-
tational analyses to identify conservation of AS events
across species and tissue-, developmental-stage and envi-
ronment-specific regulation of AS providing evidence of
functionality. The number of functional examples of AS,
whether at the mRNA transcript stability level or protein
function, continues to grow and in turn is stimulating wider
interest in AS in the plant community. High-throughput
sequencing will also address dynamic changes in AS in
development and under different environmental conditions
and stresses, and how variation in AS patterns in different
ecotypes and polyploids contributes to plasticity and adap-
tation of plant species. Furthermore, we need to understand
how signaling pathways affect splicing factor activity direct-
ly or via chromatin modification and how transcriptional
and AS networks interact [100]. AS is a major mechanism by
which plants modulate and fine-tune expression of their
genes. The next 5 years will see an explosion of knowledge of
the functional significance of AS and understanding its
contribution to the complexity of gene expression will offer
new opportunities in approaches to modifying plant function
for improved phenotypes.
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