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Abstrakt 

 

(German version) 

Alternatives Spleißen (AS) ist ein wichtiger posttranskriptioneller Prozess, der zur 

Regulation der Genexpression beiträgt und zur Transkript- und 

Proteomdiversifizierung in einem Organismus führt. Meine Dissertation analysiert AS 

in der Modelpflanze Arabidopsis thaliana, ein bisher noch wenig erforschtes 

Arbeitsgebiet. AS kann die Genexpression durch die Erzeugung von Transkripten, 

die zum Abbau durch den „Nonsense-mediated decay (NMD)“-Weg bestimmt sind, 

stark beeinflussen. Durch unsere Untersuchungen von NMD-beinträchtigen Pflanzen 

mittels eines hochauflösenden „RT-PCR AS Panel“ konnten wir zeigen, dass 13-18% 

der multi-exonischen Arabidopsis Gene durch AS gekoppelt mit NMD reguliert sind. 

Genauere Analysen der NMD-sensitiven AS Transkripte zeigten, dass zusätzlich zu 

den bereits bekannten Merkmalen eines Transkripts, die NMD auslösen können, 

auch AS in der 5’-untranslatierten Region der mRNA NMD auslösen kann, und zwar 

abhängig von der Präsenz, Länge, und Position von uORFs („upstream open reading 

frames“). Bemerkenswert war jedoch, dass Transkripte, die ein ungespleißtes Intron 

(Intronretention, IR) und typische NMD-Merkmalen aufwiesen, dennoch nicht durch 

NMD abgebaut wurden, was eine Erklärung für das relativ hohe Vorkommen von IR 

in Pflanzen sein könnte. Diese Untersuchungen zeigten auch, dass weitaus mehr 

unterschiedliche Transkripte von den getesteten Genen produziert wurden, als bisher 

gezeigt werden konnte. Um festzustellen, wie oft und in welcher Form AS genomweit 

vorkommt, sequenzierten wir eine normalisierte cDNA Bibliothek von Wildtyp-

Arabidopsis Pflanzen mittels Hochdurchsatz-Techniken (RNAseq). Damit konnten wir 

zeigen, dass ~61% der multi-exonischen Gene alternativ gespleißt werden, was die 

Bedeutung von AS für die Transkriptdiversifizierung veranschaulicht. Obwohl IR der 

am häufigsten vorkommende AS Typ ist, kommen IR Transkripte oft nur in geringen 

Mengen vor und tragen somit wenig zur mRNA Gesamtpopulation bei. Eine 

gründliche Analyse der IR Transkripte führte uns zur Entdeckung eines neuartigen 

Typs von AS, den wir als „Exitron-Spleißen“ bezeichnen, wobei interne Regionen 

eines kodierenden Exons heraus gespleißt werden können. Exitron-Spleißen kommt 

auch beim Menschen vor, was zeigt, dass es ein genereller AS Typ ist, der das 

Repertoire der bereits bekannten Typen von AS ergänzt. Exitronsequenzen kodieren 

oft für unstrukturierte Proteinregionen, was vermuten lässt, dass ihr Herausspleißen 

die Interaktionsnetzwerke von Proteinen beeinflusst. Durch evolutionäre Analysen 
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konnten wir auch zeigen, dass Exitrone ursprünglich von „Ur-Exon-Sequenzen“ 

abstammen. Wir schlagen auch eine Hypothese für den Mechanismus der 

Exitronbildung vor, bei der durch den Verlust der benachbarten Introns und mit Hilfe 

zurückgebliebene Spleiß-Signale die Evolution von Exitron-Spleißen vorangetrieben 

wurde (Hypothese des Spleißgedächnisses).  
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Abstract 

 

Alternative splicing (AS) is a major post-transcriptional process involved in regulating 

gene expression and generating transcript and proteome diversity.  Here, I present 

my contributions to the relatively unexplored AS landscape in the model plant 

Arabidopsis thaliana. AS can regulate gene expression by producing transcripts that 

are targeted for degradation via nonsense-mediated decay (NMD). Analyzing plants 

impaired in NMD by the high-resolution RT-PCR AS panel, we found that 13-18% 

intron-containing genes are regulated by coupled AS/NMD. Inspection of the NMD-

sensitive AS transcripts showed that, in addition to known features, AS in 5’UTRs 

affects the presence, size, and position of uORFs which can trigger NMD. Notably, 

intron retention (IR) transcripts presenting classical NMD features were NMD 

insensitive, explaining the high frequency of IR events in plants. This study has also 

revealed an unexpectedly high prevalence of novel AS transcripts. To assess the 

frequency of AS at a genome-wide level, we employed RNA-Seq of a normalized 

cDNA library from wild-type Arabidopsis plants. We found that ~61% of the multi-

exonic genes undergo AS, setting AS as a major mechanism for transcript diversity 

in Arabidopsis. Despite IR being the most frequent type of AS, most of the IR 

transcripts are low abundant, indicating their minor contribution to the total mRNA 

population. Closer inspection of the IRs led to the discovery of a novel type of AS 

event which we named exitron (exonic intron) splicing, whereby internal parts of a 

coding exon can be alternatively spliced. Exitron splicing is also present in humans, 

therefore it is a general AS event complementing the repertoire of existing AS 

events. Exitron-encoded protein sequences are enriched in disordered regions, 

implying an impact of exitron splicing on remodeling of protein interaction networks.  

We show that exitrons originate from ancestral exons through a history of adjacent 

intron loss and propose the “splicing memory” hypothesis stating that remaining 

splicing regulatory signals promoted the evolution of exitron splicing. 
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Introduction 

 

Organism complexity, a new perspective in modern biology: lessons from the 
RNA 
	
  
How is the genetic information processed? Where and how is the fate of a specific 

cell during the life span of a living organism determined? What determines the 

complexity of an organism? Such questions have intrigued biologists for centuries. In 

the last decades, it has become clearer that in order to understand the biological 

properties of the cell at molecular level and what contributes to organism phenotype, 

the simplistic view of the molecular biology paradigm “one gene, one protein” stating 

the relationship between genes and proteins is far from explaining organism 

complexity. 
	
  
The genetic information of an organism is stored in the DNA (deoxyribonucleic acid) 

and then this is interpreted to a messenger ribonucleic acid (mRNA) molecule that 

finally can be translated into a protein. The process of copying a segment of DNA 

into a precursor mRNA (pre-mRNA) molecule is known as transcription and is being 

executed by the RNA polymerase II (RNA pol II). From transcription to the final 

mRNA molecule, multiple processes occur that can change the final information 

copied in this molecule.  The sequencing of the complete genomes of human and 

other model genetic organisms hinted about the complexity in the interpretation of 

the information written in the DNA. The analyses of the different genomes led to the 

realization that contrary to what was expected, the human genome contains a similar 

number of protein coding genes (~25,000 genes, International Human Genome 

Sequencing (2004)) as other far simpler multicellular organisms such as the plant 

Arabidopsis thaliana (~25,000 genes, (Arabidopsis Genome, 2000)), the worm 

Caenorhabditis elegans (18,000 genes, (Consortium, 1998)), or the fruit fly 

Drosophila melanogaster (~14,000 genes, (M. D. Adams et al., 2000)). After such 

observation some questions arose, where in the genome the information of organism 

complexity is written? Are there differences between organisms in how the DNA is 

interpreted? Could the RNA give us some clues about it?  
	
  
Nowadays it is widely recognized that the mechanisms of transcription and pre-

mRNA processing are very dynamic and highly regulated that depend on external 

inputs and/or the cellular state. Several layers of regulation exist to decipher the 
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information written in the DNA that ultimately will be reflected in a finely tuned gene 

expression and protein production. The multiple processes involved in the extensive 

and intricate journey of an RNA molecule, starting from epigenetic modifications 

encountered in the DNA, like methylation and histone marks, during its transcription, 

to its processing by mechanisms as alternative splicing, RNA editing or alternative 

polyadenylation and finally to its export, translation and degradation, have influenced 

our vision in modern molecular biology about how the DNA is interpreted in the final 

mRNA that probably is reflected in the organism phenotype and ultimately its 

complexity.  
	
  
During my dissertation, I will focus on alternative splicing as a central process 

involved in increasing transcriptome diversity by selecting the pieces that will 

compose the final mRNA. Moreover, I will discuss about the growing importance of 

alternative splicing in plants, with emphasis on the model plant Arabidopsis thaliana, 

and how my research has contributed to this field. 

 
 

Basics of the splicing process  

 

The removal of introns (intervening sequences) from the precursor mRNA (pre-

mRNA) and joining of the exons (exported sequences) that will be part of the final 

mRNA molecule is known as pre-mRNA splicing (Sharp, 1994). The spliceosome is 

the molecular machinery in charge to perform the splicing reaction via the recognition 

of sequence elements in the exon-intron borders. The major spliceosome consists of 

the small nuclear RNAs (snRNAs) U1, U2, U4/U6 and U5 in conjunction with around 

170 core accessorial proteins (Will & Luhrmann, 2011). The major spliceosome is 

involved in the splicing of ~98% of the introns (Will & Luhrmann, 2011). There is also 

a minor splicesome that excises ~1-2% of the introns, comprising of the snRNAs, 

U11, U12, U4atac/U6atac and U5, being U5 the only snRNA shared between the 

major and the minor spliceosomes (Will & Luhrmann, 2005). Notably, in human over 

100 additional spliceosomal proteins have been identified in comparison to yeast, 

some of them having roles in alternative splicing (Will & Luhrmann, 2011). The 

assembly of the spliceosome occurs in a stepwise manner where each of the steps is 

subjected to regulation ultimately defining the spliced transcript.  
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Figure 1. Cross talk between splicing and other RNA processing steps. During 

transcription different elements in the DNA, like the gene promoter and epigenetic 

marks, can play a role in the recruitment of splicing factors and RNA pol II 

processivity affecting the final splicing pattern in the mRNA. Moreover, proteins 

involved in 5’ and 3’ end formation can have an effect on splicing adding layers in the 

regulation of mRNA production. Finally, proteins that are deposited on the mRNA 

during splicing can influence mRNA export to the cytoplasm and mRNA translation 

(see text for details). 

 

 

The splicing process occurs in the nucleus and increasing evidence indicates that co-

occurs during transcription (Beyer & Osheim, 1988; Gornemann, Kotovic, Hujer, & 

Neugebauer, 2005; Kornblihtt, 2005; Kornblihtt, de la Mata, Fededa, Munoz, & 

Nogues, 2004), which leads to a cross talk of transcription, RNA splicing and other 
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mRNA processing and gene expression regulatory pathways (Figure 1). From early 

transcription, the capping of the 5’ end promotes spliceosome assembly (Fresco & 

Buratowski, 1996; Izaurralde et al., 1994; J. D. Lewis & Izaurralde, 1997; J. D. Lewis, 

Izaurralde, Jarmolowski, McGuigan, & Mattaj, 1996; Schwer & Shuman, 1996) while 

the splicing of the last intron is coupled with mRNA polyadenylation (Figure 1, (Li, 

Chen, Wang, Baker, & Krug, 2001; Nesic & Maquat, 1994)). Furthermore exon 

junction complexes that are deposited on the mRNA during splicing facilitate export 

of the mRNA to the cytoplasm and therefore enhancing its translation (Figure 1, 

(Reed, 2003)). In addition, epigenetic marks such as methylation of DNA and 

covalent modification of histone proteins can influence the splicing process by 

affecting the speed of RNA pol II during transcription or modulating spliceosome 

assembly during exon-intron recognition (Figure 1, (Batsche, Yaniv, & Muchardt, 

2006; Luco et al., 2010)). 

 

The first step in the splicing reaction is the bona-fide identification of the exon-intron 

boundaries in the pre-mRNA. Such boundaries are defined by specific sequences 

known as splice sites. The donor site or 5’ splice site is around nine nucleotides (nt) 

long sequence and it determines whether the major or the minor spliceosome would 

assemble and process the intron (Figure 2, (Sun & Chasin, 2000; M. Q. Zhang, 

1998)). The 5’ splice site sequence is bound by U1 snRNA (or U11 for the minor 

spliceosome) via sequence complementarity in the first step of the reaction (Sun & 

Chasin, 2000; M. Q. Zhang, 1998). In later steps, this sequence will be also bound by 

U5 and U6 snRNAs (or U6 atac for the minor spliceosome) (Sun & Chasin, 2000; M. 

Q. Zhang, 1998). The acceptor site or 3’ splice site is defined by two sequence 

elements the actual intron-exon border and the intronic polypyrimidine tract (PPT) 

that is situated immediately upstream (Figure 2). The length and the amount of 

pyrimidines in the PPT can vary between introns playing a role in their recognition 

efficiency (Hertel, 2008). The PPT is a binding platform for U2AF protein that is an 

auxiliary factor of U2 snRNA, which recognizes another crucial intronic sequence 

during early steps of the splicing process, the branch point sequence (BPS) (Figure2, 

(Query, Moore, & Sharp, 1994; Reed, 1996)).  Therefore, the basis of the splicing 

mechanism is the recognition and base pairing of the different snRNAs, components 

of small nuclear ribonucleic particles (snRNPs), to the nascent RNA molecule. The 

extent of complementarity of the different sequence elements to the snRNAs 

determines the strength of the splice site and consequently dictating how efficiently 

the introns are recognized and excised out (see alternative splicing below). 
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Figure 2. Core splicing signals in the pre-mRNA. Basic sequence elements in the 

pre-mRNA recognized by the spliceosome during the splicing reaction. Exons are 

depicted as gray boxes while the intron as a black line. For simplicity, only the 

consensus sequences for the major spliceosome are illustrated. 

 

 

The core components of the spliceosome machinery are conserved from yeast to 

human; nevertheless the recognition of exons and introns can vary greatly. In yeast 

the exons are longer than introns (Ruby & Abelson, 1991), while in humans, exons 

are fairly small in comparison to the big sized introns that can be several kilobases 

long (Black, 2003). It has been observed that the length of exons and introns affects 

their recognition and spliceosome assembly (Berget, 1995). Therefore, variations in 

gene structures between species may account for the observed differences in the 

splicing process in terms of exon-intron recognition.  

 

Two mechanisms of exon-intron recognition have been proposed, the intron 

definition and the exon definition models (Figure 3). In the intron definition model, 

applied for short introns, the excision of the intron occurs when the spliceosome 

components are assembled at the splice sites of the same intronic unit (Figure 3A). 

In the case for long introns, the exon definition model is proposed; where once the 

spliceosome components are assembled in the splice sites across the exon they 

become paired and activated for intron excision when the sequential exon (with its 

respective spliceosome components) is juxtaposed (Figure 3B). Both models of 

exon-intron definition have been supported by experimental evidence ((Berget, 1995; 

M. Guo, Lo, & Mount, 1993; Robberson, Cote, & Berget, 1990; Sterner, Carlo, & 

Berget, 1996; Talerico & Berget, 1990, 1994)). 

8



 

 

 
Figure 3. Intron and exon definition models of splicing. A) Intron definition 

model, the splice sites recognition occurs in the same intronic unit for subsequent 

intron removal. This model has been proposed for short introns. B) Exon definition 

model, the splice sites recognition occurs first across the exons and then splice site 

pairing occurs for intron excision. This model has been proposed for splicing of long 

introns. 

 

 

Besides the splice sites recognition, other sequence elements in the pre-mRNA play 

a role in determining the splicing pattern in the mRNA molecule. These sequence 

elements are named exonic splicing enhancers/silencers (ESEs or ESSs) and 

intronic splicing enhancers/silencers (ISEs or ISSs), which are recognized by 

proteins that can recruit or inhibit the action of core spliceosome elements affecting 

exon-intron recognition. The ESEs are recognized mainly by the Serine/arginine (SR) 

rich protein family, which facilitates exon recognition by recruiting splicing 

components like U1 or U2 snRNPs via their RS domain (Black, 2003; Graveley, 

2000; Hertel, Lynch, & Maniatis, 1997). Splicing silencers are less studied, however 

their impact on intron definition has been clearly recognized. Heterogeneous nuclear 

ribonucleoproteins (hnRNPs), like the polypyrimidine tract binding protein (PTB), bind 

these sequences interfering with the spliceosome assembly (Bothwell et al., 1991; 

Garcia-Blanco, Jamison, & Sharp, 1989; House & Lynch, 2006; Tange, Damgaard, 

Guth, Valcarcel, & Kjems, 2001) or by looping out the exon (Martinez-Contreras et 

al., 2006). The existence of splicing enhancers and silencers add complexity to the 

regulation of the splicing process, as both enhancers and silencers can coexist in the 

same pre-mRNA molecule and the final splicing output will ultimately depend on 
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competition and availability of the proteins that recognize them (Hertel, 2008; X. H. 

Zhang, Arias, Ke, & Chasin, 2009; J. Zhu, Mayeda, & Krainer, 2001). Additionally, 

the pre-mRNA can adopt secondary structures depending on its nucleotide 

composition or protein components that associate with it (Hiller, Zhang, Backofen, & 

Stamm, 2007; Shepard & Hertel, 2008). Such non-linear structures in the pre-mRNA 

can further influence spliceosome assembly as splice sites or regulatory sequences 

can be involved in the RNA fold making them unavailable for the RNA-protein 

complexes, resulting in an enhancing or inhibitory effect in the splicing reaction (Hiller 

et al., 2007; May, Olson, McManus, & Graveley, 2011; Shepard & Hertel, 2008). 

 

 

Alternative splicing drives transcriptome diversity 

 

The selection of splice sites during the splicing reaction can occur in a constitutive or 

alternative manner. In constitutive splicing, the same splice site pair of a given exon 

is selected each time splicing occurs. In the case of alternative splicing (AS), there is 

a differential selection of splice site pairs that yields the inclusion or exclusion of 

particular regions in the final mRNA (Figure 4A). Four main types of alternative AS 

have been described: 1) exon skipping/inclusion, 2) alternative 5’ splice site, 3) 

alternative 3’ splice site and 4) intron retention (Figure 4B). The frequency of each 

type of AS event can vary greatly between organisms, for example in mammals the 

most frequent event is exon skipping, while in plants is intron retention. Notably, 

several AS events can occur in the same pre-mRNA molecule increasing greatly the 

possibility of combination and consequently the spectrum of mRNA variants. The 

distinct mRNAs obtained from the same gene template can present different stability 

or generate proteins with diverse functional properties. The selection of the 

alternative splice sites is highly regulated allowing that only specific mRNA variants 

are produced in a given condition.  A remarkable example of alternative splicing 

occurs in the Dscam gene of the fruit fly D. melanoganster, where the coordinated 

selection of different combinations of alternative splice sites can lead to the 

production of 38,016 mRNAs (Neves, Zucker, Daly, & Chess, 2004; Schmucker et 

al., 2000). The availability of the multiple isoforms allows that every neuron in the fly 

presents a unique set of proteins that is necessary for a proper neural circuit 

development (Hattori, Millard, Wojtowicz, & Zipursky, 2008). This example 

emphasizes the physiological relevance of the different protein variants generated by 

alternative splicing. 
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Recent studies using human RNA-Seq data have revealed that ~95% of the protein 

coding genes are alternatively spliced and the production of some isoforms can be 

regulated in a tissue-specific manner (Pan, Shai, Lee, Frey, & Blencowe, 2008; E. T. 

Wang et al., 2008) indicating a major role of alternative splicing in transcript diversity. 

Moreover, human transcriptome data from different tissues and developmental 

stages have allowed starting to understand the splicing code of alternative exons, the 

combination of cis-elements in the pre-mRNA that can determine the alternative exon 

patterns observed in a specific tissue or condition (Barash et al., 2010; Z. Wang & 

Burge, 2008).  From these studies it became evident that the tissue-specific 

alternatively spliced transcripts are the result of a coordinated interplay of proteins 

that recognized pre-mRNA sequence elements and that an incorrect interpretation of 

such elements can lead to human disease (Barash et al., 2010; Z. Wang & Burge, 

2008). Later on, analysis of the features in human tissue-specific alternative exons 

indicated that they have an important function in rewiring protein-protein interaction 

networks, highlighting their contribution to the observed tissue-specific phenotype 

(Buljan et al., 2012; Ellis et al., 2012; Weatheritt & Gibson, 2012).  

 

 

 
 Figure 4. Alternative splicing. A) Differential processing of exons by alternative 

splicing (by selection of alternative splice sites) leads to the production of different 

mRNA products increasing the repertoire of transcript and protein variants from the 

same gene. B) Common types of alternative splicing events. Constitutive regions are 

depicted in red color, while alternative regions are shown in green. 

 

 

Remarkably, the obtainment of the alternative splicing profiles of different tissues and 

organisms using RNA-Seq, led to the observation that an increase in the alternative 
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splicing landscape complexity correlates with tissue and species complexity, 

suggesting that alternative splicing played a role during speciation (Barbosa-Morais 

et al., 2012; Merkin, Russell, Chen, & Burge, 2012). The biological relevance of 

many of the isoforms that are produced by AS is still far to be understood, but how 

organisms with similar number of protein coding genes achieve different levels of 

complexity can be explained at least to some extent by the multiple transcripts that 

can be generated by alternative splicing. 

 

 

Cross-talk between alternative splicing and other RNA processing pathways 

 

In addition to the sequence elements in the pre-mRNA, other important factors are 

just starting to emerge in terms of alternative splicing regulation that undoubtedly 

brings more complexity to the AS picture. Recent evidence indicates that splicing 

occurs mainly co-transcriptionally (Figure 1), although some alternative introns can 

also be processed post-transcriptionally (J. Han, Xiong, Wang, & Fu, 2011). The 

concept of the co-transcriptional nature of splicing brought along ideas of its 

regulation at the DNA level. Two models have been proposed linking AS with gene 

promoter architecture and RNA transcription. The first model (recruitment model) 

states that distinct promoters can differentially recruit splicing factors to the 

transcriptional machinery and therefore affecting the final splicing pattern 

(Braunschweig, Gueroussov, Plocik, Graveley, & Blencowe, 2013; Kornblihtt, 2007). 

In the second model (kinetics model), variations in the protein complexes that 

assemble in different promoters affect the elongation rates of RNA Pol II, in a way 

that a slower kinetics of RNA Pol II will increase the chance of “weak” splicing signals 

to be recognized by the corresponding splicing factors (Braunschweig et al., 2013; 

Kornblihtt, 2007) 

 

Characteristics of exons and introns seem also to play an important role during 

splicing. One of the first observed features that probably contribute to an efficient 

recognition of exons and introns is their distinct nucleotide composition, namely that 

exons are significantly GC richer than introns. This property was observed first in 

plants (Goodall & Filipowicz, 1989) and later also detected in humans (Amit et al., 

2012). Moreover, some evidence suggests that the elongation rate of the RNA pol II 

is slower in presence of AT rich regions (Harada et al., 1999). Besides the 

differences in nucleotide composition between exons and introns, nucleosome 

occupancy also diverges between exons and introns, where nucleosomes with 
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specific histone modifications are generally enriched in exonic sequences 

(Andersson, Enroth, Rada-Iglesias, Wadelius, & Komorowski, 2009; Schwartz, 

Meshorer, & Ast, 2009; Tilgner et al., 2009). Two scenarios about the influence of 

nucleosome positioning on splicing have been suggested. The first one states that 

the RNA pol II “bumps” into the nucleosomes during the elongation process and this 

slows down the RNA pol II elongation rates allowing the spliceosome to recognize 

the splice sites (Hodges, Bintu, Lubkowska, Kashlev, & Bustamante, 2009). This 

scenario agrees with observations in humans where nucleosome occupancy 

correlates with the inclusion levels of an exon or an intron in the transcript. Introns 

have the lowest nucleosome occupancy whereas constitutive exons have the highest 

one (Schwartz et al., 2009).  The question of whether indeed nucleosome enrichment 

in the exons facilitates their recognition by the splicing machinery is still under 

investigation. The relatively constant exon size observed in many organisms 

(between 125 bp and 165 bp) fits well with the DNA size that is wrapped around one 

nucleosome (close to 150 bp) suggesting that this might have influenced the 

evolution of gene structure in mammals, where introns have become considerably 

longer and the exon definition pathway is preferred (Keren, Lev-Maor, & Ast, 2010), 

or that it could have a more general impact on splicing evolution. The second 

scenario states that nucleosomes present on exons have particular histone 

modifications that favors the recruitment of splicing factors and facilitates exon 

recognition (Schwartz et al., 2009; Tilgner et al., 2009)). The direct link of histone 

modifications and splicing has been revealed when by altering histone modifications 

a change in the splicing pattern was observed (Luco et al., 2010).  

 

Besides features of the DNA or RNA, the C-terminal domain (CTD) of the RNA pol II 

can also play a role in alternative splicing during transcription. The CTD consists of a 

series of seven amino acid repeats Y1S2P3T4S5P6S7 where mainly serines can be 

dynamically phosphorylated. The phosphorylation pattern of the CTD not only has a 

crucial role in regulating the RNA pol II activity in the transcription process per se but, 

as evidenced by recent findings can affect also the alternative splicing outcome, 

perhaps by altering the association of splicing factors with the CTD (David, Boyne, 

Millhouse, & Manley, 2011; David & Manley, 2011; Hsin & Manley, 2012). Moreover 

in vitro studies have shown that a phosphorylated CTD stimulates splicing and 

spliceosome assembly when the splicing reaction occurs via exon definition, implying 

a mode of interaction between the CTD and the splicing factors that facilitates exon 

recognition (Zeng & Berget, 2000). Additional work on an in vivo system needs to be 
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done in order to confirm the influence of the CTD phosphorylation status on splice 

site recognition. 

 

The CTD also serves as platform for the binding of protein factors involved in mRNA 

processing such as capping and 3’ end formation. In yeast, it has been shown that 

deletion of the cap-binding complex (CBC) resulted in spliceosome formation defects 

and accumulation of unspliced transcripts (Fresco & Buratowski, 1996; Izaurralde et 

al., 1994; J. D. Lewis & Izaurralde, 1997; Schwer & Shuman, 1996). CBC interacts 

with U1 snRNP enhancing the recognition of the first intron and facilitating further 

spliceosome assembly during transcription, while the lack of mRNA capping reduces 

the splicing efficiency of the transcript (J. D. Lewis et al., 1996). Altogether, these 

observations evidenced a link between the CBC and the splicing machinery.  

 

The complete maturation of an mRNA is accomplished when the 3’ end is processed 

by endonucleolytic cleavage followed by its polyadenylation. Splicing and 3’ end 

formation are also tightly related, as sequences in the terminal exon are necessary 

for processing of the penultimate intron and binding of 3’ end processing factors (Li 

et al., 2001; Nesic & Maquat, 1994). The proper association of splicing factors and 3’ 

end processing factors at the 3’ splice site of the last intron stimulate the cleavage 

and polyadenylation (CPA) of the pre-mRNA and its consequent release from the 

transcription site (Kyburz, Friedlein, Langen, & Keller, 2006; McCracken, 

Lambermon, & Blencowe, 2002; Millevoi et al., 2002; Rigo & Martinson, 2008, 2009; 

Vagner, Ruegsegger, Gunderson, Keller, & Mattaj, 2000; Vagner, Vagner, & Mattaj, 

2000). Recently it has been shown that U1 snRNP, which is the most abundant 

snRNP, plays a crucial role in avoiding premature cleavage and polyadenylation. U1 

snRNA binds to cryptic 5’ splice sites blocking the association of 3’ end processing 

factors to potential CPA sites and thereby preventing the production of premature 

terminating transcripts (Berg et al., 2012). Furthermore changing the levels of U1 

snRNP also produces differences in the processing of the terminal exon, which is 

consistent with its crucial role on proper 3’ end formation (Figure 1, (Berg et al., 

2012)).  

 

In addition to capping and 3’ end processing, splicing has also been linked to mRNA 

export (Figure 1). During splicing, splicing factors associate with the exon-junction 

complex (EJC) positioned 20-24 nt upstream the exon-junction facilitating further 

steps of mRNA processing, such as mRNA export, and determining transcript 

stability ((Kataoka et al., 2000; Le Hir, Izaurralde, Maquat, & Moore, 2000), see NMD 
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pathway below). In Drosophila it has been shown that besides its role in splicing, the 

EJC is important for proper localization of specific transcripts during development, as 

mRNA export factors are also part of this complex (Ghosh, Marchand, Gaspar, & 

Ephrussi, 2012). Further evidence of coupling between splicing and mRNA export 

comes from the transcription/export (TREX) complex that is recruited to the mRNA 

by the splicing machinery (Masuda et al., 2005; Reed & Cheng, 2005). The TREX 

complex leads to the association of the TAP nuclear export receptor to finally export 

the mRNA from the nucleus to the cytoplasm (Stutz et al., 2000). Moreover, several 

splicing factors, for example the SR proteins SF2 and SRp20, are also known to be 

shuttling between the nucleus and the cytoplasm (Sanford, Gray, Beckmann, & 

Caceres, 2004; Swartz, Bor, Misawa, Rekosh, & Hammarskjold, 2007; Zhong, Wang, 

Han, Rosenfeld, & Fu, 2009) and probably influencing the nucleus-cytoplasm export 

and localization of their target transcripts. Altogether, the evidence suggests that the 

observed layers of regulation in alternative splicing and the cross-talk of alternative 

splicing with other steps of mRNA maturation seem to come from the multiple and 

dynamic roles of the RNA binding proteins involved in each of the RNA processing 

steps 

 

 

Alternative splicing in regulating gene expression, the NMD pathway 

 

In addition to producing protein variants, alternative splicing can play an important 

role in regulating the mRNA levels by generating transcripts containing specific 

features that targets them to RNA quality control pathways. The most studied 

pathway of RNA quality control is the nonsense-mediated decay (NMD) pathway that 

takes place in the cytoplasm after the first round of translation. The NMD pathway 

exerts its action by degrading a transcript when the translation termination process is 

perturbed due to the presence of specific protein factors on the mRNA molecule 

(Behm-Ansmant et al., 2007; Chang, Imam, & Wilkinson, 2007; Isken & Maquat, 

2007; Nicholson et al., 2010; Rebbapragada & Lykke-Andersen, 2009; Shyu, 

Wilkinson, & van Hoof, 2008; Stalder & Muhlemann, 2008). The main proteins 

involved in the NMD degradation pathway are UPF1, UPF2 and UPF3, which 

eventually recruit other protein factors involved in mRNA decay (Behm-Ansmant et 

al., 2007; Chang et al., 2007; Isken & Maquat, 2007; Nicholson et al., 2010; 

Rebbapragada & Lykke-Andersen, 2009; Shyu et al., 2008; Stalder & Muhlemann, 

2008). 
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Figure 5. NMD eliciting features. A) In a canonical end of translation the close 

proximity of the stop codon and the poly-A tail in the mRNA allows the interaction 

between eRF3 and PABP leading to the peptide release. B) NMD eliciting features. A 

long 3’ UTR (≥350 nt) permits the recruitment of UPF1 interfering with eRF3-PABP 

interaction and triggering NMD (upper). The presence of an exon junction complex 

(EJC) due to the presence of a splice junction over 55 nt downstream the stop codon 

leads to the recruitment of NMD factors, such as UPF1, UPF2 and UPF3, affecting 

the interaction of eRF3 with PABP and targeting the transcript for degradation 

(middle). Additionally the presence of upstream open reading frame (uORF) in the 5’ 

untranslated region also triggers NMD (bottom, see text for detailed explanation). 

Coding sequence is colored in gray while untranslated regions in white. Start codons 

are represented in green flags, while stop codons are illustrated by red “forbidden” 

signals. 

 

 

During translation termination, the release factors eRF1 and eRF3 recognize the stop 

codon. In a canonical translation termination, a close proximity of the stop codon with 

the poly A tail of the mRNA allows the interaction between eRF3 and the poly-A 
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binding protein (PABP) facilitating the release of the newly synthetized peptide 

(Cosson et al., 2002; Hoshino, Imai, Kobayashi, Uchida, & Katada, 1999). If the 

interaction between eRF3 and PABP does not occur, then eRF3 interacts with UPF1 

instead, which results in the recruitment of NMD components leading to mRNA 

decay. A long 3’ UTR in the mRNA leads usually to this scenario, as a distance of 

usually more than 350 bp between the stop codon and the poly-A tail site impairs the 

ERF3-PABP interaction (Figure 5B upper panel). Degradation by NMD due to a long 

3’ UTR is a common situation observed in invertebrates and yeast mRNAs (Kebaara 

& Atkin, 2009; Muhlrad & Parker, 1999). Therefore, alternative splicing events that 

result in transcripts that compromise the ERF3-PABP interaction by producing long 3’ 

UTRs can be targeted to degradation by NMD. Another feature eliciting NMD is the 

presence of a premature termination codon (PTC) over 50 nucleotides upstream of 

an splice junction (and its loaded EJC), recruits UPF1 and other NMD related 

proteins, such as UPF2 and UPF3, targeting the transcript for degradation (Figure 5B 

middle panel, (Isken & Maquat, 2007)). In line with this NMD feature, occurrence of 

introns and AS events in the 3’ UTRs of the mRNA have an important influence on 

NMD sensitivity, as AS events that impact the distance between the stop codon and 

a downstream splice junction in the transcript can affect its stability. In addition, the 

incidence of introns in the 5’ UTR can also impact transcript stability, where AS 

events can generate or alter the size of upstream open reading frames (uORFs), that 

when longer of 35 amino acids results in mRNA degradation (Figure 5, (Johansson & 

Jacobson, 2010; Kalyna et al., 2012; Mendell, Sharifi, Meyers, Martinez-Murillo, & 

Dietz, 2004; Welch & Jacobson, 1999; Wittmann, Hol, & Jack, 2006; Yepiskoposyan, 

Aeschimann, Nilsson, Okoniewski, & Muhlemann, 2011)). In general, the stop 

codons of the uORFs are recognized as PTCs compromising transcript stability. 

Moreover, the presence of downstream introns from the uORF stop codon can 

position a splice junction over 50 nt or create a long 3’UTR triggering NMD. In plants, 

an additional NMD feature was observed, where uORFs that overlap with the 

authentic start codon results in NMD sensitivity (Kalyna et al., 2012). 

 

As NMD pathway is an mRNA decay mechanism, the detection of NMD sensitive 

transcripts in a wild type background can be very challenging. Therefore, the use of 

mutant lines, particularly in the UPF proteins, has allowed investigating the features, 

including those introduced by alternative splicing, which are present in the transcripts 

that triggers NMD. Studies in different organisms (Drechsel et al., 2013; Guan et al., 

2006; He et al., 2003; Johansson, He, Spatrick, Li, & Jacobson, 2007; Kalyna et al., 

2012; Mendell et al., 2004; Rehwinkel, Letunic, Raes, Bork, & Izaurralde, 2005; 
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Viegas, Gehring, Breit, Hentze, & Kulozik, 2007; Wittmann et al., 2006; 

Yepiskoposyan et al., 2011), have revealed that not all the transcripts presenting 

NMD triggering features are necessarily affected, questioning the presence of 

additional rules in this pathway. Furthermore, in Drosophila it has been observed that 

not always the excision of an intron results in the deposition of an EJC complex, 

suggesting that only the splicing of specific introns can lead to NMD. In line with 

these observations, our lab found that the abundance of intron retention containing 

transcripts, despite possessing NMD features, did not increase in the upf mutants 

(see chapter and discussion, (Kalyna et al., 2012)). Current estimates are that up to 

20-30% of the alternative splicing transcripts can be subjected to decay by the NMD 

machinery (Baek & Green, 2005; Drechsel et al., 2013; Hillman, Green, & Brenner, 

2004; Kalyna et al., 2012; Lareau, Green, Bhatnagar, & Brenner, 2004; B. P. Lewis, 

Green, & Brenner, 2003). Besides the NMD features introduced in a transcript due to 

AS events, the cross talk between alternative splicing and NMD is also evidenced 

through the regulatory feedback loops of important alternative splicing factors, like 

PTB and the glycine-rich protein 7 (GRP7) in plants where binding of these proteins 

to their own mRNAs results in production of isoforms that are degraded by NMD (see 

below). 

 

As multiple alternative splicing events can co-occur in the same transcript it is 

necessary to analyze the consequences of all the AS events in the transcript to 

establish its sensitivity for NMD. The rules of how the NMD pathway recognizes 

transcripts for degradation and the impact of NMD on the final transcript levels and 

transcriptome complexity are just starting to emerge. The availability of a good 

reference transcript annotation and the use of NMD impaired mutants will 

considerably contribute to the knowledge of the link between AS and NMD in 

regulating gene expression.   

 

 

Challenges to establish a global map of alternative splicing by high-throughput 

RNA sequencing 

 

The impact of alternative splicing in increasing transcript diversity in different 

organisms has been changing dramatically over the past few years. The 

technological advances for studying transcriptomes have established alternative 

splicing as a major mechanism for increasing the number of mRNA variants to 

produce different protein isoforms and for regulating gene expression.  
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The first estimations for genes undergoing alternative splicing were done mainly by 

sequencing expressed sequence tags (ESTs) and complementary DNA (cDNA) 

libraries, but more recently the use of splice junction arrays, tilling arrays and high-

throughput sequencing (HTS) technologies are allowing a better resolution of the 

transcriptome at a global scale. These new technologies have brought considerable 

advantages to analyze transcriptomes of different tissues and conditions and to 

enable to explore alternative splicing regulation. The most popular technologies for 

studying transcriptome profiles have been the use of hybridization arrays and HTS. 

Both technologies have advantages and disadvantages for exploring alternative 

splicing. In the case of the arrays prior knowledge of the genome and transcripts is 

necessary, while HTS allows de novo identification of splicing events at a single base 

resolution but at the cost of generating a large amount of data and posing 

computational challenges. Nowadays the relatively low cost of HTS and its high 

resolution without previous knowledge of the isoforms, has established this 

technology as the preferred one to obtain alternative splicing profiles.  The use of 

high-throughput RNA sequencing (RNA-Seq) led to estimate that the majority (~95%) 

of the protein coding genes in human is alternatively spliced. This indicates that 

despite the unexpected low number of protein coding genes in the human genome, 

the final number of proteins can be increased considerably ((Mortazavi, Williams, 

McCue, Schaeffer, & Wold, 2008; Pan et al., 2008; Sultan et al., 2008; E. T. Wang et 

al., 2008). Importantly, the use of RNA-Seq in plants revealed that alternate splicing 

is also a major mechanism for generating transcript diversity (Filichkin et al., 2010; S. 

Guo et al., 2010; Walters, Lum, Sablok, & Min, 2013; Zenoni et al., 2010; G. Zhang 

et al., 2010). The current estimate for the model plant Arabidopsis thaliana is that 

~60% of the intron-containing genes undergo AS ((Marquez, Brown, Simpson, Barta, 

& Kalyna, 2012), see chapter).  

 

A typical RNA-seq experiment starts with RNA extraction from the sample of interest 

followed by the synthesis of a double stranded cDNA (ds cDNA) library using oligo-

dT or random primers that is then prepared for its sequencing (Figure 6). Millions of 

sequencing reads in the range of 35 to 400 bp can result from a single run and they 

can be derived from one (single end reads) or both ends (paired end reads) of the 

cDNA fragment. The number of reads generated by HTS correlates well with the 

representation of the specific cDNA molecule in the sample, which allows the 

quantification of the respective transcripts, even when they are present in relatively 

low amounts (Figure 6, (Garber, Grabherr, Guttman, & Trapnell, 2011)). Notably, the 
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probability of representation of low abundant transcripts increases with a higher 

sequencing depth. Two challenges of HTS technology are obvious in terms of data 

processing, namely the number of reads that is generated and their small size. The 

small size of the reads has an important impact on distinguishing similar transcripts 

and their quantification, as short reads can be shared by alternatively spliced 

isoforms or by transcripts arising from recently duplicated paralogues. Several tools 

have been developed in order to cope with these problems but a reliable pipeline for 

transcript assembly and quantification, especially in terms of determining novel AS 

variants, is still under development (see below). 

 

 

 
Figure 6. Basic pipeline of an RNA-Seq experiment. RNA extraction and ds cDNA 

library synthesis is performed for the tissue/condition of interest. Afterwards, the ds 

cDNA library is prepared for HTS. The resulting sequencing reads are aligned to the 

genome  (genome based strategy, see text) followed by assembly of transcripts and 

their quantification. Figure adapted from (Reddy, Marquez, Kalyna, & Barta, 2013). 

 

 

One of the crucial steps for transcriptome profiling of any given sample using RNA-

Seq is the correct prediction of splicing events and eventually isoforms, where a 

gapped alignment that can detect exon-intron boundaries is necessary. Due to the 
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fact that splice sites have degenerate sequences, the use of a reference genome as 

scaffold is preferred for splice junction read alignments. Tools as; QPALMA (Jean, 

Kahles, Sreedharan, De Bona, & Ratsch, 2010), Tophat (Trapnell, Pachter, & 

Salzberg, 2009), MapSplice (K. Wang et al., 2010), and Splicemap (Au, Jiang, Lin, 

Xing, & Wong, 2010) use this strategy, although other tools that do not use any 

reference genome are also available, like Trinity (Haas et al., 2013), TransABySS 

(Robertson et al., 2010) and Rnnotator (Martin et al., 2010). The genome-based 

aligners are based on the assumption that reads that cannot completely align to the 

genome can span splice junction regions. The splitting of the read in several pieces 

and subsequent alignment represents a computational challenge, as a smaller read 

size increases its probability to match multiple times to the genome and therefore 

compromises the reliability of the alignment. Therefore, the use of longer reads is 

always preferable to improve the quality of the alignment, especially when dealing 

with highly repetitive genomes or complex transcriptomes. The introduction of paired 

end reads in the sequencing platforms has helped to enhance the performance of 

short read aligners. During sample preparation for sequencing, a fractionation step at 

the level of RNA or cDNA is necessary, where the size distribution of the resulting 

fragments is known, hence the distance between the sequenced paired end reads 

can be calculated and used as information for the alignment.  

 

The ultimate goal of an RNA-Seq experiment is to determine the genes expressed in 

a given sample and ideally also the expression profile of the transcript variants of a 

given gene. Most of the initial programs for gene expression profiling using HTS were 

based on transcript annotation, which limited the discovery of novel genes and 

isoforms.  Nowadays some transcriptome assemblers are available using HTS, and 

two main strategies have been adopted for this task. The first one builds transcripts 

using known isoforms as a scaffold, while the second strategy consists in a 

completely de novo assembly without using any previous knowledge (Garber et al., 

2011). The trancriptome assembly employing a known annotation results in a better 

accuracy, but for newly sequenced organisms this approach is not always a 

possibility (Garber et al., 2011). Nevertheless all the assemblers still face the 

problems inherent to HTS, being the small size of the reads the main challenge to 

determine from which transcript each read is coming. In the case of alternatively 

spliced transcripts most of the isoforms have minor sequence differences so the 

accuracy of transcript determination can also impact its quantification. The 

improvement of the sequencing technologies, especially in terms of read length and 

error rates will alleviate considerably the challenge of transcriptome profiling. 
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Undoubtedly, an accurate transcript expression profile will contribute to elucidate the 

principles governing the regulation of gene and isoform expression in a given 

condition. 

 

 

The splicing process in plants and the impact of alternative splicing in the 

plant transcriptome. 

 

Most of the knowledge about the splicing process and its regulation has been 

obtained from studies in yeast and mammalian systems. In this chapter, I will briefly 

introduce the specificities of splicing in plants, with an emphasis on the model plant 

Arabidopsis, and our contributions to this field. 

 

Most of the genes in Arabidopsis (~80%) have at least one intron. Arabidopsis 

introns are considerably short (average size around 160 nt) when compared to 

mammals and they have a tendency of being uridine-adenosine (UA) rich (Iwata & 

Gotoh, 2011; Marquez et al., 2012). Importantly, this UA richness, and in particular 

the presence of UA or U stretches, was found to be an important determinant on 

intron splicing efficiency, whereby introns with higher UA content are more effectively 

spliced (Goodall & Filipowicz, 1989). The lack of an in vitro plant splicing system has 

limited the possibility to study the splicing reaction in plants. Nevertheless, some 

hints about the plant splicing machinery came when plant introns were shown to be 

spliced in HeLa system (Brown, Feix, & Frendewey, 1986; Hartmuth & Barta, 1986), 

but human introns were not spliced in planta (Barta et al., 1986). Therefore, although 

the core splicing signals, as the 5’/3’ splice sites and BP are comparable in plants 

and animals (Iwata & Gotoh, 2011), some specific features in plant introns must exist 

when compared to animal introns that might explain the inability of plant systems to 

efficiently splice animal introns. Nevertheless, the finding that plant introns are 

successfully excised in mammalians systems implied that the core components of 

the spliceosome are present in plants. 

 

The release of the complete genome sequence of A. thaliana made possible to 

identify the complete set of the orthologous genes of the spliceosomal components. 

Interestingly, more splicing related genes were found in Arabidopsis genome when 

compared to the human genome (Koncz, Dejong, Villacorta, Szakonyi, & Koncz, 

2012; Reddy et al., 2013; Silverman, Li, & Gregory, 2013; B. B. Wang & Brendel, 

2004). The vast majority of these genes are sharing a high percent of homology, 
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suggesting that they very likely originated in the course of Arabidopsis genome 

duplications (Adams & Wendel, 2005; Cui et al., 2006; Kalyna & Barta, 2004). The 

presence of paralogues of splicing factors has raised the question of whether they 

have overlapping functions or whether they have acquired specific ones. The 

functional roles of the identified putative splicing related genes in plants still require 

further investigation, especially for those factors that are lacking an animal 

counterpart. In particular, the research on plant splicing has been focused on 

determining the functional properties of hnRNPs and SR proteins.  

 

hnRNPs are a heterogeneous group of proteins that have affinity to RNA through 

their RRMs, while their additional motifs, like the KH homology domain or the glycine-

rich motif give them binding specificities (S. P. Han, Tang, & Smith, 2010; Martinez-

Contreras et al., 2007; Wachter, Ruhl, & Stauffer, 2012). Most of the hnRNPs are 

localized in the nucleus, but some of them also possess nuclear-cytoplasm shuttling 

activity indicating a more extensive role in RNA processing (Wachter et al., 2012).  

The first hnRNPs-like proteins characterized in plants were UBP1, RBP45 and 

RBP47, where only UBP1 stimulates intron splicing (Lambermon et al., 2000; 

Lorkovic, Wieczorek Kirk, Klahre, Hemmings Mieszczak, & Filipowicz, 2000). UBP1 

seems to associate with the 3’ end of the pre-mRNA and protect it from degradation, 

but the mechanism by which it impacts splicing is still not clear. The proteins UBA1a 

(UBP1-associated protein 1a) and UBA2a (UBP1-associated protein 2a) have been 

identified to associate with UBP1 and they preferentially bind to U-rich sequences in 

vitro but they themselves do not enhance splicing (Lambermon et al., 2000). The 

best characterized hnRNP-like proteins in plants are the Glycine-rich proteins 

(GRPs), GRP7 and GRP8 and the polypyrimidine binding proteins PTB1, PTB2 and 

PTB3. 

 

GRP7 and GRP8 are hnRNPs whose expression is regulated by the circadian clock 

(Carpenter, Kreps, & Simon, 1994; Heintzen et al., 1994; Staiger, 2001; Staiger, 

Zecca, Wieczorek Kirk, Apel, & Eckstein, 2003). These RNA binding proteins 

regulate the production of their own alternatively spliced isoforms by binding to their 

own pre-mRNAs and targeting these transcripts for degradation by the NMD pathway 

(Staiger, Zecca, Wieczorek Kirk, Apel, & Eckstein, 2003). A recent study employing 

the high-resolution RT-PCR panel showed that GRP7 affects the splicing patterns of 

at least 59 genes in Arabidopsis (Streitner et al., 2012). RNA immunoprecipitation 

experiments confirmed the binding of GRP7 to seven of its putative targets via its 

RNA recognition motif (RRM) (Streitner et al., 2012). Remarkably, the observed AS 
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changes were not exclusively affected by GRP7, but some of them were shared with 

the cap binding complex proteins (CBC) and various SR proteins, suggesting a 

cross-talk of different splicing and pre-mRNA processing factors to determine the 

final AS outcome (Streitner et al., 2012). 

 

Another group of hnRNP-like proteins that have been studied in plants are the three 

genes in Arabidopsis that code for the PTB proteins. As in the case for GRP7 and 

GRP8, they also present a negative auto-regulation by binding to their own pre-

mRNAs and target the resulting transcripts for NMD mediated degradation (Stauffer, 

Westermann, Wagner, & Wachter, 2010), a negative feedback regulatory loop that is 

also observed for the PTB proteins in mammals (Grabowski, 2007). A genome-wide 

study using overexpression and artificial micro RNA lines of the three PTB genes in 

Arabidopsis showed that PTB1 and PTB2 affect the splicing profile of around 300 

genes, whereas for PTB3 no major effect was observed, implying that PTB3 has a 

divergent role from PTB1 and PTB2. In contrast to human PTB where exon skipping 

was the main type of AS affected, PTB1 and PTB2 in Arabidopsis affect all types of 

AS (Ruhl et al., 2012), but still their mechanism of action for determining the 

observed AS landscape remains to be elucidated. 

 

SR proteins are proteins that have a particular protein domain composition, they 

contain one or two RRMs, followed by an argine-serine (RS) rich region and in some 

cases they also possess zinc knuckles (Barta, Kalyna, & Reddy, 2010). SR proteins 

are involved mainly in the regulation of constitutive and alternative splicing by binding 

to specific sequences in the pre-mRNA and their action is regulated in a 

phosphorylation dependent manner (Long & Caceres, 2009). In animals it has been 

shown that these proteins also have other functions in mRNA export, mRNA stability, 

mRNA translation, genome stability and chromatin binding (Long & Caceres, 2009; 

Risso, Pelisch, Quaglino, Pozzi, & Srebrow, 2012; Shepard & Hertel, 2009). In 

Arabidopsis there are 18 SR proteins (compared to only 12 in human) where many of 

them are located in duplicated genomic regions, but presenting differences in their 

spatial-temporal expression (M Golovkin & Reddy, 1999; M. Golovkin & Reddy, 

1998; Kalyna & Barta, 2004; Kalyna, Lopato, & Barta, 2003; Lazar & Goodman, 

2000; Lopato et al., 2002; Lopato, Gattoni, Fabini, Stevenin, & Barta, 1999; Lopato, 

Kalyna, et al., 1999; Lopato, Waigmann, & Barta, 1996) implying specialized 

functions. In plants, SR proteins are classified in six subfamilies based on their 

protein domain composition, where three subfamilies (SF2/ASF, 9G8 and SC35) are 

having members with homology to human SR proteins, and three subfamilies being 

24



 

 

plant specific (SCL, RS and RS2Z) (Barta et al., 2010). As in the case of hnRNPs, 

the genes coding for SR proteins can be also alternatively spliced and remarkably 

their splicing patterns are conserved even in very ancient plants like the mosses 

(Kalyna & Barta, 2004; Kalyna, Lopato, Voronin, & Barta, 2006), implying that 

alternative splicing has a critical role in their regulation. Moreover, it has been found 

that some SR proteins can interact with each other and with many other components 

of the spliceosome (M Golovkin & Reddy, 1999; M. Golovkin & Reddy, 1998 Lopato 

et al., 2002;(Barta, Kalyna, & Lorkovic, 2008; Gullerova, Barta, & Lorkovic, 2006; 

Reddy, 2007) adding complexity to the mechanism by which they regulate splicing. 

The availability of RNA-Seq and RIP-Seq of the different SR proteins will help in the 

identification of their targets and add valuable information about their roles in shaping 

plant transcriptomes. 

 

In plants, the impact of alternative splicing on the transcriptome has just started to 

being elucidated. Not many years ago, it was suggested that plants did not use 

alternative splicing as a major generator of transcript diversity and that such diversity 

was probably achieved by the presence of gene families with multiple members 

having different degrees of homology (Barbazuk, Fu, & McGinnis, 2008; Brett, 

Pospisil, Valcarcel, Reich, & Bork, 2002; Moore & Purugganan, 2005; Ober, 2005). 

Nevertheless, the presence of all the spliceosome components and plant specific 

splicing regulators seemed to contradict those implications. In Arabidopsis, the first 

estimation stated that only 1.2% of the genes undergo alternative splicing based on 

ESTs libraries (W. Zhu, Schlueter, & Brendel, 2003). In the following years, the 

increased amount of ESTs led to the identification of more alternatively spliced 

variants, raising the estimate to up to 30% of alternatively spliced genes (Barbazuk et 

al., 2008; Campbell, Haas, Hamilton, Mount, & Buell, 2006; Iida et al., 2004). The 

clear dependence of a comprehensive transcriptome data for observing splicing 

variants hinted that the low frequency of alternative splicing in plants was a data 

issue. However, the importance of AS in plants became evident from several 

independent studies, which showed that genes with important functions in 

development, response to stress and response to environmental cues are affected 

by alternative splicing (Reddy et al., 2013; Staiger & Brown, 2013). The advent of 

HTS provided considerable advance in determining the global impact of AS in plants. 

In 2010 the first RNA-Seq analyses of Arabidopsis and rice, revealed that ~42% and 

~33% of genes, respectively, showed evidence of AS (Filichkin et al., 2010; G. Zhang 

et al., 2010), implying that AS is a more prevalent mechanism in plants than 

previously thought.  
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In this work, I will present the contribution of my colleagues and me in determining 

the alternative splicing landscape in Arabidopsis. During my PhD studies I was 

involved in determining the cross talk of AS and NMD in regulating gene expression 

(chapter), the extent of AS in Arabidopsis at genome-wide level under normal growth 

conditions (chapter) and finally the discovery and the characterization of a new AS 

event (chapter). 
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ABSTRACT

Alternative splicing (AS) coupled to nonsense-
mediated decay (NMD) is a post-transcriptional
mechanism for regulating gene expression. We
have used a high-resolution AS RT–PCR panel to
identify endogenous AS isoforms which increase
in abundance when NMD is impaired in the
Arabidopsis NMD factor mutants, upf1-5 and
upf3-1. Of 270 AS genes (950 transcripts) on the
panel, 102 transcripts from 97 genes (32%) were
identified as NMD targets. Extrapolating from
these data around 13% of intron-containing genes
in the Arabidopsis genome are potentially regulated
by AS/NMD. This cohort of naturally occurring
NMD-sensitive AS transcripts also allowed the
analysis of the signals for NMD in plants. We show
the importance of AS in introns in 50 or 30UTRs in
modulating NMD-sensitivity of mRNA transcripts.
In particular, we identified upstream open reading
frames overlapping the main start codon as a new
trigger for NMD in plants and determined that NMD
is induced if 30-UTRs were >350 nt. Unexpectedly,
although many intron retention transcripts possess
NMD features, they are not sensitive to NMD.
Finally, we have shown that AS/NMD regulates the
abundance of transcripts of many genes important
for plant development and adaptation including
transcription factors, RNA processing factors and
stress response genes.

INTRODUCTION

Alternative splicing (AS) is an important mechanism to
control gene expression and increase the proteome com-
plexity of higher eukaryotes (1–3). Regulated AS drives
developmental pathways and responses to environmental
pressures. Following transcription, splicing of the exons
requires removal of introns by assembling a large RNP
complex, the spliceosome, with five snRNPs and about
180 proteins (4). Splice site selection has to be precise
but consensus sequences defining splice sites are degener-
ate and how a splice site is selected from many similar sites
within a transcript remains a major question. In many
cases, specific splice sites are used in all transcripts (con-
stitutive splicing) while in alternative splicing, other splice
sites are used to various extents giving rise to alternate
transcripts with variable sequences. It is now well estab-
lished that in addition to splice sites, sequence elements
within exons and introns, termed either splicing enhancers
or silencers are binding sites for splicing factors which
either enhance or repress splicing depending on their
activities (5,6). These splicing regulators are, for
example, SR and hnRNP protein families, and other
cell-, stage- or tissue-specific proteins involved in consti-
tutive and alternative splicing which establish the splicing
code and determine which splice site is selected (7–10). The
regulation of alternative splicing is brought about by the
relative levels of the RNA-binding proteins determining
how efficiently different splice sites are used to generate
more than one spliced mRNA from one gene.

Alternatively spliced mRNA variants can produce func-
tionally different protein isoforms with altered amino acid
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sequences and protein domains resulting in changes in
activity, localization, interaction partners or post-
translational modifications (1,11). In addition, alternative
splicing can regulate mRNA levels through the targeted
degradation of specific AS isoforms by nonsense-mediated
decay (NMD) (see below). In particular, alternative
splicing can result in mRNAs with premature termination
codons (PTCs) which could give rise to truncated proteins
which are detrimental to cell survival and energy costly for
the cell. RNA quality control mechanisms have evolved
at all levels of gene expression to identify and remove
aberrant RNA transcripts. One of the best investigated
mRNA quality control mechanisms is NMD which
degrades mRNAs which possess a premature termination
codon (PTC+) and other physiological mRNAs without a
PTC such as transcripts with long 30-UTRs [reviewed in
(12–18)]. Despite great advances in understanding of the
NMD pathway, it is apparent that not every PTC triggers
NMD and that this pathway controls the abundance of
certain mRNAs which do not contain known NMD
features, arguing that not all the factors inducing NMD
have been identified yet.

Several features of NMD-sensitive, PTC+ transcripts
have been elucidated and have led to models of how
PTCs are recognized and degradation triggered. In the
current model for mammals, NMD initiates the rapid
decay of a transcript if translation termination is per-
turbed [reviewed in (12–18)]. Efficient translation termin-
ation of the ribosome is proposed to involve the
interaction of the release factor, eRF3, and poly(A)
binding proteins (PABP) on the poly(A) tail of the
mRNA. If this interaction is prevented or impaired by,
for example, an unusually long 30-UTR, the eRF3 on
the ribosome will bind UPF1 which then recruit UPF2
and UPF3, all core NMD proteins. This functional
NMD complex (which includes many other proteins)
then elicits the phosphorylation of UPF1 and rapid deg-
radation of the transcript. This ‘long 30UTR’ mechanism
is characteristic for transcripts in invertebrates and yeast.
In mammals, the NMD response triggered by a ribosome
terminating at a PTC is stimulated by UPF3 associated
with a downstream exon-junction complex (EJC) which is
deposited on the mRNA 20–25 nt upstream of a spliced
exon–exon junction (19,20). In the course of splicing the
EJC complex binds the NMD factors UPF2/UPF3 which
can then associate with a ribosome terminating at a
PTC upstream of the EJC which has recruited UPF1 in
the SURF complex (SMG1-UPF1-eRF1-eRF3) (21). On a
normal, non-PTC-containing mRNA, the EJC is removed
in the first round of translation (22) except when the
EJC is located in the 30-UTR. This is consistent with the
observation that introns in the 30-UTR may significantly
enhance NMD. Thus, in mammals, both the length of
the 30-UTR and the presence of an EJC complex down-
stream of a PTC can trigger NMD. However, the recent
demonstration in Drosophila that EJCs are not deposited
at each splice junction such that only some introns are
able to trigger intron-dependent NMD (23) suggests that
NMD may rely more widely on long 30UTR signals.

The NMD pathway in plants is as yet not well
characterized (24,25). Plants possess orthologues 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 (26–31). Efforts to determine the rules for
NMD substrates suggest that like mammals, plants are
able to recognize different types of PTC-containing tran-
scripts (Figure 1c). Firstly, it was shown that both long
30-UTRs and introns located in 30-UTRs are signals
for efficient NMD (30,32–34). This indicates that like
in invertebrates and yeast, the distance between a stop
codon and the PABP on the poly(A) sequence is import-
ant and that translation termination is also likely to
require the interaction of the release factor-containing
ribosome with PABP. Secondly, EJC components, which
are required for the intron-based NMD mechanism
proposed for mammalian NMD, have been demonstrated
to be similarly important in plants (28). Furthermore,
upstream open reading frames (uORFs) of more than
35 amino acids can trigger NMD in plants (35).
Alternative splicing in plants is an important regulatory

process for plant development and for the response of
plants to environmental factors. However, its frequency
of occurrence has been grossly underestimated largely
due to low depth of sequencing and relatively few avail-
able ESTs. The most recent estimate based on next gener-
ation sequencing is that about 42% of intron-containing
genes undergo alternative splicing (36) and this is still
likely to be a significant underestimate. In humans, over
95% of genes undergo alternative splicing and more
importantly around 20–30% of alternatively spliced
transcripts contain PTCs and are potentially turned over
by NMD (37–40). The importance of the link between AS
and NMD has been highlighted by the regulation of func-
tional transcript levels of key splicing factors such as
SR proteins and PTB through alternative splicing via
conserved splice sites (41,42). Conservation of alternative
splice sites to produce PTC-containing transcripts has also
been demonstrated for SR protein genes in lower and
higher plants (43) and more generally, NMD seems to
play a regulatory role in gene expression using alternative
spliced transcripts (27). The best characterized examples
of gene regulation by AS/NMD in plants are GRP7
and GRP8, components of a slave oscillator coupled to
the circadian clock. These glycine-rich RNA-binding
proteins bind their own pre-mRNAs inducing AS which
produces NMD-sensitive transcripts thereby auto- and
cross-regulating their mRNA levels (44,45). Other
examples of such regulation are SR protein genes (46),
polypyrimidine tract binding protein (PTB) (47),
possibly SUPPRESSOR OF OVEREXPRESSION OF
CO1 (48) and riboswitch-regulated alternative splicing
controlling NMD (49).
The definition of the rules of NMD in plants have

mainly relied on mutations in a small number of model
transcripts and it is necessary to examine how these
features correspond to those in NMD-sensitive endogen-
ous transcripts. As about 78% of alternative transcripts in
Arabidopsis introduced in-frame PTCs more than 55 nt
upstream of exon junction, it was speculated that NMD
is a widespread mechanism for regulating gene expression
(36), however this has not been experimentally addressed.
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Two previous studies performed genome-wide transcrip-
tome profiling of NMD-defective plants using tiling
and expression microarrays (31,50) and found that only
about 1% of plant protein-coding genes were up-regulated
in NMD-deficient plants. These arrays have limited ability
to distinguish AS transcripts in contrast to the splicing-
sensitive microarrays successfully used in animals (51–53),
and it is therefore necessary to thoroughly investigate
the fate and characteristics of endogenous plant AS
transcripts turned over by NMD.
In the absence of splicing-sensitive microarrays for

plants, we have used a high-resolution RT–PCR system
(54) which is able to detect multiple AS transcript isoforms
simultaneously and obtained isoform-level measurements
from strong, but still viable mutant alleles (26,27) of the
NMD protein genes, UPF1 and UPF3, and cycloheximide
(an inhibitor of translation and thus of NMD) treated
plants. To address the link between AS and NMD we
(i) investigated the effect of NMD impairment on a popu-
lation (�950) of endogenous alternatively spliced tran-
scripts, (ii) identified NMD-sensitive AS isoforms from
significant changes in the ratio of AS isoforms,
(iii) identified the characteristics of AS transcripts which

trigger NMD, and (iv) identified transcripts which contain
NMD features but which are insensitive to NMD. Our
results demonstrate that alternative splicing and NMD
affect a broad range of different genes in Arabidopsis
and regulate expression of these genes via targeted degrad-
ation of specific AS transcripts using different mechanisms
depending on the position of the AS event in the gene.

MATERIALS AND METHODS

Plant material, growth conditions, treatments and
RNA isolation

Wild-type (ecotype Col-0) and UPF mutant Arabidopsis
plants were used for the analysis. UPF mutants, upf1-5
and upf3-1, (26) were a gift from Brendan Davies
(Centre for Plant Sciences, University of Leeds, UK).
Plants were grown in vitro on plates containing germin-
ation medium (55). Plants were maintained in 16-h light/
8-h dark cycle at 22�C. Three week old plants were
transferred into liquid half-strength Murashige and
Skoog medium (56) and infiltrated with either 20 mM
cycloheximide or the same volume of dimethylsulfoxide
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Figure 1. Analysis of alternatively spliced NMD substrates. (A) Schematic figure of RT–PCR panel analysis (see ‘Materials and Methods’ section).
(B) Venn diagram of the number of transcripts which increase significantly in upf mutants and cycloheximide treatment. (C) Venn diagram of the
number of genes with splice isoforms which increase significantly in upf mutants and cycloheximide treatment. (D) General features of transcripts
which trigger NMD: (i) long 30-UTR; (ii) PTC—long 30-UTR; (iii) splice junction downstream of authentic stop codon (30-UTR intron); (iv) PTC—
downstream splice junctions and long 30-UTR; (v) uORFs in 50-UTR. Endogenous transcripts regulated by NMD contain long 30-UTRs, introns in
the 30-UTR where the splice junction is >50–55 nt from the authentic stop or UORFs (i, iii and v, respectively). Transcripts which contain PTC in the
coding region or 50-UTR (uORF) also generate long 30-UTRs with or without downstream splice junctions (ii, iv and v, respectively). Exons—open
boxes; UTRs—black rectangles; thin lines—introns; diagonal lines—splicing events; stop sign—PTC or authentic termination codon.
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as a control. Samples of cycloheximide-treated plants
were collected after 5 h (27). RNA was isolated using
RNeasy Plant Mini Kit (Qiagen).

High-resolution alternative splicing RT–PCR panel and
data analysis

The original panel (54) was expanded to 289 primer pairs
by identifying alternative splicing events which were either
published, annotated in The Arabidopsis Information
Resource (TAIR8—http://www.arabidopsis.org/) or in
the Alternative Splicing in Plants database (ASIP—
http://www.plantgdb.org/ASIP/). Primer pairs where one
primer is fluorescently labelled were designed as described
previously (54). Primer pairs used are listed in
Supplementary Table S1. RT–PCR analysis was per-
formed as described earlier (54). In brief, the reverse tran-
scription reaction was carried out with total RNA using
oligo-dT primers and the first-strand cDNA was aliquoted
into microtitre plates, and PCR with the gene/alternative
splicing event-specific primers performed using 24 cycles.
We have previously shown that 24 cycles was still in the
linear amplification range for various splicing substrates
using [32P]-labelling (57) and for a number of the AS
primers used here to amplify transcripts of different abun-
dance and size (54). The high-resolution RT–PCR system
is capable of detecting multiple different AS transcripts
from a gene, distinguishing alternative splicing events
involving small size differences in transcripts (as few as
2–3 nt) and identifying small but significant changes
in the ratios of alternatively spliced variants. The AS
variants for each of the genes are amplified simultaneously
by the same primers in the same reaction. The different AS
isoforms usually have substantial common sequence
which will reduce variation in amplification efficiency. In
addition, if there are differences in amplification efficiency
among particular AS isoforms, these differences will occur
in the PCR reactions with wild-type, mutants and
cycloheximide treatment. Electropherograms produced
by the ABI 3730 genotyping software identified the exact
size of the RT–PCR products for each primer pair. Peak
areas for each RT–PCR product were extracted from the
three reps, ratios of the different peaks were calculated
generating a mean and standard error for each AS tran-
script as a percentage of the total transcript across the
three reps.

Statistical analysis

The response to genotype, treatment and genotype
by treatment interaction was assessed by analysis of
variance (ANOVA). Each peak of each primer was
analysed separately assuming a completely randomized
design with three replicate values for each treatment com-
bination. Response was measured as the percentage con-
tribution of a particular isoform to the total transcripts
measured and ANOVA was carried out after an angular
transformation of the percentage values. In addition to
assessing the significance of genotype and treatment
main effects and their interaction, three specific com-
parisons (contrasts) were made: wild-type versus
upf1-5, wild-type versus upf3-1 and wild-type versus

cycloheximide treatment. Residual plots were used to
monitor the ANOVA assumptions of approximate nor-
mality and equality of variance. For the small number
of cases where these assumptions did not hold either the
response levels were all very low (or all very high) or the
differences between treatments were so large as to render
the ANOVA redundant.
In the analysis of the direct comparisons (above and

Table 1) P-values were determined. In the subsequent
analysis, we focussed on those transcripts which showed
a significant percentage increase or decrease with a 3%
difference between the means of wild-type plants and
mutants/cycloheximide-treated plants. This level of differ-
ence was selected because we previously determined that
when comparing variation in technical reps in the AS
RT–PCR system, the majority of transcripts showed a
standard error of the mean of <3% (54).

Sequencing analysis of AS RT–PCR products

Many RT–PCR products corresponded to unknown splice
variants. To identify these products, RT–PCR reactions
were purified using Agencourt AMPure beads (Beckman
Coulter Genomics) and re-amplified prior to cloning into
pGEM-T. Clones with differently sized inserts were
identified by colony PCR and sequenced by standard
procedures. Sequences were analysed either by using
ClustalW or spliced alignments generated by GeneSeqer
(http://www.plantgdb.org/tool/GeneSeqer/) (58). An
in-house Perl script was used to parse the output from
GeneSeqer for categorizing the annotations of alternative
splicing events.

RESULTS

Analysis of alternative splicing coupled to nonsense-
mediated decay using a high-resolution RT–PCR panel

To analyse the levels of alternatively spliced isoforms in
mutants in the NMD protein genes, UPF1 and UPF3,
and to investigate the link between AS and NMD in
Arabidopsis thaliana, we have exploited an alternative
splicing RT–PCR panel. This unique high-resolution
system is very sensitive and capable of detecting small
but significant changes in alternative splicing at single
nucleotide resolution (54) (Figure 1A). It detects different
AS variants from the same gene/region simultaneously,
variants containing more than one AS event and novel
AS transcripts (Supplementary Figure S1). The AS RT–
PCR panel used here consists of 289 primer pairs covering
different alternative splicing events in 270 genes, and
3 control primer pairs (Supplementary Table S1). The
AS events were selected from publications or from plant
alternative splicing databases without prior knowledge
of NMD-sensitivity with the exception of GRP7 and
GRP8 (Figure 2). The AS events were mainly from
genes encoding transcription factors, RNA-interacting
proteins (including splicing factors) and stress-related
proteins and included many important regulatory genes.
The relative levels of AS isoforms were compared between
wild-type, the two upf mutants and cycloheximide treat-
ment (see Figures 2 and 3 and Table 1 for examples). The
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Table 1. Selected AS transcripts which increase significantly in upf mutants and/or cycloheximide treatment

Primer
pair

Gene ID Name Band
size
(bp)

AS event NMD features Mean ratio of transcripts

wt upf1-5 upf3-1 CHX

7 At1g55310 At-SCL33 361 E4 Alt30ss(+162) PTC+; ds SJ 0.15 0.19 0.32 0.47

7 At1g55310 At-SCL33 364 E4 Alt30ss(+165)
or AE (165)

PTC+; ds SJ 0.02 0.03 0.05 0.08

7 At1g55310 At-SCL33 293 Unknown Unknown 0.05 0.08 0.09 0.07
21 At2g37340 At-RS2Z33 341 E3 Alt30ss(+218) PTC+; ds SJ 0.04 0.07 0.13 0.20

86 At4g16845 VRN2 396 IR2(170);
E5 Alt30ss(�4);
E5 Alt50ss(+22)

PTC+; ds SJ 0.07 0.09 0.12 0.13

90 At4g39260 GRP8/CCR1 316 E1 Alt50ss(+158) PTC+; ds SJ 0.03 0.05 0.12 0.14

109 At1g77080 MAF1 118 E4 Alt30ss(�38) PTC+; ds SJ 0.14 0.22 0.29 0.19
118 At2g02960 Zinc finger (C3HC4) protein 233 E2 Alt30ss(+37) uORFs; uORF(26aa) 0.03 0.05 0.07 0.07

118 At2g02960 Zinc finger (C3HC4) protein 237 E2 Alt30ss(+41) uORFs; uORF(26aa) 0.04 0.05 0.07 0.07

118 At2g02960 Zinc finger (C3HC4) protein 240 E2 Alt30ss(+44) uORFs; uORF(26aa) 0.02 0.02 0.03 0.02
118 At2g02960 Zinc finger (C3HC4) protein 289 E2 Alt30ss(+92) uORFs; uORF(26aa) 0.25 0.30 0.33 0.51

125 At2g46790 APRR9/TL1 251 E2 Alt50ss(+8) PTC+; ds SJ 0.22 0.32 0.47 0.37

131 At2g38880 NF-YB1/HAP3a 373 E6 Alt50ss(+62) 30UTR intron 0.21 0.26 0.30 0.41

194 At3g49430 At-SR34a 366 I1 AE(224) uORFs; uORF(61aa) 0.07 0.21 0.35 0.30

195 At3g01150 At-PTB2a 156 E8 Alt50ss(�47) PTC+; no ds SJ - possible
long 30UTR

0.10 0.12 0.16 0.19

196 At3g01150 At-PTB2a 268 I2 AE(102) PTC+; ds SJ 0.11 0.17 0.25 0.37

202 At3g13570 At-SCL30a 351 I3 AE(161) PTC+; ds SJ 0.18 0.30 0.48 0.52

204 At3g53500 At-RS2Z32 376 E3 Alt30ss(+218) PTC+; ds SJ 0.09 0.11 0.25 0.40

205 At3g61860 At-RS31 556 I2 AE(393) PTC+; ds SJ 0.01 0.04 0.10 0.27

206 At2g21660 GRP7/CCR2 349 E1Alt50’ss(+166) PTC+; long 30UTR 0.02 0.07 0.16 0.13

213 At5g53180 At-PTB2b 198 I3 AE(58) PTC+; ds SJ 0.08 0.12 0.19 0.31

213 At5g53180 At-PTB2b 201 I3 AE(61) PTC+; ds SJ 0.06 0.09 0.14 0.22

217 At1g16610 SR45 175 FS no reason for NMD 0.68 0.71 0.72 0.77

218 At2g30260 U2B’’ 134 E2 Alt50’ss(�35) PTC+; ds SJ 0.05 0.09 0.19 0.17

219 At4g25500 At-RS40 382 I2 AE(257) PTC+; ds SJ 0.14 0.33 0.54 0.34

220 At3g55460 At-SCL30 590 I3 AE(449) PTC+; ds SJ 0.01 0.05 0.11 0.08

220 At3g55460 At-SCL30 673 Unknown Unknown 0.01 0.02 0.05 0.13

223 At2g29210 Splicing factor PWI
domain-containing protein

202 E6 Alt30ss(+50) PTC+; ds SJ 0.36 0.36 0.59 0.63

237 At1g07830 RPL29 family 123 E2 Alt30ss(�70) uORFs; uORF(31aa) 0.01 0.02 0.03 0.02
237 At1g07830 RPL29 family 273 E1 Alt50ss, predicted uORFs 0.02 0.05 0.09 0.07

241 At1g02090 FUS5/CSN7/COP15 119 E8 Alt30ss(�17) PTC+; ds SJ 0.15 0.27 0.29 0.30

249 At1g72560 PSD/Exportin-t 174 E13 Alt50ss(+25) 30UTR intron 0.04 0.15 0.04 0.05
259 At3g17090 PP2C group D 214 E2 Alt30ss(+17) PTC+; ds SJ 0.07 0.11 0.23 0.14
284 At4g33060 CYP57 290 I5 AE(87) PTC+; ds SJ 0.26 0.34 0.49 0.71

284 At4g33060 CYP57 295 I5 AE(92) PTC+; ds SJ 0.05 0.06 0.08 0.11

306 At2g46830 CCA1 218 FS No reason for NMD from
AS event—other AS/NMD
events known

0.79 0.85 0.87 0.89

309 At5g65060 MAF3 223 E4 Alt30ss(�38) PTC+; ds SJ 0.19 0.35 0.42 0.38

309 At5g65060 MAF3 219 E4 Alt30ss(�38);
E5 Alt30ss(�4)

PTC+; ds SJ 0.04 0.06 0.08 0.07

311 At5g65080 MAF5/AGL68/FCL1 462 E5 Alt30ss(�4) PTC+; ds SJ 0.76 0.82 0.80 0.75
343 At3g29160 AKIN11 159 FS No reason for NMD from

AS event—other AS/NMD
events known

0.27 0.27 0.34 0.40

344 At3g29160 AKIN11 195 E9 Alt30ss(�5) PTC+; ds SJ 0.08 0.12 0.17 0.15

363 At5g24270 SOS3/CBL4 337 E5 Alt50ss(+29) PTC+; ds SJ 0.06 0.08 0.13 0.25

370 At5g35410 SOS2/CIPK24 120 E9 Alt30ss(+5) PTC+; ds SJ 0.42 0.49 0.59 0.63

374 At4g36960 RRM-containing protein 399 IR1(172) uORFs; uORF(73aa) 0.05 0.15 0.32 0.09
375 At3g20270 lipid-binding serum

glycoprotein family
protein

195 FS uORFs; uORF(22aa) 0.54 0.62 0.64 0.59

384 At4g02200 At-Di19-5 149 E2 Alt50ss(+32) PTC+; ds SJ 0.06 0.13 0.21 0.22

384 At4g02200 At-Di19-5 110 Unknown Unknown 0.01 0.01 0.02 0.04

Values are mean values from three biological reps and significance is P< 0.1 (see text). En Alt50ss and En Alt30ss—alternative 50 splice site and al-
ternative 30 splice site in exon, where n is the exon number. The number in brackets indicates the number of nucleotides added (+) or removed (�)
from the exonic sequence. IRn—retention of intron, where n is intron number [number in brackets indicates the size (nt) of the intron]. In AE—
alternative (cryptic) exon created in an intron, where n is the intron number [number in brackets indicates the size(s) of the alternative exon(s)].
Exons and introns are numbered with respect to the TAIR reference splice variant. FS—fully spliced; PTC+—transcript containing premature
termination codon(s); ds SJ—presence of downstream splice junction(s). Numbers in bold—significant percentage difference >3%; numbers in
bold italic—significant percentage difference <3%. Full data set is presented in the Supplementary Table S2. Note that Arabidopsis SR proteins
are named according to the recently proposed nomenclature (77).
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upf1-5 and upf3-1 mutants are impaired in NMD and have
severe growth phenotypes but are viable (26,27).
Translation is required for NMD (22,59) and the transla-
tion inhibitor, cycloheximide, leads to accumulation of
NMD-sensitive transcripts in plants (27). Therefore a
5 hour cycloheximide treatment was used to inhibit trans-
lation and thereby NMD (27). Consequently, AS isoforms
which are targets of NMD are expected to increase in their
levels in the upfmutants and cycloheximide-treated plants.
Three biological replicates were analysed for each, and
significant changes in alternative splicing ratios were
determined by statistical analysis (see ‘Materials and
Methods’ section).

High frequency of novel alternatively spliced transcripts
in regulatory plant genes

Based on publications or plant databases the majority of
AS events were expected to generate two alternative
transcripts. However, the number of observed RT–PCR
products varied among the different amplified regions
from a single product to as many as 15 different alterna-
tively spliced products. Just over 950 RT–PCR products
were observed using the 289 primer pairs and therefore
approximately 350 new transcripts were discovered.
To identify the nature of the novel AS transcripts,

cloning and sequencing of RT–PCR products was
carried out (for examples of analysis see Supplementary
Figure S1). In addition, many were identified by RNA-Seq
(our unpublished data). In general, our data shows an
increase of AS frequency in our gene set by one third
compared to presently annotated events. The identifica-
tion of so many novel products illustrates that far more
alternative splicing occurs in Arabidopsis than is currently
known.

Identification of endogenous alternatively spliced targets
of nonsense-mediated decay

Our high-resolution RT–PCR system allowed the deter-
mination of the ratio of AS transcript variants for each
gene region amplified. Mean ratios of AS products
obtained with the upf mutants and cycloheximide treat-
ment were compared to the wild-type values to identify
the particular AS isoforms which increased significantly
when NMD is impaired. Significance was determined at
the P< 0.1 level, although for the vast majority significant
changes in AS isoform levels, the P-value was consider-
ably smaller (Supplementary Table S2). Of the >950 tran-
scripts in the study, 638 showed no significant change in
the transcript ratios between wild-type, mutants or
cycloheximide-treated plants. Of the 313 RT–PCR
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Figure 2. Regulation of GRP7 and GRP8 by alternative splicing and NMD. (A) GRP7 and (B) GRP8 are known to be regulated by AS/NMD.
Figures show the GRP7 and GRP8 gene and transcript structures and the alternative splicing events in the introns: alternative 50 splice sites generate
AS isoforms which increase in abundance in the upf1-5 and upf3-1 mutants as illustrated on scans generated from the ABI 3730 data by GeneMapper
(transcripts are arrowed). The significant increases in NMD-sensitive transcript abundance are shown in histograms of the ratio of normally spliced
and alternatively spliced isoforms (shaded). Significance: ***P< 0.01; **0.01>P< 0.05. For diagram key see legend to Figure 1.
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products that showed a significant change, 165 increased
in amount in at least one of the upf mutants or
cycloheximide treatments (Figure 1B; Supplementary
Table S2). Thirty-three transcripts increased in both
mutants and cycloheximide-treated plants (Figure 1B).
A total of 106 transcripts were increased in one or other
mutant while 59 showed a significant increase only in the
cycloheximide-treated plants. Cycloheximide is used
widely as an NMD inhibitor but as cycloheximide is
a general translational inhibitor, other RNA degradation
pathways or cellular processes might also be affected by
this treatment and impact on transcript levels. Therefore,
the 106 transcripts which increased in the upf mutants and
the 165 which increased in mutants and cycloheximide
treatment represent a range of naturally occurring
alternatively spliced transcripts which are putatively
turned over by NMD and make up 11–17% of the total
transcripts analysed and 16–25% of the alternatively
spliced transcripts analysed.
We found that 87 and 121 genes of the 270 AS genes on

the panel (Figure1C; Supplementary Table S3) had at least
one AS isoform with increased abundance in the upf
mutants or in the mutants plus CHX treatment, respect-
ively, suggesting that �32% and 45% of AS genes
are regulated by NMD to some extent. At least 42%
(9273 genes out of 22 302) of intron-containing genes in
Arabidopsis are alternatively spliced (36). With the caveat
that our gene set may contain some bias, we can extrapo-
late to suggest that around 13–18% of intron-containing
genes may be regulated by AS and NMD in Arabidopsis.
GRP7 and GRP8 are genes encoding components of

a slave oscillator and are known to be auto- and
cross-regulated by alternative splicing and NMD (44,45)
and were included as controls. For both genes, the AS
isoform which is turned over by NMD increased

significantly as expected. The GRP7 isoform increased sig-
nificantly in both mutants and cycloheximide treatment
(Figure 2A; Table 1, primer pair 206) and significant
increases in the GRP8 isoform were observed in upf3-1
and cycloheximide treatment (Figure 2B; Table 1, primer
pair 90). These results demonstrate that the AS RT–PCR
panel is able to detect significant changes in AS isoforms
due to NMD. Other examples of AS/NMD transcripts
are shown in Figure 3. At-RS40, an SR protein gene,
CYP57, a peptidyl-prolyl cis-trans isomerase gene, and
the drought-induced protein 19-like 1 gene, At-Di19-5,
have alternative splicing events which introduce PTCs
and increase significantly in mutants and cycloheximide
treated plants. In general, the increase in levels of the
NMD-sensitive AS isoforms in the mutants and after
cycloheximide treatment varied with different genes.
Interestingly, the steady state levels of the AS transcripts
turned over by NMD varied greatly in wild-type plants
from being virtually undetectable to tens of percent of
the transcripts from a gene (Figure 3B and C; Table 1
and Supplementary Table S2). Thus, AS/NMD transcripts
from different genes are differentially abundant in
wild-type plants which reflects the different efficiency of
alternative splicing and rates of turnover by NMD. This
analysis shows that coupled AS/NMD can influence gene
expression significantly and that even low abundant alter-
native transcripts (at steady state level) might turn over
a quite significant proportion of the RNA produced
from a gene.

upf1-5, upf3-1 and cycloheximide treatment impair
nonsense-mediated decay to different degrees

More transcripts (102 transcripts) increased significantly
in the upf3-1 mutant than in upf1-5 (47 transcripts)
while 136 transcripts increased significantly in the

A B C

Figure 3. Genes with AS isoforms which increase in upf mutants. (A) At4g25500—SR protein gene, At-RS40. (B) At4g33060—cyclophilin 57,
CYP57. (C) At4g02200—drought-induced protein gene, At-Di19-1. For all, the gene and transcript structures and relevant splicing events are
shown. AS isoforms which increase in the upf mutants are labelled with arrows on ABI3730 scans and the ratios of transcripts are shown in
histograms and significant increases are indicated. Significance: ***P< 0.01; **0.01>P< 0.05. For diagram key see legend to Figure 1.
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cycloheximide-treated plants (Figure 1B). This suggests
that in terms of NMD impairment, the upf3-1 allele is
stronger than the upf1-5 allele which conforms to the
severity of the phenotype of the particular mutants
which was described previously (26,27,31) and that
UPF3 transcripts are up-regulated in upf1-5 (60). In
addition to the described late flowering phenotype, we
have observed that both upf1-5 and upf3-1 mutants have
accelerated senescence and again upf3-1 showed the
stronger phenotype (Supplementary Figure S2). Some
transcripts only increased with cycloheximide treatment
and were not visible in the wild-type or mutant plants.
Thus, cycloheximide has a much stronger effect on the
number of transcripts which increased in abundance and
on the degree of increase than upf3-1 with the smallest
increases being seen in upf1-5 (Supplementary Tables S4
and S5). Some transcripts did not follow this pattern
suggesting perhaps differential or additional functions of
the two different NMD factors in different mechanisms
of NMD (28). There was substantial overlap between
transcripts which increased in abundance in cycloheximide
treatment and in the mutants (Figure 1B). In addition,
we analysed 11 transcripts which increased only in the
cycloheximide treatment in detail and the majority
showed NMD characteristics (PTCs/downstream splice
junctions or uORFs) (Supplementary Table S2). This
suggests that AS transcripts which increase in the
cycloheximide treatment are turned over by NMD with
the caveat that some transcripts may be turned over by
other degradation pathways.

Features of alternatively spliced transcripts which are
sensitive to nonsense-mediated decay

Previously, 1% of plant protein-coding genes was shown
to have increased transcript levels in NMD-deficient
plants using tiling arrays but the features of the AS tran-
scripts which were NMD targets were not specifically
investigated (50). The 165 endogenous AS isoforms
which show significant increases in levels in the mutants
and cycloheximide-treated plants (Table 1; Supplementary
Table S2) are expected to be turned over by NMD and
therefore should contain NMD signals. To identify the
NMD features, each transcript which increased signifi-
cantly in at least one of the mutants and 11 of the tran-
scripts which increased only in cycloheximide-treated
plants (117 transcripts in total) was characterized in
terms of whether they contained PTCs, had splice junc-
tions downstream of the authentic stop codon or PTCs,
had long 30-UTR sequences or contained an upstream
ORF (Figure 1D). In addition, other AS events in the
same gene (annotated in TAIR8) and novel RT–PCR
products for which sequence was generated were
analysed. Of the 117 transcripts, the sequences of 8
remain elusive and could not be characterized. Of the
remaining 109 transcripts, 94 (86%) clearly contained
NMD features. This includes a major group of 74 tran-
scripts containing PTCs more than 50–55 nt upstream of
splice junctions and long 30UTRs, classical features of
NMD substrates (61). The NMD-sensitivity of a further
nine transcripts could be explained on the basis of long

30-UTRs and/or where the distance between the authentic
stop codon and splice junction of an intron in the 30-UTR
was changed due to alternative splicing. In addition, the
alternative splicing events of 12 genes (14 transcripts)
involved introns in the 50-UTR which affected the
presence or absence, length and position of uORFs.
In 11 of these transcripts, the presence of one or more
uORFs correlated with NMD. Finally, for the remaining
12 transcripts, the AS event monitored did not explain the
turnover by NMD but of these, four genes had known AS
events elsewhere in the transcripts which could generate
NMD. The remaining transcripts could either be genes/
transcripts which have unknown NMD-inducing AS
events elsewhere in the gene or may represent genes
where changes in AS isoform levels are due to secondary
effects on mRNA accumulation. Therefore, the vast
majority of the endogenous NMD-sensitive transcripts
analysed had characteristic features of NMD substrates
in plants.

Alternative splicing in 30-UTRs modulates
nonsense-mediated decay

It is not widely appreciated that alternative splicing in the
untranslated regions of a gene (which does not create a
PTC) may induce NMD sensitivity and be a mechanism
of fine regulation of transcript abundance. Also, little is
known about the consequences of AS of such UTR
introns. We have identified two genes in our panel where
AS occurred in 30-UTR introns and thus did not create a
PTC, but at least one AS isoform in each gene was sensi-
tive to NMD. Alternative splicing in the 30-UTR of
At2g38880 (NF-YB1/HAP3A transcription factor) and
At1g72560 (PAUSED/Exportin-t) generated two and
three isoforms, respectively, with different sensitivity to
NMD (Figure 4). Only the isoforms with a distance
>50–55 nt from the authentic stop codon were subjected
to NMD (Table 1). Thus, alternative splicing can affect
the distance between the authentic stop codon and down-
stream splice junction in 30-UTRs and determine whether
a transcript is turned over by NMD.

The position of PTCs defines the length of 30-UTRs
which can trigger nonsense-mediated decay

Current models for NMD suggest that the length of the
30-UTR (distance between the stop codon or PTC and
30-end of the transcript—long 30-UTR) can be one of the
triggers of NMD (Figure 1c). For all of the analysed AS
transcripts containing PTCs, we analysed the distance
between the first PTC and the 30-end of the transcript
(Figure 5; Supplementary Table S2). These distances
appeared to show a bimodal distribution with the
majority (58 transcripts) being longer than 600 nt and
twenty transcripts (from 16 genes) shorter than 550 nt.
When these latter transcripts were examined, two-thirds
were from genes with relatively short coding sequences
(500–720 bp) and all but five had splice junctions down-
stream of the PTC such that they conformed to expected
features of NMD substrates. The five transcripts without a
downstream splice junction had PTC to 30-end distances
of 366, 370, 440 nt and two transcripts had 441 nt and
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assuming that there are no other AS events in the genes
causing NMD, these could represent ‘long 30–UTR’ tran-
scripts. We also determined the distance between the au-
thentic stop codon and 30-end of the gene in the normally
spliced transcripts from the same genes. The mean
distance was 242 nt and the majority of transcripts were
in the range of 22–350 nt (Figure 5). Eight fully spliced
transcripts (from 7 genes) had a 30-UTR of >350 nt
ranging from 354 to 718 nt. Taken together, these data
suggest that long 30-UTRs which trigger NMD in
Arabidopsis mRNAs are in general >350 nt but there are
exceptions where transcripts with longer 30-UTRs do not
show evidence of NMD.

uORFs overlapping the main start codon induce
nonsense-mediated decay

Previous studies in Arabidopsis suggest that uORF can
trigger NMD (35,60). Preliminary features of such

uORFs were defined using model constructs as being the
first uORF in a transcript, at least 10 nt from the 50-end
and longer than 35–50 amino acids (35). However, the
uORF in AtMHX was only 13 amino acids long and
affected mRNA levels and translational efficiency (60).
In addition, the link between AS in 50UTRs and the
presence, size, and positions of uORFs which may then
trigger NMD has never been investigated in plants or
in endogenous transcripts. In our study, we identified
12 genes with alternative splicing of 50-UTR introns
where transcripts increased significantly in upf mutants
and/or cycloheximide treated plants. uORFs of between
3 and 123 amino acids were present in the fifteen different
AS isoforms of these genes.

Seven genes had uORFs with the interesting unifying
feature that the AS isoforms turned over by NMD con-
tained an uORF which overlapped the translation start
site of the main ORFs (Figure 6A–C; Supplementary
Figure S3; Table 1). For example, in the zinc finger
protein gene (At2g02960), alternative splicing produces
six different AS transcripts through use of multiple alter-
native 30 splice sites (Figure 6A). Four of these produce
a 26 amino acid uORF which overlaps the AUG transla-
tion start site of the main ORF and all four are NMD
sensitive. The fully spliced transcript and two shorter
alternatively spliced isoforms contained short uORFs
which do not overlap with the AUG. AS in the 50UTR
of At3g49430 (At-SR34a) generated three new uORFs of
13, 30 and 61 amino acids (Figure 6B). The stop codon of
the 61 amino acid uORF overlapped the AUG of the main
ORF and this transcript is NMD sensitive. Similarly,
the fully spliced product of At3g20270 contains a uORF
of 22 amino acids where the stop codon of the uORF lies
downstream of the AUG of the main ORF (Figure 6C)
and is NMD sensitive whereas the other AS transcripts
without this feature are NMD resistant. Other examples
of genes showing this phenomenon are shown in
Supplementary Figure S3. Taken together, our analysis
shows that many transcripts containing a uORF which
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Figure 4. Alternative splicing of introns in the 30-UTR influences
turnover of AS isoforms by NMD. Exon–intron structures of genes
and transcripts of (A) At2g38880—NF-YB1 transcription factor,
NF-YB1/HAP3a and (B) At1g72560—PSD/exportin-t. Alternative
splicing of the 30-UTR introns in these genes generate transcripts
with different distances between the authentic stop codon and down-
stream splice junction consistent with the 50–55 nt rule where distances
>50–55 nt trigger NMD. Stop codon to splice junction distances are
indicated along with whether the AS isoform is turned over by NMD
or not. For diagram key see legend to Figure 1.
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Figure 5. Distribution of stop codon to 30-end distances. Distribution
of frequency of distances in nucleotides (nt) between the first premature
termination codon and the 30-end of the transcript (shaded) compared
to the distance between the authentic stop codon and 30-end of the
transcript of cognate genes (unshaded).
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overlaps the authentic start codon are subject to NMD
and identifies a new feature of uORFs which is capable
of inducing NMD in plants. The analysis also indicates
that not all features of uORFs which trigger NMD have
been resolved as we find examples where there is no cor-
relation of the presence of uORFs of between 43 and
92 amino acids and NMD (see ‘Discussion’ section).

Splice isoforms with retained introns are not sensitive
to nonsense-mediated decay

Intron retention is the most abundant type of alternative
splicing in plants—41% (62). In general, due to the
UA-richness of plant introns, most intron retention
events create PTC transcripts. These transcripts are con-
sidered as potential targets of NMD as it has been shown
in other organisms that transcripts with retained introns
are turned over by NMD (63). Of the 90 characterized AS
transcripts which increased in one or both of the upf
mutants, only four had retained introns (Supplementary
Table S2) suggesting that IR transcripts were under-
represented. We therefore examined all of the readily
detectable intron retention events on our panel where
the IR transcripts made up at least 2% of the total. Of
the 29 such IR transcripts, nineteen contained PTCs with
downstream splice junctions and/or had long 30-UTRs
(all >400 nt) and therefore have features of typical
NMD substrates (Table 2; Figures 1D and 7). Despite
containing these NMD signals, these intron retention
isoforms did not increase in abundance in the upf
mutants and/or cycloheximide treatment suggesting that
they are not turned over by the NMD pathway.
Interestingly, in a number of these genes, other alterna-
tively spliced transcripts were produced which contained
PTCs and were subject to NMD. In two cases in par-
ticular, the other AS events involved the same in-
tron as the retained intron (Figure 7A and B). In
At5g37055 (SEF—SERRATED LEAVES AND EARLY
FLOWERING), there are three different intron retention
transcripts involving introns 1 and 2, all containing PTCs,
none of which is a target of NMD (Figure 7C). However,
use of an alternative 30 splice site in exon 3 generates a
PTC+ transcript which is turned over by NMD (Figure
7C and Table 2). A further example is At5g24270, coding
for SOS3—SALT OVERLY SENSITIVE 3, a
calcineurin-like protein, where retention of intron 5 was
NMD resistant while use of an alternative 50 splice site in
the next intron, also creating a PTC, significantly up
regulated the latter transcript in upf3-1 and
cycloheximide-treated plants (Figure 7D and Table 2).
The first PTC generated in these two transcripts are only
30 nt apart (Figure 7D) arguing against a position effect of
the PTC. Thus, transcripts from the same gene which
generate PTCs in very similar positions either through al-
ternative splicing or intron retention events can be differ-
entially sensitive to NMD. It appears that if a transcript is
generated where an intron has not been spliced (retained
intron) then the transcript is not NMD sensitive.
Besides the above PTC+ NMD-insensitive events, six

other IR transcripts were effectively PTC- and were not
targets of NMD (Supplementary Table S6). In these

A

B

C

Figure 6. Alternative splicing of introns in the 50-UTR affects the
presence, size and position of uORFs and influences turnover of AS
isoforms by NMD. Exon–intron structures of genes and transcripts of
(A) At2g02960—zinc finger transcription factor, (B) At3g49430—SR
protein gene, At-SR34a, and (C) At3g20270—lipid-binding serum
glycoprotein gene. These examples illustrate alternative splicing events
in 50-UTR introns which generate uORFs which overlap the main ORF
and correlate with NMD. (A) four of the AS isoforms contain a 26
amino acid uORF (A–D) which overlaps the translation start site of the
main ORF and correlates to NMD; (B) an uORF of 61 amino acids
overlaps the authentic translation start codon in the AS product; and
(C) uORF1 overlaps the translation start of the main coding sequence
in the fully spliced transcript while in the alternatively spliced isoform
the stop codon of uORF2 lies upstream of the main translation start
site. Shaded rectangles below transcripts—uORFs; FS—fully spliced;
AS—alternatively spliced. Sequences below the figures show the
relationship between the stop codon of uORFs and the translational
start AUG of the main ORF. For diagram key see legend to Figure 1.
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transcripts, the introns were either (i) in frame (no PTC),
(ii) towards the end of the transcript such that the PTC
was close to the authentic stop and would lead to a change
in C-terminal sequence, (iii) in the 50-UTR with uORFs
which do not trigger NMD, or (iv) there was no evidence
of an intron at the suggested position in the transcript.
Only four intron retention transcripts increased sig-

nificantly in the mutants and/or cycloheximide treatment

(Supplementary Tables S2 and S6). One of these
(At4g36960) retained intron 1 in the 50UTR which
generated an uORF overlapping the authentic translation
start site and therefore is expected to trigger NMD. In the
other cases, potential NMD-causing AS events may
occur elsewhere in the gene.

In conclusion, our analysis suggests that plant tran-
scripts with retained introns are usually not targets for

Table 2. PTC+, NMD-insensitive intron retention transcripts and NMD-sensitive AS transcripts from the same genes

Primer
pair

GeneID Name Exon
no.

Primer
sites

AS event Transcript wt upf1-5 upf3-1 NMD

50 At5g43910 pfkB-type
carbohydrate
kinase family
protein

12 Ex8-10 FS 0.58 0.46 0.39
IR9 PTC+; ds SJ 0.05 0.05 0.04 No NMD
E10 Alt 30ss(�19) PTC+; ds SJ 0.35 0.48 0.56 NMD

346 At4g23260 CRK18 7 Ex1–3 FS 0.09 0.09 0.17
IR1 PTC+; ds SJ 0.90 0.90 0.82 No NMD
unknown (245 bp) 0.00 0.00 0.01 NMD

316 At2g28550 TOE1 8 Ex1–4 FS 0.93 0.94 0.96

IR2 PTC+; ds SJ 0.07 0.06 0.04 No NMD
312 At5g13790 AGL15 8 Ex1–7 FS 0.45 0.47 0.47

IR2 and IR3 PTC+; ds SJ 0.06 0.06 0.07 No NMD
363 At5g24270 SOS3/CBL4 8 Ex4–7 FS 0.83 0.82 0.77

E5 Alt50SS(+29) PTC+; ds SJ 0.06 0.08 0.13 NMD
IR4 PTC+; ds SJ 0.03 0.03 0.02 No NMD
unknown (299 bp) 0.02 0.02 0.03 NMD
unknown (330 bp) 0.00 0.01 0.01 NMD

313 At5g37055 SEF 4 Ex1–4 FS 0.79 0.78 0.77
IR1 and IR2 PTC+; ds SJ 0.03 0.03 0.03 No NMD
IR1 PTC+; ds SJ 0.13 0.13 0.12 No NMD
IR2 PTC+; ds SJ 0.01 0.01 0.01 No NMD
E3 Alt 30ss(�11) PTC+; ds SJ 0.02 0.04 0.05 NMD

372 At1g76460 RRM-containing
protein

7 Ex1–3 FS 0.88 0.84 0.79
IR1 PTC+; ds SJ 0.03 0.03 0.02 No NMD
E2 Alt 30ss(+9) PTC+; ds SJ 0.04 0.05 0.07 NMD
E2 Alt 30ss(+54) PTC+; ds SJ 0.05 0.08 0.12 NMD

345 At1g49730 protein kinase 9 Ex4–7 FS 0.89 0.81 0.77
IR6 PTC+; ds SJ 0.02 0.03 0.03 No NMD
E7 Alt 30ss(+37) PTC+; ds SJ 0.08 0.16 0.21 NMD

321 At4g27410 RD26 3 Ex1–3 FS 0.93 0.92 0.93
IR1 PTC+; ds SJ 0.02 0.02 0.02 No NMD

325 At2g47890 Zn finger
(B-box type)
protein

4 Ex1–4 FS 0.92 0.93 0.88
IR3 C-terminal change 0.06 0.06 0.10 No NMD
IR2 PTC+; ds SJ 0.01 0.01 0.01 No NMD

373 At3g13224 RRM-containing
protein

6 Ex4–5/6 FS 0.90 0.89 0.90
IR5 PTC+; long 30 UTR (1395 nt) 0.10 0.11 0.10 No NMD

335 At5g66210 CPK28 13 Ex11–13 FS (I12 in 30 UTR) 0.01 0.01 0.01
IR11 and IR12 PTC+; long 30UTR (686 nt) 0.90 0.91 0.90 No NMD
ES12 C-terminal change 0.02 0.02 0.01 No NMD

326 At1g69250 NTF2 8 Ex6–8 FS 0.92 0.92 0.94 **

IR6 PTC+; long 30UTR (415 nt) 0.08 0.08 0.06 No NMD
333 At3g16800 PP2C 6 Ex4–6 FS 0.97 0.97 0.97

IR5 PTC+; long 30UTR (469 nt) 0.03 0.03 0.03 No NMD
317 At2g28550 TOE1 8 Ex6–8 FS 0.97 0.98 0.98

IR7 PTC+; long 30UTR (493 nt) 0.02 0.02 0.01 No NMD
366 At5g25610 RD22 4 Ex1–3 FS 0.97 0.95 0.97

IR2 PTC+; dsSJ 0.03 0.05 0.02 No NMD
374 At4g36960 RRM-containing

protein
13 Ex1–3 FS 0.84 0.74 0.61

IR1 (50 UTR) PTC+; uORF in 50 UTR 0.05 0.15 0.32 NMD
IR2 PTC+; ds SJ 0.11 0.10 0.07 No NMD

Primers are positioned in the exons indicated and amplify across at least two introns. En Alt50ss and En Alt30ss—alternative 50 splice site and
alternative 30 splice site in respective exon, where n is an exon number. The number in brackets indicates the number of nucleotides added (+) or
removed (�) from the exonic sequence. IRn—retention of intron, where n is an intron number. The number in brackets indicates the size (nt) of the
intron. Exons and introns are numbered with respect to the TAIR reference splice variant. FS—fully spliced; PTC+—transcript containing premature
termination codon(s); ds SJ—presence of downstream splice junction(s); Numbers in bold—significant difference >3%; numbers in bold italic—
significant difference <3%.
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NMD provided there is no other alternative splicing event
which produces features for NMD in the transcript.

DISCUSSION

Alternative splicing is a major determinant in the produc-
tion of variant mRNA transcripts some of which contain
PTCs and might be targeted by NMD. This pathway has
a significant impact on the expression of genes involved
in plant development and adaptation [reviewed (24,25)].
This raises the important questions of how frequently the
expression of plant genes is regulated by coupled AS/
NMD and what are the structural features of endogenous
NMD substrates. Using a high-resolution RT–PCR
system we have examined a large population of 950
endogenous transcripts from 270 genes and have
characterized over 100 NMD-sensitive AS transcripts in
detail. This represents the most extensive and accurate
analysis of AS and AS/NMD in endogenous transcripts
in plants. We demonstrate (i) a previously unknown
high overall prevalence of AS and AS/NMD; (ii) that
NMD-sensitive transcripts are readily detected in
wild-type plants often representing substantial propor-
tions of the total transcripts of a gene; (iii) that AS in
50-UTRs and 30-UTRs regulates transcript levels by ren-
dering them NMD sensitive; (iv) that uORFs overlapping

the start codon can trigger NMD; and (v) that transcripts
with intron retention events in plants do not trigger NMD
even though they possess classical features inducing
NMD.

Coupling AS to NMD is a frequent event in plant
gene expression

In the course of our analysis we have discovered an
unexpectedly high number of novel AS transcripts. This
follows from the sensitivity of the RT–PCR system which
can detect transcripts of <1% of the total transcripts of a
gene; on the other hand, many of the novel transcripts
were abundant but not represented in databases. Thus,
clearly much more AS is occurring in Arabidopsis than is
currently estimated and annotated, especially considering
that we have assessed AS/NMD only in plants at one
developmental stage (3 week old) and have not taken
into account many developmental stage-, tissue- or
condition-specific AS events.
Genome-wide analyses in eukaryotes have shown that

up to 20% of the transcriptome can be affected by NMD
[reviewed in (12,53,64)] and that around 20–30% of alter-
natively spliced transcripts in humans contain PTCs and
are potential targets of NMD (37). In plants, little
is known about the contribution of NMD to regulation
of gene expression. A recent genome-wide tiling array
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Figure 7. Intron retention transcripts are not turned over by NMD. Schematic figures of genes which produce detectable intron retention transcripts
and other alternatively spliced transcripts with different NMD phenotypes: (A) At1g76460; (B) At1g49730; (C) At5g37055 and (D) At5g24270. Below
each gene, structures of transcripts in the amplified region are shown and display different alternative splicing events. Data for each transcript is
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analysis in Arabidopsis found that only around 1% of
plant protein-coding genes were affected (50) while
an RNA-Seq analysis which showed that 42% of
Arabidopsis genes underwent AS predicted that around
78% of AS isoforms could be putative targets of NMD
(36). By comparing our AS/NMD gene set to those
detected using expression/tiling arrays (31,50) we found
only two genes in common (data not shown) and, in
addition, known AS/NMD substrates such as GRP7 and
GRP8 or SR genes (45,46) were not detected using expres-
sion or tiling arrays (31,50). Similarly, very little overlap in
NMD-affected gene sets was found in Drosophila when
comparing expression microarray and splicing-sensitive
array results (53). This discrepancy is most likely due to
the sensitivity and resolution of the AS RT–PCR panel
which is able to detect significant changes in individual
transcript levels which would not be detected in micro-
array experiments where the usual cut-off is >1.5–2-fold.
In this study, 11–17% of the total number of transcripts

and 16–25% of the alternatively spliced transcripts
analysed were potential NMD substrates suggesting that
about 32–44.8% of AS genes are regulated by NMD.
Extrapolating from these values and the estimate of
the frequency of AS (36), about 13–18% of Arabidopsis
intron-containing genes are potentially regulated by
AS/NMD. This compares well to the 14% and 20%
reported for Drosophila and Caenorhabiditis elegans
(64,65).

Features of NMD-sensitive transcripts in plants

Rules for NMD in plants have been established based on
the behaviour of a small number of genes or artificial
constructs (28,32–35). While the general principles of
intron-based and long 30-UTR dependent NMD have
been described (Figure 1C), little investigation of this
behaviour in endogenous NMD-sensitive transcripts has
been performed until now. Here, we determined the
features of individual AS transcripts and found that the
majority of AS/NMD transcripts (�85%) contained
PTCs with downstream splice junctions and/or long
30-UTRs and therefore comply with existing NMD rules.
In plants the average length of the 30-UTR is 241 nt (66)
and our results show that a ‘long 30-UTR’ capable of trig-
gering NMD in Arabidopsis is usually >350 nt. A similar
estimate was obtained using NMD-test constructs where
instead of the 30-UTR length, the distance between a PTC
and the authentic stop codon was defined previously as
around 300 nt (34). In addition, however, we identified a
number of exceptions where transcripts with 30-UTRs
>350 nt were not turned over by NMD suggesting that
additional yet unidentified features are involved in trigger-
ing NMD.
Our results demonstrate that alternative splicing of

introns in either the 30-UTR or 50-UTR can determine
whether transcripts of endogenous genes are targets of
NMD or not and thereby regulate transcript levels. We
identified two genes where AS in 30-UTR introns rendered
AS transcripts NMD-sensitive by increasing the distance
between the authentic stop codon and the splice junction
to more than 50 nt. This agrees with the rules for EJC

complexes trigging NMD (Figure 1D). Interestingly,
one of the genes showing regulation by AS/NMD in a
30-UTR intron is the NF-YB1 transcription factor
subunit involved in photoperiod-regulated flowering and
in drought stress responses, and whose over-expression
leads to increased drought resistance (67).

Alternative splicing of introns in 50-UTRs can change
the length and sequence of the 50-UTR or remove the
authentic AUG (again altering the 50-UTR) and thereby
affect the presence/absence, number, size and position of
uORFs. In human, polymorphisms or mutations which
create or remove uORFs can suppress mRNA and
protein levels and cause disease (68). uORFs in 50-UTR
regions can affect gene expression by different mechan-
isms: encoding an active peptide, affecting translational
efficiency or reducing transcript levels by triggering
NMD (68–70). In eukaryotes, ribosomes generally load
onto mRNAs at the 50-end and scan to the first AUG
translation start codon. If an uORF is translated, the
uORF stop codon might be recognized as a PTC (with
the additional features of creating a long 30-UTR and
the high likelihood of downstream splice junctions) and
thereby targeting the transcript to the NMD pathway.
Around 20% of plant genes contain uORFs (35,71) but
their fate in terms of whether they are translated or
scanned through, trigger NMD or allow re-initiation of
translation is not known. We found a strong correlation
between presence of an uORF which overlapped the AUG
of the main ORF and NMD most likely triggered by
generating a long 30-UTR and downstream splice junc-
tions. We also found other genes where the presence of
‘fully upstream’ uORFs correlated with activation of
NMD which indicates inefficient reinitiation of translation
of their main ORFs. However, other AS transcripts con-
tained short uORFs and/or ‘long’ uORFs (e.g. 43, 55 and
92 amino acids) which did not trigger NMD. Thus,
the factors which determine whether or not particular
uORFs activate NMD are clearly complex and poorly
understood. With around 20% of Arabidopsis genes
containing uORFs and the frequent occurrence of AS in
50-UTRs, AS/NMD involving uORFs is likely to be
important in regulation of expression of many plant genes.

Retained introns do not trigger NMD

Besides identifying NMD-sensitive AS transcripts, we also
identified AS transcripts which contained NMD signals
but which were immune to NMD. A comprehensive
analysis of AS/NMD in mammalian tissues indicated
that not all characteristics of NMD-targeted RNAs have
been identified and that not all RNAs containing known
NMD features are in fact turned over by NMD (52).
Surprisingly, we found that the majority of intron reten-
tion transcripts which we analysed were not turned over
by NMD despite containing PTCs, downstream splice
junctions and long 30-UTRs. However, transcripts from
the same gene with other types of alternative splicing
events in the same or nearby intron which generated
PTCs in very similar positions were sensitive to NMD.
This unexpected finding is in contrast to current assump-
tions that plant transcripts with retained introns and PTCs
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are subject to NMD as such transcripts have been found
on ribosomes (72,73), a prerequisite for NMD. More
importantly, in other organisms transcripts with retained
introns and PTCs are subjected to NMD suggesting a dif-
ferent strategy in plants as intron retention transcripts
avoid the NMD machinery and have a different fate
[see below; (63,74)]. In addition, our clear demonstration
that intron retention events which create a PTC are NMD
insensitive may explain the high frequency of IR events
identified in plants where it constitutes the major AS
event.

We previously detected aberrant mRNAs in the nucle-
olus of Arabidopsis of which around 80% were intron
retention events (75). We also found UPF2 and UPF3 to
localize to the nucleolus and hypothesized that this may be
the site of assembly of NMD factors onto aberrant
mRNAs prior to NMD. From the data presented here,
IR transcripts avoid NMD and their accumulation in
the nucleolus may therefore have a different function.
Although the current model of NMD in mammals is
that PTCs are recognized in the pioneer round of transla-
tion as the mRNA exits the nuclear pore, it is not clear
whether this model applies to plants. However, if transla-
tion is required for NMD, one possible explanation is
that transcripts containing introns or intron fragments
are recognized as aberrant prior to export by virtue of
proteins binding to the UA-rich intron sequences (75)
and therefore do not connect with the NMD machinery.
Further research will be needed to determine the fate
of different plant PTC-containing transcripts in terms of
their intranuclear and intracellular localization, dynamics
and transport and how and why intron retention
transcripts escape NMD in plants.

Significance of AS/NMD for plant gene expression
pattern

The endogenous NMD-sensitive transcripts showed great
variation in their steady state levels (i.e. levels detectable in
wild-type plants) and in the degree of increased abundance
in the different mutants and cycloheximide treatment.
This variation is likely to reflect gene-specific differences
in transcription levels, frequency of AS producing the
different isoforms, or tissue-specific AS occurring only in
particular organs or cell types. In addition, the
transcript-specific efficiency of NMD turnover could
reflect features of the transcripts such as position of
PTC and downstream splice junctions, length of 30-UTR
and RNA secondary structure. Importantly, for some
genes, non-productive mRNAs (PTC-containing; unable
to produce full-length protein) which includes transcripts
targeted by NMD and transcripts which are NMD-
insensitive such as intron retention transcripts, form a
significant proportion of steady state levels of transcripts
in wild-type plants. One consequence is that traditional
expression microarrays are unable to distinguish between
productive and non-productive mRNAs and therefore
functional transcript abundance for these genes is
over-estimated. Clearly, alternative splicing information
must be integrated with transcriptional data to provide
true measures of gene expression.

The coupling of AS and NMD is an important general
mechanism in gene expression regulation. It modulates the
relative levels of mRNA isoforms from a gene which are
either productive (protein-coding) or unproductive AS
variants and thereby regulates protein levels. Recent
examples of plant genes regulated or putatively regulated
by AS/NMD in plants are GRP7/8 and SOC1 (involved in
the circadian clock and flowering control, respectively),
SR and PTB protein splicing factors (involved in a
range of developmental and stress response processes)
and HSF2A (a heat shock factor) (43–48,76). Here,
despite only around 270 genes being analysed, AS/NMD
has been identified in 121 genes (Table1; Supplementary
Table S3) playing central roles in cellular processes: tran-
scription factors, splicing factors, RNA-binding proteins,
RNA helicases, spliceosome and exon junction complex
proteins, tRNA export, signal recognition particle
and ribosomal proteins. Components of developmental
pathways also show NMD-mediated turnover of AS tran-
scripts, for example, different MAF genes and VRN2
(flowering time) and CCA1 and PRR9 (core circadian
clock). Finally, a number of genes involved in signalling
and stress response pathways undergo AS/NMD: the
calcium-dependent salt stress signalling pathway protein
genes SOS2 and SOS3, phosphatases and kinases (e.g. the
SNF1-like protein kinase, AtKIN11) and various tempera-
ture, drought and salt response factors (e.g. SRF2,
HSF2A). The identification of many genes in a wide
range of processes and pathways suggests that AS/NMD
is a widespread regulatory mechanism in plants.

ACCESSION NUMBERS

The Arabidopsis Genome Initiative numbers for UPF1
and UPF3 are At5g47010 and At1g33980. AGI locus iden-
tifiers of genes analyzed in this article are listed in
Supplementary Table S1.
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Supplementary Data are available at NAR Online:
Supplementary Tables S1–6, Supplementary Figures S1–3.
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Transcriptome survey reveals increased complexity
of the alternative splicing landscape in Arabidopsis
Yamile Marquez,1 John W.S. Brown,2,3 Craig Simpson,2 Andrea Barta,1,4

and Maria Kalyna1,4

1Max F. Perutz Laboratories, Medical University of Vienna, A-1030 Vienna, Austria; 2Cell and Molecular Sciences, The James Hutton

Institute, Invergowrie, Dundee DD2 5DA, Scotland, United Kingdom; 3Division of Plant Sciences, University of Dundee at JHI,

Invergowrie, Dundee DD2 5DA, Scotland, United Kingdom

Alternative splicing (AS) is a key regulatory mechanism that contributes to transcriptome and proteome diversity. As
very few genome-wide studies analyzing AS in plants are available, we have performed high-throughput sequencing of
a normalized cDNA library which resulted in a high coverage transcriptome map of Arabidopsis. We detect ~150,000 splice
junctions derived mostly from typical plant introns, including an eightfold increase in the number of U12 introns (2069).
Around 61% of multiexonic genes are alternatively spliced under normal growth conditions. Moreover, we provide ex-
perimental validation of 540 AS transcripts (from 256 genes coding for important regulatory factors) using high-
resolution RT-PCR and Sanger sequencing. Intron retention (IR) is the most frequent AS event (~40%), but many IRs have
relatively low read coverage and are less well-represented in assembled transcripts. Additionally, ~51% of Arabidopsis genes
produce AS transcripts which do not involve IR. Therefore, the significance of IR in generating transcript diversity was
generally overestimated in previous assessments. IR analysis allowed the identification of a large set of cryptic introns
inside annotated coding exons. Importantly, a significant fraction of these cryptic introns are spliced out in frame, in-
dicating a role in protein diversity. Furthermore, we show extensive AS coupled to nonsense-mediated decay in AFC2,
encoding a highly conserved LAMMER kinase which phosphorylates splicing factors, thus establishing a complex loop in
AS regulation. We provide the most comprehensive analysis of AS to date which will serve as a valuable resource for the
plant community to study transcriptome complexity and gene regulation.

[Supplemental material is available for this article.]

Alternative splicing (AS) is a widespread mechanism which in-

creases transcriptome and proteome complexity and controls

developmental programs and responses to the environment in

higher eukaryotes. The splicing process, removal of introns and

ligation of exons, is performed by a large RNA-protein complex,

the spliceosome, consisting of five small nuclear RNAs (snRNAs)

and about 180 proteins with different functions (Wahl et al. 2009).

Assembly of the spliceosome on introns in a precursor messenger

RNA (pre-mRNA) is directed by cis elements and trans-acting fac-

tors (Black 2003; Stamm et al. 2005). The cis sequences include the

splice sites, branchpoint, and polypyrimidine tract which have

degenerate consensus sequences in higher eukaryotes. While many

splice sites are selected in all transcripts (constitutive splicing),

others are used to various levels, resulting in alternative transcripts.

Selection of such alternative splice sites is affected by auxiliary cis

elements located within exonic and intronic sequences, termed

splicing enhancers and silencers. These elements are binding sites

for trans-acting splicing factors, for example, hnRNP and SR pro-

teins. These proteins, in addition to their functions in constitutive

splicing, play a key role in AS by inhibition or promotion of selec-

tion of particular splice sites. The presence and abundance of dif-

ferent splicing factors in different cell types, tissues, developmental

stages, and environmental conditions determines the AS profiles of

expressed genes and ultimately shapes the transcriptome. In addi-

tion, alternative transcripts can code for protein isoforms with al-

tered amino acid and domain composition affecting their activity,

interaction capacity, localization, and stability, thus affecting the

proteome (Stamm et al. 2005).

Alternative splicing was first described in 1977 as peculiar

rearrangements in the adenovirus type 2 mRNA (Berget et al. 1977;

Chow et al. 1977). Since the discovery of the first example of AS in

an endogenous mammalian gene coding for calcitonin (Rosenfeld

et al. 1981), the alignment of expressed sequence tag (EST) contigs

to genomic DNA allowed the identification of a large number

(;35%) of alternatively spliced genes in humans (Mironov et al.

1999). Estimates of AS in many different organisms have been

made using EST/cDNA libraries (Okazaki et al. 2002; Zavolan et al.

2003; Iida et al. 2004; Cusack and Wolfe 2005; Wakamatsu et al.

2009). With the advent of tiling arrays and high-throughput se-

quencing, the number of genes which undergo AS has continued

to increase (Jones-Rhoades et al. 2007; Weber et al. 2007; Kwan

et al. 2008; Mortazavi et al. 2008; Pan et al. 2008). In particular, the

application of high-throughput sequencing to transcriptomes

(RNA-seq) has now demonstrated that AS occurs in ;95% of

intron-containing genes in human (Pan et al. 2008).

In plants, estimates of the occurrence of AS have been ham-

pered by a low number of ESTs (Brett et al. 2002). However, the

levels of AS have continued to increase with greater EST/cDNA

coverage: 1.2% (Zhu et al. 2003), 5% (Zhu et al. 2003), 11.6% (Iida

et al. 2004), 21.8% (Wang and Brendel 2006), 29% (Xiao et al.

2005), and >30% (Campbell et al. 2006). Many transcriptome

studies using high-throughput sequencing have been performed

in plants, but few have been used to examine AS (Weber et al. 2007;

4Corresponding authors.
E-mail mariya.kalyna@univie.ac.at.
E-mail andrea.barta@meduniwien.ac.at.
Article published online before print. Article, supplemental material, and publi-
cation date are at http://www.genome.org/cgi/doi/10.1101/gr.134106.111.
Freely available online through the Genome Research Open Access option.
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Filichkin et al. 2010; Lu et al. 2010; Zhang et al. 2010). The most

recent estimate based on RNA-seq is that ;42% of Arabidopsis

intron-containing genes undergo AS (Filichkin et al. 2010).

In terms of identifying AS in plants, the expression profile

itself influences the representation of many transcripts in data-

bases. For example, an Arabidopsis transcriptome study using 454

Life Sciences (Roche) sequencing (Weber et al. 2007) showed that

the top 10 most highly expressed genes represent 25% of the total

mapped reads, thus tremendously compromising the representa-

tion of less abundant transcripts. To improve gene representation

and discovery of AS events in Arabidopsis, we have used RNA-seq of

a normalized cDNA library made from Arabidopsis seedlings and

flowers. We have shown that normalization significantly increases

the coverage of reads across the genes, and we have identified

a large number (;47 k) of new splice junctions. Taking advantage

of a high-resolution RT-PCR panel (Simpson et al. 2008a,b), we

were able to validate many novel AS events. Altogether, our results

show that at least 61% of intron-containing genes are alternatively

spliced under normal growth conditions, which indicates a high

complexity of the Arabidopsis transcriptome.

Results

RNA-seq of a normalized cDNA library improves
gene representation

To facilitate the discovery of alternative splicing events in Arabi-

dopsis, we generated a normalized cDNA library (Supplemental

Figs. S1, S2) and subjected it to paired-end Illumina sequencing.

The library was constructed from total RNA isolated from Arabi-

dopsis Col-0 wild-type flowers and 10-d-old seedlings, mixed

in equal proportions (Supplemental Fig. S1). Sequencing resulted

in nearly 116 million paired-end reads (75-nt read length). To

our knowledge, this is the first time that a normalized cDNA

library of Arabidopsis has been subjected to high-throughput

sequencing.

Paired-end reads were aligned to the Arabidopsis thaliana ref-

erence genome version TAIR9 (www.arabidopsis.org) using Bowtie

(Langmead et al. 2009), included in the TopHat software v1.0.14

(Trapnell et al. 2009). We mapped nearly 74% of the starting reads

to the reference genome, of which almost 97% aligned uniquely

(Fig. 1A). Additionally, the number of aligned reads per chromo-

some correlated with the chromosome size (Fig. 1B), implying

extensive chromosome coverage. The read distribution along

each chromosome in windows of 1 kb is shown in Figure 1C (see

Methods).

To test whether the uniqueness of the reads was due to the

length of the read and/or the cDNA normalization procedure, we

compared our results with the 36-nt single-end read Illumina se-

quences from non-normalized cDNA libraries published pre-

viously (Filichkin et al. 2010). In addition, to allow a direct com-

parison of reads of the same size, we truncated our 75-nt-long reads

to 36 nt (Supplemental Table S2). These comparisons suggested

that the increased read length and cDNA normalization both sig-

nificantly influenced read mapping, resulting in an increase in the

total number of aligned reads and a higher proportion of uniquely

mapped reads (Supplemental Table S2).

Most of the reads mapped to annotated genes (Supplemental

Fig. S5A), illustrating that the majority of genes have been pre-

dicted in the TAIR9 annotation. Examination of the median cov-

erage along the transcription unit (Supplemental Fig. S5B; see

Methods) revealed that the cDNAs are highly covered in almost

their entire length (median of 600 reads in 80% of the total length

of the transcription unit) (Supplemental Fig. S5B).

To test the efficiency of normalization in reducing the

abundance of highly expressed transcripts, we analyzed the read

coverage of the top 10 most abundantly expressed genes in our

normalized library and showed that they only contributed 1.05%

of the total of reads (Supplemental Material; Supplemental Table

S1). This level of coverage was substantially lower than found in

non-normalized libraries sequenced with the Illumina (Filichkin

et al. 2010) and 454 (Weber et al. 2007) platforms, where the

proportion of reads in the top 10 most abundant genes was

26.76% and 7.76%, and 25%, respectively (Supplemental Table

S1). The much lower read coverage of highly expressed genes in

our libraries was independent of the read length and paired-end

protocol (Supplemental Table S1; Supplemental Fig. S3A,B). A

detailed description of the normalization efficiency is given in

the Supplemental Material (Supplemental Data; Supplemental

Table S1; Supplemental Figs. S3, S4). In general, the comparison

between library preparation and sequencing methods suggested

that the normalized library achieved much better gene coverage

and significantly influenced read mapping, resulting in an in-

crease in the total number of aligned reads and a higher pro-

portion of uniquely mapped reads.

Figure 1. Read alignment using Bowtie and TopHat. (A) Table showing
statistics of the aligned reads to the Arabidopsis genome (TAIR9). (B)
Aligned single reads to Arabidopsis chromosomes (left) and schematic
representation of Arabidopsis chromosomes (right). (C ) Log2 scale of
median read density in windows of 1 kb by chromosome.
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High level of detection of novel splice
junctions in Arabidopsis

For splice junction detection, we used

TopHat (Trapnell et al. 2009). To reduce

the number of false positives, the mini-

mum intron size was set to 60 nt, which is

close to that established experimentally

(Goodall and Filipowicz 1990) This is in

contrast to other studies (Filichkin et al.

2010; Zhang et al. 2010) which used

smaller intron sizes of 20 nt and 1 nt, re-

spectively. We filtered the splice junctions

originally detected (using alignment with

two mismatches) (see Methods) by two

criteria: quality of the alignment and

coverage of the splice junction (Supple-

mental Fig. S1). Splice junctions that were

obtained from the alignment with two

mismatches (see Methods) were removed

if the splice junction in question was

within 10 nt of another splice junction

with better support and if it was not sup-

ported by the alignment of perfectly

aligned reads (alignment with no mis-

matches) (Supplemental Fig. S1; see

Methods). For the remaining junctions,

we have only included those supported

by at least three reads (two mismatches).

Our results showed that the majority of

the splice junctions reside in annotated

genes (131,523 of 149,925) (Table 1) and

that, in protein-coding genes, they are

located mainly in the coding sequence

(CDS) (Fig. 2A), highlighting the poten-

tial of splice junctions to affect the final protein sequence. From

the total of predicted splice junctions, 46,955 (31%) were novel

and not annotated in the TAIR9 Database (Table 1). This is most

likely due to the use of a normalized library together with longer

reads which have considerably improved splice junction detection

(Supplemental Table S2).

The majority of splice junctions define typical plant introns

In plants, several features that impact splicing efficiency have been

described. These include a minimum intron size, sequences in the

59 and 39 splice sites, the branch point, and a minimum percentage

of AU-richness (Goodall and Filipowicz 1990; Brown and Simpson

1998; Lorkovic et al. 2000). Although the presence of these signals

will define an intron, it is the combination and strength of each

signal which determines the splicing efficiency of intron removal

(Brown and Simpson 1998).

Inspection of the intron sizes produced by all of the predicted

splice junctions had a mean of 298 nt (median = 114 nt) and

showed that the majority (;70%) of them were smaller than

200 nt (Fig. 2B). However, the sizes of introns generated by the new

splice junctions were bigger than those from the junctions anno-

tated in TAIR (mean = 588.7 nt versus mean = 166.5 nt, respec-

tively, Mann-Whitney-Wilcoxon test, P-value < 0.00001). This was

also highlighted by only ;47% of them being smaller than 200 nt

(Fig. 2B). This is probably due to many of the novel splice junctions

defining new AS events and that introns with AS tend to be larger

than introns with no evidence of AS (see Fig. 5A, below).

Examination of the dinucleotides at the intron borders

exhibited an increase in the number of GC-AG and AT-AC splice

sites in comparison to TAIR9 annotations (5.2% and 4.8% vs. 1%

and 0.6%, respectively) (Fig. 3A). In order to demonstrate that the

introns predicted by these splice junctions were bona fide introns,

we looked for sequence signatures of plant introns using position

weight matrices (PWMs) (Sheth et al. 2006). Using PWMs of the 59

and 39 splice sites of U2 and U12 annotated introns in Arabidopsis,

together with their respective branch point signatures (Fig. 3B;

see Methods), we were able to classify ;93% of the introns. As

expected, most of them were classified as U2 introns, but we also

identified 2069 potential U12 introns in genic regions (Fig. 3A;

Table 1. Predicted splice junctions (SJs)

Score $ 1 Score $ 2 Score $ 3

Total of SJs 172,651 159,758 149,925
SJs in annotated

genes
144,628 137,409 131,523

Annotated SJs 105,237 104,070 102,970
New SJs 67,414 55,688 46,955
Genes with at

least one introna
20,144 19,800 19,505

Genes with
overlapping
intronsa

11,681 (58.0%) 10,879 (54.9%) 10,103 (51.8%)

aIntrons are defined by the predicted splice junctions (SJs) (see text).

Figure 2. Features of splice junctions and predicted introns. (A) Distribution of splice junctions along
gene features in protein-coding genes, according to TAIR9. (B) Distribution of intron sizes defined by
splice junctions (SJ) predicted by TopHat (left circle). Splice junctions were classified as annotated if they
were already in TAIR9 (middle circle); otherwise, they were classified as new (right circle). (C ) Distribution
of the AT content (%) in introns generated by annotated splice junctions and new splice junctions.
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Supplemental Fig. S6; see the list of U12 introns in the Supple-

mental Material), and only 165 and 246 of such introns were

identified computationally (Zhu and Brendel 2003; Alioto 2007).

Functional classification (GO annotation) of the genes possessing

U12 introns shows that they are 2.7-fold enriched in DNA and RNA

metabolism class (P-value = 1.039 3 10�10; data not shown).

We also examined the AU-richness of introns predicted by the

splice junctions and showed that ;92% had >59% AU, which is

the minimum AU% required for an intron to be efficiently spliced

in dicots (Goodall and Filipowicz 1989; Fig. 2C). The AU-richness

of introns predicted by the novel splice junctions was slightly

lower (;64%) than that predicted by the known (annotated) splice

junctions (;67%) (Fig. 2C). This might reflect the fact that the

majority of the novel splice junctions are derived from new AS

events (see below). Together, the results suggest that a high pro-

portion of the introns generated from the predicted splice junctions

in this study have typical characteristics of introns in Arabidopsis.

To investigate the potential of the introns (defined by the

predicted splice junctions) to produce alternative transcripts, we

looked for overlapping introns inside the same gene, as two over-

lapping introns cannot coexist in the same transcriptional unit.

Using this approach, we estimate that 51.8% of the genes in our

sample have more than one transcript and, therefore, have evidence

of AS (Table 1). It is important to note that this analysis of over-

lapping introns does not provide data on intron retention events.

Assembly of putative transcripts predicts that 61.2%
of intron-containing genes are alternatively spliced

To determine putative transcripts generated by RNA-seq, we have

used the gene coordinates from TAIR9, the aligned reads, and the

predicted splice junctions that have passed the quality criteria

described above. Putative exons were defined as continuous

stretches with at least four reads of coverage. The final transcripts

were assembled by joining the putative exons with the predicted

junctions. To test whether the predicted transcripts were supported

by the read alignment, the putative transcripts were evaluated

using Cufflinks (Trapnell et al. 2010). From this analysis, a total of

57,447 transcripts were successfully assembled that corresponded

to 23,901 annotated genes (Table 2; see the set of assembled

transcripts in the Supplemental Material). In agreement with what

was observed in the read alignment (Fig. 1B), the number of genes

and transcripts that were assembled by chromosome also corre-

lates with the chromosome size (Table 2). Moreover, in the final set

of predicted transcripts, 91% of the genic splice junctions reported

in Table 1 (score $ 3) are contained in at least one putative tran-

scribed unit.

Next, we evaluated whether the set of putative assembled

transcripts corresponded to known isoforms in TAIR9. For this

purpose, we calculated how many genes with assembled transcripts

have at least one isoform that resembled an annotated transcript in

TAIR9, using the definition that the assembled transcript covered

contiguously at least 80% of the total length of the annotated iso-

form. We found that 75% of genes with assembled transcripts had at

least one transcript that is annotated in TAIR9 (data not shown).

We estimated the number of Arabidopsis intron-containing

genes with AS by calculating the ratio of genes with more than one

putative transcript divided by the number of genes with at least

one splice junction in our sample (intron-containing genes). There-

fore, 61.2% of genes with introns in our sample have evidence of AS

(Table 2). The difference between this value and the estimate of 51.8%

based only on overlapping introns (Table 1) reflects the addition of

intron retention transcripts and the filtering criteria which results

in loss of some splice junctions (only 91% of splice junctions are

included).

To determine the types of AS events in our set of assembled

transcripts, we used ASTALAVISTA software (Foissac and Sammeth

2007). Intron retention is the most common event (;40%, Figure

4A; Supplemental Fig. S7) agreeing with previous studies in plants

(Iida et al. 2004; Ner-Gaon and Fluhr 2006; Wang and Brendel

2006; Barbazuk et al. 2008; Filichkin et al. 2010) although it is not

as high as the estimate of ;56% of the total events (Wang and

Brendel 2006). We found that the use of alternative 39 splice sites is

more than twofold more frequent than the use of alternative 59

splice sites (Fig. 4A; Supplemental Fig. S7), consistent with prior

findings (Iida et al. 2004; Wang and Brendel 2006). Moreover, our

transcripts show that while skipping of a single exon is a rare event

(2.73% of the total events), it is relatively common that multiple

exons are skipped together and that exon skipping can utilize al-

ternative 59 and/or 39 splice sites (Fig. 4A; Supplemental Fig. S7). In

general, ;42% of the events in the assembled transcripts are

complex (Fig. 4A; Supplemental Fig. S7).

Figure 3. Classification of introns defined by predicted splice junctions.
(A) Splice sites of predicted introns. (B) Classification of introns according
to Sheth et al. 2006 (see Methods). (NC) Not classified.

Table 2. Putative assembled transcripts and AS estimates

Putative assembled transcript statistics

Chr Gene number Transcript number

Chr1 6,253 14,888
Chr2 3,761 9,391
Chr3 4,750 11,253
Chr4 3,610 8,935
Chr5 5,527 12,980
Total 23,901 57,447

Alternative splicing estimates

RNA-seq (this study) TAIR9 TAIR10

Intron-containing
genes

18,719 22,403 22,523

AS genes 11,465 4,626 5,885
% of AS 61.2% 20.7% 26.1%

Alternative splicing landscape in Arabidopsis
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Validation of assembled transcripts

To validate our set of putative assembled transcripts (PATs), we have

used a high-resolution RT-PCR alternative splicing panel (HR RT-PCR

panel), which allows monitoring of AS events in multiple genes

under different conditions (Simpson et al. 2008a,b). This HR RT-PCR

panel is capable of distinguishing AS events involving small size

differences in transcripts (as few as 2–3 nt). We analyzed 256 differ-

ent genes containing AS events which were either published, an-

notated in TAIR, or found in AS databases (Supplemental Table S3).

Applying the HR RT-PCR panel primers to our assembled transcripts,

we extracted the sizes of expected RT-PCR products for each of the

genes on the panel and compared them to actual products detected

on the panel and to predicted products from TAIR9-annotated AS

transcripts. Of the 586 products predicted from the RNA-seq as-

sembled transcripts, 92% were supported by at least one of these two

resources (Fig. 4B; Supplemental Table S4). Furthermore, 136 (23.2%)

of the predicted products are not described in the TAIR9 database but

were confirmed by products on the HR RT-PCR panel (Fig. 4B; Sup-

plemental Table S4), again illustrating that many AS events are not

annotated. As expected, the HR RT-PCR panel detected the highest

number of AS events. This is due, first, to its sensitivity and second, to

the different samples and conditions employed. Nevertheless, 33

transcripts of low abundance (relative transcript abundance of <2%)

in the HR RT-PCR panel were also indentified by RNA-seq. Moreover,

RNA-seq identified a number of AS events which had not been

scored on the HR RT-PCR panel previously because they represented

very small peaks but were now confirmed by manual inspection.

Additionally, some RT-PCR products were subjected to Sanger se-

quencing, and a total of 124 sequences supported the assemblies in

our RNA-seq experiment. Altogether, the results highlight the val-

idity of RNA-seq to detect novel AS events and demonstrate that AS is

much more extensive in Arabidopsis than previously thought.

Low abundance of many intron retention events

Examination of the putative assembled transcripts showed that the

predominant type of AS event is intron retention, with ;40% of

the total events (Fig. 4A; Supplemental Fig. S7; and see above). We

analyzed the characteristics of retained introns identified by RNA-

seq and transcript assembly. We compared the size of retained in-

trons (IR) to the sizes of introns with no evidence of retention or

any other types of AS (constitutive intron - IC) and to alternatively

spliced introns with no evidence of intron retention (IA-IR). We

found that retained introns were significantly smaller than non-

retained introns which were involved in other types of AS (IR vs.

IA-IR, mean 161.39 bp vs. 548.86 bp, P-value < 0.00001) (Fig. 5A).

On the other hand, there was no significant difference in the size

distribution of retained introns compared to constitutive introns

(IR vs. IC, P-value = 0.5) (Fig. 5A). Therefore, intron size cannot be

used as a parameter to distinguish retained introns. Nevertheless,

we found that retained introns had a higher GC content (P-value <

0.00001) (Fig. 5B) and weaker splice signals (P-value < 0.00001)

(Fig. 5C) than constitutive introns, which might contribute to

lower splicing efficiency and, therefore, a higher probability of

intron retention.

We obtained an indication of the degree to which an intron is

retained by calculating the median number of reads along the

retained intron divided by the number of reads supporting the

splice junction in question (see Methods). This value, the intron

retention ratio (IRR), reflects to some extent the preference of an

intron to be retained. Nearly 73% of the retained introns had an

IRR of <1 and around 48% had an IRR of <0.2 (Fig. 5D), suggesting

that these introns have a lower read coverage. Deeper analysis of

the intron retention events showed that the preference for re-

moving an intron (low IRR) correlated to some extent with

stronger splice sites in comparison with introns that have higher

IRR (R2 =�0.36, P-value = 2.7 3 10�269). For example, introns with

an IRR < 4 have stronger splicing signals (P < 0.05) (Fig. 5E).

We, therefore, analyzed the abundance of intron retention

events on the HR RT-PCR panel. Primers were designed to amplify

across at least two introns, including the intron(s) which had been

described in different plant databases as retained. Of 51 intron

retention events from 45 genes, 33 were detected by RT-PCR and

were supported by RNA-seq. Nine of the IR products were not de-

Figure 4. Alternative splicing events and validation of assembled transcripts. (A) Top 10 most frequent types of AS in the predicted transcripts according
to ASTALAVISTA. The first column illustrates the intron-exon structure of the AS event, followed by its description, the raw number of events found in the
sample, and their frequency. (IR) Intron retention, (Alt 59ss) alternative 59 splice site, (Alt 39ss) alternative 39 splice site, (ES) exon skipping. (B) Venn
diagram of the number of fragments obtained in the HR RT-PCR panel, putative assembled transcripts of RNA-seq, and TAIR9-annotated transcripts
according to primer pairs of the HR RT-PCR panel (see text and Methods).
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tectable on the HR RT-PCR panel, and eight of these were not

detected by RNA-seq (Supplemental Table S5). For a further nine IR

events, the IR products were barely detectable on the HR RT-PCR

panel (<1% of the total transcripts from the gene) and had low

coverage of RNA-seq reads (Supplemental Table S5; see also Sup-

plemental Fig. S9). Thus, there is good agreement between the read

coverage and detection by RNA-seq and the relative abundance of

intron retention transcripts detected experimentally by the HR RT-

PCR panel. Based on the lack of detection or very low abundance of

some IR events which appear in plant databases, it is most likely

that many are derived from ESTs representing partially spliced

mRNAs or DNA artifacts.

Identification of an abundant class of cryptic introns

We examined the distribution of the retained introns along the

transcripts to see whether they distribute differently in comparison

to all the introns (Fig. 2A). We obtained a significant enrichment of

retained introns in the 59 and 39 UTRs of genes (twofold and 3.4-

fold, respectively, x2 test, x2 = 1176, P-value = 2.54 3 10�253)

(Supplemental Table S6), suggesting that intron retention is se-

lected against in the coding regions. This observation appeared

to contradict the finding that 1838 introns were preferentially

retained in our sample (IRR > 1), and many had very high IRR

scores (Fig. 5D). More detailed analysis of these introns with IRR > 1

showed that 66.86% (1227) were inside annotated exons. In ad-

dition, introns with an IRR > 3 had higher GC content than introns

with lower IRRs (P-value < 0.05) (Fig. 5F) and, in general, retained

introns are more GC rich than nonretained introns (P-value

< 0.0001) (Fig. 5B; Supplemental Fig. S8). The position of these

retained introns within annotated exons and the higher GC con-

tent suggests that they are exonlike. This is also supported by an

analysis of the protein coding capacity of these retained intron

sequences. First, they contribute significantly to known protein

domains compared to nonretained introns or retained introns

from UTRs (Supplemental Tables S7, S8), and second, the retained

introns have a significantly lower proportion of stop codons than

expected from their nucleotide frequency (x2 test, x2 = 1313.7,

P-value = 1.19 3 10�287). In particular, retained introns with an

IRR > 4 have fewer stop codons (P-value < 0.05) (Fig. 5G). Addi-

tionally, the codon usage of retained introns with an IRR > 3 is

more similar to the codon usage of exons than from nonretained

introns (Supplemental Table S9; see Methods).

The exonic features in these retained introns suggest that they

represent cryptic introns rather than retained introns. In the fol-

lowing analysis, we define a cryptic intron as an intron with both

splice sites inside an annotated coding exon. To validate the re-

moval of such exonic regions identified by RNA-seq, we selected 10

cryptic introns with different IRRs and tested them by RT-PCR. We

used cDNA from our initial RNA preparations to exclude any

possibility that our results are the consequence of the library

preparation or computational analysis. Primer pairs were designed

across more than one exon to distinguish any DNA contamination

or unprocessed products. From the 10 genes tested, nine showed

Figure 5. Features of retained introns. (A) Size distribution of different
intron classes. [I(All)] All introns in our sample, (IC) the constitutive in-
trons, (IC+IA�IR) and (IA�IR) the categories without retained introns ei-
ther including or excluding constitutive introns, respectively, (IR+IA)
retained introns that are also involved in other AS events, (IR) introns that
are only retained. (B) GC content distribution of constitutive introns (IC)
and retained introns (IR). (C ) Splice site score distribution of constitutive
introns (IC) and retained introns (IR). (D) Histogram of number of introns
in each intron retention ratio (IRR) category. (E ) Boxplots of splice site
score distribution by IRR category. (F) Boxplots of GC content distribution
by IRR category. (G) Boxplots of stop codons distribution by IRR category.
For the splice site score distributions in C and E, the means of 59 and 39

splice sites scores (calculated according to Sheth et al. 2006) were used.
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an RT-PCR product that corresponded to cryptic intron splicing

(Supplemental Fig. S10; Supplemental Table S10).

In total, we have identified 1289 cryptic introns in annotated

coding exons (14.1% of all retained introns). Almost half of these

cryptic introns (602) are spliced out in frame, thus having a po-

tential of removing amino acid stretches within a full-length pro-

tein and generating a new protein isoform.

Alternative splicing of AFC2 Clk/STY (LAMMER-type) kinase

To demonstrate the utility of our RNA-seq data, we have in-

vestigated the AS of the AFC2 gene. AFC2 belongs to Clk/STY

(LAMMER-type) protein kinases involved in regulation of con-

stitutive and AS in plants and animals through phosphorylation

and interaction with serine/arginine-rich (SR) proteins (Colwill

et al. 1996a,b; Duncan et al. 1997; Golovkin and Reddy 1999;

Savaldi-Goldstein et al. 2000, 2003). Extensive regulation of Clk/

STY kinase genes by usage of alternative promoters and/or AS

has been shown in animals (Duncan et al. 1995, 1997; Kpebe and

Rabinow 2008), but little is known about regulation of these

genes in plants except that two splice variants of AFC2 have been

reported in TAIR.

Our RNA-seq data detected the two splice variants annotated

in TAIR and a total of 10 new putative assembled transcripts with

an RPKM (reads per kilobase of exon model per million mapped

reads) value $ 1 for AFC2 (Fig. 6A). By comparison to the TAIR

reference model (AT4G24740.1), the PATs showed retention of

introns 1, 2, 4, 5, 4 + 5, 6, 9, and 10, skipping of exons 2, 3, and 5 +

6, and the use of an alternative 59 splice site in exon 2 and an al-

ternative 39 splice site in exon 4. We have validated experimentally

the majority of the novel AS events and assembly of the PATs by the

HR RT-PCR panel and Sanger sequencing of the RT-PCR products

using two primer pairs designed to exons 1 and 4 (primer pair 227)

and to exons 4 and 7 (primer pair 226) (Supplemental Table S4).

Products corresponding to skipping of exon 3 (PAT3, 278 bp), re-

tention of intron 1 (PAT1, 960 bp, product size is outside the range

of HR RT-PCR), and retention of intron 5 (PAT9) were not observed.

Retention of intron 4 (PAT10, 460 bp) or intron 6 (PAT8, 418 bp)

products are barely detectable by the HR RT-PCR panel (Fig. 6A,B,

upper panel), in agreement with RPKM values of the intron reten-

tion events (PAT7-10) being much lower than for the two skipped

exons 5 and 6 (PAT4-6) or fully spliced PATs (data not shown).

To examine the consequences of the AS events in AFC2, we

have predicted the putative proteins, taking into consideration

alternative transcription start sites (TSSs) and two possible trans-

lation initiation sites (TISs) reported in TAIR9 (Fig. 6A). The full-

length protein of 427 amino acids containing the N-terminal

noncatalytic domain followed by the catalytic kinase domain is

encoded by AT424740.1. Translation of other PATs results in either

N-terminally or C-terminally truncated proteins which lack either

the putative nuclear localization signal encoded by the first exon

or the highly conserved LAMMER motif, respectively (Fig. 6A).

Interestingly, protein alignment shows that the alternatively

spliced exon 2 of AFC2 corresponds to exon B which undergoes

skipping in mammalian orthologs (Duncan et al. 1995; data not

shown). It remains to be seen whether AFC2 putative protein iso-

forms are, indeed, produced and what are the functional conse-

quences of these variations.

The majority of the AS events in AFC2 generate premature

termination codons (PTCs) which are followed by downstream

splice junctions (Fig. 6A) and may, therefore, be turned over by

nonsense-mediated decay (NMD). We have analyzed the abun-

dance of these PTC+ transcripts in upf1-5 and upf3-1 mutants that

are impaired in the NMD pathway using the HR RT-PCR panel. The

transcripts with skipped exons 5 and 6 showed a significant in-

crease in the NMD mutants compared to the wild-type control, in

contrast to PTC+ PATs with intron retention events (Fig. 6B). These

results are in agreement with our recent data showing that intron

retention containing transcripts are not targeted to the NMD

pathway (Kalyna et al. 2011). Interestingly, intron retention tran-

scripts have also been identified for the orthologous murine Sty

gene and were shown to be retained in the nucleus (Duncan et al.

1995) and therefore possibly avoid NMD. This example shows that

identification of previously unknown AS transcripts of AFC2 by

our RNA-seq experiment can provide insight into the regulation of

this important gene and establish the basis for future experimental

validation.

Discussion
Our RNA-seq analysis provides the most comprehensive infor-

mation on alternatively spliced transcripts in Arabidopsis to date

and will be of great value in addressing regulation of expression

and gene/protein function. We have performed a genome-wide

investigation of alternative splicing in Arabidopsis by RNA-seq and

have demonstrated that over 61% of intron-containing genes are

alternatively spliced. The significantly increased occurrence of AS

found in this study is due to the use of a normalized cDNA library

combined with 75-nt paired-end sequencing reads. The normali-

zation process led to enhanced gene representation due to a sig-

nificant reduction of read coverage of highly expressed genes, and

the longer reads improved splice junction detection (Supplemental

Tables S1, S2). The analysis detected almost 150,000 splice junc-

tions, of which 31% were novel. The majority of these splice junc-

tions define introns with features of typical plant introns, providing

confidence in the splice junctions identified. The high proportion

of splice junctions predicting high confidence introns reflects the

filtering parameters based on experimental evidence that we have

used in this study. In addition, we identified about eight times

more (2069) U12 introns than previously found (165 and 246, Zhu

and Brendel 2003, and Alioto 2007, respectively). This compre-

hensive set of U12 introns will stimulate research of the signifi-

cance and evolution of minor spliceosomal introns.

Estimates of the number of genes showing AS were derived in

two ways. First, the analysis based on overlapping introns which

did not take intron retention events into account showed that

around 52% of intron-containing genes were alternatively spliced.

Second, putative transcripts were assembled from exons (defined

by reads) and the splice junctions that were filtered on the basis

of read coverage. This approach now including intron retention

events indicates that 61.2% of intron-containing genes undergo

AS. Although this number is significantly higher than previously

reported, we expect that it still represents an underestimate be-

cause we used only flower and seedling material grown under

normal conditions. Therefore, we have probably not captured AS

events specific for other organs, developmental stages, and envi-

ronmental conditions (abiotic and biotic stresses). Indeed, recent

RNA-seq analysis showed that many AS events are stress-associated

(Filichkin et al. 2010).

Assembly of transcripts from short sequencing reads remains

a computational challenge. It is, therefore, essential to obtain an

experimental support for an assembly procedure. We have taken

advantage of a high-resolution alternative splicing RT-PCR panel

to validate a large set of AS events and transcripts. This method
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(and Sanger sequencing, when necessary) achieved an excellent

level of validation, as we obtained experimental support for 535

of 586 transcripts predicted by RNA-seq for the regions covered

on the HR RT-PCR panel. On the other hand, a considerable

number of the HR RT-PCR panel transcripts were not identified in

this RNA-seq sample (Fig. 4B). This is most probably due to the

AS information on the HR RT-PCR panel being derived from a pool

of different plant material and growth conditions. In addition, some

of the AS transcripts unique to the HR RT-PCR panel were, in fact,

explained by RNA-seq splice junctions which were lost due to

stringent filtering parameters used in the assembly process. The

additional transcripts on the HR RT-PCR panel also suggest that our

estimate of the occurrence of AS is quite conservative.

Our transcript assemblies allowed us to identify the frequency

of different types of AS events. In particular, we observed a com-

plex alternative splicing landscape where multiple splicing events

occurred within the same transcript, raising the possibility that

these events are either independent or coordinated. In our analy-

sis, intron retention was the most prominent event, and we con-

ducted a genome-wide analysis of the features of retained introns

from our RNA-seq data. In contrast to what was observed in ani-

mals (Stamm et al. 2000; Galante et al. 2004; Sugnet et al. 2004;

Figure 6. Alternative splicing in the AFC2 gene. (A) The black arrow represents the chromosome location of AFC2 and its orientation indicates the
direction of transcription. (Diamonds) Two transcription start sites (TSS) reported by TAIR. (Black) TAIR models for the AFC2 gene; (gray) new putative
assembled transcripts (PATs). The triangles located over the TAIR transcripts and PATs indicate the start codons, while the asterisks or double daggers
represent the stop codons. For PAT1 and PAT2, two putative start codons (full and empty triangles) and two putative stop codons (asterisk and double
dagger) are depicted. Protein isoforms predicted using the shown start and stop codons are illustrated at the end of each splice variant followed by their
sizes in amino acids. (Black) Noncatalytic domain; (gray) kinase catalytic domain. (Star) Location of the LAMMER motif. (Arrows) The primer pair 226
designed for the HR RT-PCR panel. The amplified region is highlighted by a box (region A). The AS events in the region A are shown after each transcript,
and the number in parentheses denotes the size of the amplified product in nucleotides. Abbreviations for AS events: (FS) fully spliced, (IRn) intron
retention where ‘‘n’’ is the number of the intron, (ESn) exon skipping of exon number ‘‘n.’’ (B) Electropherograms of RT-PCR products for the primer pair
indicated in A for wild type and upf mutants generated by GeneMapper. Numbers on the x-axis represent the size markers in bp; numbers on the y-axis
represent relative fluorescence, reflecting transcript abundance. The AS event associated with each product is shown in the respective peak. (Ovals) The
peaks which increase in abundance in the upf1-5 and upf3-1 mutants.
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Zheng et al. 2005; Sakabe and de Souza 2007) and suggested for

plant introns (Wang and Brendel 2006), we did not detect a corre-

lation between the retention of an intron and its size. Therefore, in

Arabidopsis, intron size cannot be used to predict whether an in-

tron will be retained or not. However, introns alternatively spliced

by other mechanisms than intron retention were considerably

larger than the average intron size.

To further analyze intron retention, we developed an ap-

proach to indicate the potential for introns to be retained (the

intron retention ratio). The use of IRR allowed us to detect many

introns which have a high level of retention and a high GC con-

tent. Further examination led to the identification of a set of in-

trons (1289) located within annotated coding exons which we

define as cryptic introns. Interestingly, 602 of these cryptic introns

are excised in frame and, therefore, would generate protein iso-

forms by removing a stretch of amino acids within a protein. We

also identified a set of introns with low IRRs, many of which had

low read coverage. By analyzing all of the intron retention events

contained on the HR RT-PCR panel, we showed that ;20% were

not detectable by RT-PCR or RNA-seq and a further 20% were

barely detectable on the panel but were supported by RNA-seq at

low read coverage. These low abundance IR events which are an-

notated in databases potentially could represent incompletely

spliced mRNAs or DNA artifacts in cDNA/EST preparation. The

impact of intron retention on alternative splicing in Arabidopsis in

general is illustrated by the fact that, although IRs represent 40% of

AS events, only 23.6% of the assembled transcripts contain one or

more retained introns. Indeed, if these transcripts are discounted,

51.3% of intron-containing genes have an alternative transcript

which does not include intron retention. This agrees well with our

estimate based on overlapping introns from our set of predicted

splice junctions (51.8%). Therefore, while intron retention is still

the most abundant AS event in plants (;40%), the significance of

intron retention for alternative splicing in plants is obviously

much less than has been thought previously.

Alternative splicing has recently caught the attention of

many plant researchers, as many developmental processes and

response to environmental cues have been shown to be controlled

by AS (for review, see Ali and Reddy 2008; Terzi and Simpson 2008;

Petrillo et al. 2011). An essential level of regulation of pre-mRNA

splicing is achieved through phosphorylation of SR proteins (Cao

et al. 1997). To illustrate the potential application of our RNA-seq

data, we have examined the AS of AFC2, coding for a highly con-

served Clk/STY (LAMMER-type) kinase, involved in modulation of

pre-mRNA splicing through the phosphorylation and interaction

with the SR proteins and other splicing factors (Golovkin and

Reddy 1999; Savaldi-Goldstein et al. 2000, 2003). In animal sys-

tems, alternative transcripts of Clk kinases generated through exon

skipping contain PTCs (Duncan et al. 1995, 1997) and are probably

degraded by NMD (Hillman et al. 2004). We have demonstrated

that AS coupled to NMD plays an important role in the regulation

of AFC2 which, in turn, modulates splicing factors like SR proteins,

suggesting a regulatory loop that results in a fine-tuned regulation

of AS. Importantly, NMD affects levels of AFC2 PTC+ transcripts

generated through exon skipping; however, no effect was observed

on PTC+ splice variants generated by intron retention. This ob-

servation is in agreement with our previous findings showing that,

although many intron retention transcripts possess NMD features

(such as PTCs followed by downstream splice junctions), they are

not sensitive to NMD (Kalyna et al. 2011). Therefore, a PTC created

by AS is not necessarily a signature to trigger NMD. Furthermore,

AS events causing NMD might occur elsewhere in a transcript,

making it necessary to study AS linked to NMD at the level of full-

length transcripts in order to predict their fates. This will be greatly

aided by the advent of high-throughput sequencing technologies

providing longer reads.

In summary, we provide a high confidence set of AS events in

Arabidopsis on a genome-wide level and, therefore, offer a valuable

resource in understanding gene regulation. The question remains

to what extent the extensive AS described here contributes to

regulation of expression and proteome diversity in plants. Our data

will be extremely valuable in addressing these aspects of the bi-

ological functions of AS. In addition, combining analyses of eco-

type genetic variation and AS profiles would add tremendously in

dissecting phenotypic features and mechanisms underlying the

plasticity of plant development and stress response.

Methods

cDNA library preparation and high-throughput sequencing
Total RNA was extracted using RNeasy Mini Kit (Qiagen) from wild-
type Arabidopsis thaliana (Col-0) flowers of different stages and
10-d-old seedlings grown at 22°C, 60% humidity, light intensity of
150 mmol m�2 s�1, and 16-h light/8-h dark cycle. Total RNA sam-
ples from seedlings and flowers were mixed in a 1:1 ratio for the
synthesis of the cDNA library. A full-length oligo-dT cDNA library
was constructed using a Mint-Universal Kit (Evrogen), followed by
cDNA library normalization using a Trimmer-direct Kit (Evrogen).
The resulting library was fractionated using a Covaris sonicator
(cycle 15%, intensity 6.0, cycles burst: 250), and fragments in a size
range of 200–800 nt were purified using a QIAquick Gel Extraction
Kit (Qiagen). Selected products were amplified by 18 PCR cycles.
For high-throughput sequencing, the library was prepared according
to the manufacturer’s instructions and submitted to five lanes of
75-nt paired-end sequencing using the Illumina GA system.

Read alignment to the reference A. thaliana genome

A total of 115,883,414 paired-end reads were obtained from five
lanes of Illumina sequencing. Read mapping to the Arabidopsis ref-
erence genome TAIR9 (The Arabidopsis Genome Initiative 2000),
and splice junction detection was done using TopHat (Trapnell et al.
2009) with a maximum of two mismatches. Minimum and maxi-
mum intron lengths were fixed at 60 and 6000 nt, respectively. The
rest of the parameters were left as default. A Pearson correlation
coefficient between the sequencing lanes was calculated using the
coverage values obtained by TopHat (Trapnell et al. 2009). As a good
correlation between the replicates was obtained (R2 > 0.98), the pool
of sequences from the five lanes was used in further analyses.

To examine the influence of read-length and normalization
on the read mapping, we used publicly available Arabidopsis Illu-
mina data of 36-nt read length (Filichkin et al. 2010). Two libraries
were analyzed: an oligo-dT cDNA library from 3-wk-old wild-type
plants and one random primed (RP) cDNA library from 12-
d-old seedlings (SRA files: SRX006704, SRX006692, SRX006192,
SRX006191). To generate 36-nt reads for our data, we extracted the
first 36 nt from the 75-nt original reads using homemade Perl
scripts. For the single-end reads sets, we used only the left-side reads
coming from the original pair-end set. All the sets were aligned with
TopHat using the same intron size parameters as described above.

Read coverage along transcription units was obtained using
annotated gene models in TAIR 9 (The Arabidopsis Genome Ini-
tiative 2000). If more than two gene models were annotated for
a particular gene, then we chose the longest model as a represen-
tative of the gene. The start and the end of each transcription unit
were normalized from 1% to 100%, respectively.
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Splice junction detection

We used TopHat software (Trapnell et al. 2009) to predict splice
junctions. To diminish the number of potential false positives, we
performed a prediction of splice junctions without mismatches in
addition to the original alignment of two mismatches (Supple-
mental Fig. S1). The above approach allowed us to discard splice
junctions that are predicted by erroneous alignment, especially in
regions where several dinucleotides resembling splice sites are
found in tandem. We have filtered out those splice junctions that
were not predicted in the alignment of no mismatches and that are
in proximity with another better supported junction by <10 nt.
The remaining splice junctions were used for further analysis if
they were supported by at least three alignments in the original list
(alignment with two mismatches).

We have defined as genic splice junctions those junctions that
are inside the coordinates of annotated genes in TAIR9 and have
the same strand as the gene in question. Those splice junctions
that are inside gene coordinates but are in the opposite strand were
named antisense. Finally, those junctions that are not inside any
gene coordinates were called intergenic.

For the genic splice junctions, we took those coming from
protein-coding genes and have examined whether the predicted
splice junctions are inside the coding sequence, 59 UTR or 39 UTR.
If one extreme of the junction was in the coding sequence and the
other in the UTR, they were classified as 59UTR-CDS or CDS-39UTR.

To determine the signatures of U2 or U12 introns, we used 10
intronic and three exonic bases for the 59 splice site and 14 intronic
bases and three exonic bases for the 39 splice site. We have evalu-
ated the splice sites using the procedure and PWMs described by
Sheth et al. (2006). A strong signal of U2 or U12 intron was con-
sidered if the splice site in question (59 or 39) score was $65 in the
respective PWM. For the U12 branch point, a PWM was built using
the branch point sequences deposited in the U12 database (Alioto
2007). The procedure of building the PWM was the same as in
Sheth et al. (2006). To identify the branch point, we scanned the
first 30 bases upstream of the 39 splice site and evaluated this
stretch of sequence with the U12 PWMs. The higher score was
retained, and, if this score was $65, then it was considered to be
a strong signal for a U12 branch point. To define U2 branch points,
we have looked for the motif YURAY in the stretch of 30 nt. As U12
introns have more highly conserved 59 splice site and branch point
sequences than U2 introns, they were classified as U12 when they
possessed both 59 splice site and branch point with scores $ 65 in
the respective U12 PWMs. An intron was considered as U2 if it had
a good U2 signal in the 59 splice site (score $ 65 in the respective U2
PWMs) and a good signature in the 39 splice site (score $ 65 in the
respective U2 PWMs) or the YURAY U2 branch point.

Gene ontology classification of the genes containing U12
introns was done using Classification SuperViewer Tool (Provart
and Zhu 2003) available at: http://bar.utoronto.ca/ntools/cgi-bin/
ntools_classification_superviewer.cgi.

Assembly of putative transcripts

To build the possible set of transcripts that can be explained by our
reads, we first started by defining exons inside the longest tran-
scription unit for each annotated gene in TAIR9. A putative exon
was defined as a continuous stretch of at least four reads of cov-
erage inside the transcription unit. If the gene in question had
predicted junctions in the set of filtered junctions (score $ 3)
(Table 1), then we used these junctions to connect the putative
exons. All the possible combinations of exons that can be con-
nected through the predicted junctions were built for each gene.
The final set of transcripts was evaluated using Cufflinks v0.9.3.
Those transcripts that passed the expression filter used by Cuf-

flinks default settings (transcripts with <15% of expression level
according to the highest expressed transcript in each gene are
discarded) were used for the further analyses. To estimate how
the above method is able to retrieve known transcripts, we have
compared our set of transcripts with those annotated transcripts in
TAIR9. If one putative transcript has the same combination of in-
trons as in an annotated transcript and it covers at least 80% of its
length contiguously, then it was considered that a known tran-
script was obtained for that particular gene.

To quantify the types of AS events in our final set of predicted
transcripts, we have used ASTALAVISTA software (Foissac and
Sammeth 2007).

Validation of putative assembled transcripts using the HR
RT-PCR panel

For corroboration of our putative assembled transcripts, we have
used the HR RT-PCR Alternative Splicing Panel (Simpson et al.
2008a,b). The 273 primer pairs were designed to cover AS events
previously reported in 256 genes. The primer sequences used in the
analyses can be found in Supplemental Table S3. We extracted the
sequences defined by each pair of primers using our PATs and
transcripts annotated in TAIR9 database. For each sequence, we
have calculated its size. Fragments between 100 and 650 nt were
used for comparison due to the size marker used in HR-RT PCR
panel. A PAT fragment was considered to match between the two
resources if their fragment sizes are exactly the same or have
a similar size with a deviation of no more than 4 nt. Additionally,
Sanger sequences obtained from fragments of the HR RT-PCR panel
have been used to corroborate some of the putative transcripts
obtained in this study.

Intron retention analysis

The intron retention events were obtained from our set of PATs.
Thus, the retained introns in our analyses are completely covered
by RNA-seq reads and have passed the expression filtering by
Cufflinks. The intron retention ratio was calculated using the
median of reads that aligned inside the intron divided by the
number of reads supporting the splice junction. The median was
used as the parameter of intron coverage because reads along the
introns are not uniformly distributed and this measure is less
sensitive to extreme values. Additionally, we have calculated the
IRR by counting the reads containing the splice site and adjacent
sequence of the retained intron divided by the reads supporting
the splice junction. Both methods of IRR calculation gave a
Pearson correlation of ;0.9 (data not shown). The further analyses
were performed using the first method (median of reads along the
intron). The differences between groups of intron features (intron
size, GC content, splice site score, and number of stop codons)
were evaluated using Mann-Whitney-Wilcoxon tests in groups of
introns with the same sample size (Fig. 5).

We analyzed the coding potential of retained introns, which
are located inside annotated coding sequences. Translation was
performed using the frame of the 59 neighboring exon annotated
in TAIR. For those introns that are inside annotated exons, we have
used the frame of the exon in which they are contained. As
a negative control, we have used the same number of randomly
selected introns inside coding sequences that have no evidence of
retention in our sample, and the frame for their translation was
obtained as for the retained introns. Furthermore, introns inside
UTRs translated in the three frames were also used as a negative
control. The resulting translated sequences (exon+intron+exon)
were used to search Pfam protein domains employing hidden
Markov models (HMMs) with HMMER (Pfam HMM database
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release 25.0). Hits were only regarded as significant if they had an
E-value # 0.01. An intron was considered to be part of a protein
domain if it contributes at least to 20% of the total domain.

The expected frequency of stop codons in introns was calcu-
lated by f(T) 3 f(A) 3 f(A) + f(T) 3 f(G) 3 f(A) + f(T) 3 f(A) 3 f(G),
where f(A) represents the frequency of the nucleotide A. We
obtained the codon usage of the exons and introns as described by
Galante et al. (2004). We performed 100 pairwise comparisons
between random distributions of 435,283 codons present in the
retained introns along the 61 possible codons to obtain the average
x2 and the standard deviations (Supplemental Table S6).

For testing of the cryptic introns by RT-PCR, we designed
primer pairs for 10 randomly selected introns with an IRR > 1
(Supplemental Table S10). The cDNA employed for the experiment
was synthesized from a 1:1 mix of total RNA from wild-type flowers
and 10-d-old seedlings using the Reverse Transcription System kit
(Promega). PCR was performed under the following conditions:
denaturation 98°C for 3 min, followed by 30 cycles of denaturation
98°C for 10 sec, annealing 58°C for 10 sec, and extension 72°C for
30 sec, and final extension at 72°C for 5 min. The amplified
products were visualized in a 2% agarose gel stained with ethidium
bromide (Supplemental Fig. S8).

Data access
Illumina short read sequences generated in this study have been
submitted to the NCBI Sequence Read Archive (SRA) (http://
trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi) under accession num-
ber SRA047499. Splice junctions, U12 introns, and putative as-
sembled transcripts are available in the Supplemental Material.
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Abstract 

Alternative splicing is a key mechanism for increasing transcriptome and proteome 

diversity. Here, we identify exitron splicing as a novel type of alternative splicing 

event in plants and humans. Exitrons (exonic introns) are internal regions of coding 

exons that can be removed by the spliceosome. Intriguingly, intronless genes can be 

also alternatively spliced via exitron usage, providing the first evidence of splicing in 

these genes. We show that exitron splicing is regulated in a tissue-specific manner, in 

response to stress and by splicing factors. Exitron-encoded sequences contain protein 

domains interacting with different molecules and are enriched in disordered regions 

and post-translational modifications; consequently their splicing impacts proteome 

dynamics and remodelling. We propose a “splicing memory” mechanism for the 

origin of exitrons whereby exitrons are derived from ancestral coding exons through a 

history of intron loss and maintenance of vestigial splicing regulatory elements that 

drives exitron evolution. 
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In the majority of eukaryotic genes, the protein coding information of exons is 

interrupted by introns 1. Intron removal by the spliceosome relies mainly on the core 

splicing signals present in every intron: 5’ and 3’ splice sites (SS) and branch point 2. 

However, in Arabidopsis and human these signals represent only part of the 

information required to define introns 3. Splicing regulatory elements contribute 

significantly to the recognition of the core splicing signals. Splicing factors (SFs) 

bound to such elements can affect SS selection resulting in alternatively spliced (AS) 

transcripts. About 95% and 60% of human and Arabidopsis genes are alternatively 

spliced, respectively 4-6. The main types of AS events are alternative 5’ and 3’ SS 

usage, exon skipping (ES) and intron retention (IR).  

Features of exitrons, new players in AS 

In a genome-wide analysis of AS in Arabidopsis thaliana, we previously identified a 

class of AS events, which we referred to as cryptic introns 6. These introns constitute 

internal parts of the protein coding exons, do not contain stop codons, and possess all 

the canonical core splicing signals. Here, we name them exitrons (exonic introns, EI) 

(Fig. 1a). In AS events described to date, AS regions are either flanked by intron(s) 

(ES, usage of alternative 5’ or 3’ SS) or are introns themselves (IR). Exitrons are 

exonic sequences and are directly flanked by exonic sequences. Therefore exitron 

splicing (EIS) is the only AS event which does not involve canonical introns and this 

feature sets EIS apart from other types of AS events. Because of its novelty and 

potential to affect protein diversity we decided to investigate this novel class of AS 

events. For this purpose, we have defined a high confidence set of 1002 exitrons (Fig. 

1b, Supplementary Table 1) by applying more stringent criteria to our RNA-seq data6. 

As exitrons constitute internal regions of exons, they are expected to not only have 

features of both exons and introns but also to be distinguishable from both of them. 
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We observed that exitrons are overall longer and have considerably higher GC 

content than both constitutive and retained introns (Fig. 1c and 1d). The sizes of 

exitrons are more comparable to the sizes of constitutive exons and exons of the 

exitron-containing genes than to the sizes of introns (Fig. 1e compare to Fig. 1c). 

Interestingly, exons that contain exitrons (EI exons) tend to be significantly longer 

than other groups of exons (Fig. 1e). Exitrons have GC content significantly lower 

than constitutive exons and, notably, than other exons in exitron-containing genes and 

EI exons (Fig. 1f) indicating that this is a specific feature of exitrons and not a general 

property of exitron-containing genes or EI exons. These features clearly distinguish 

exitrons from both constitutive exons and introns, and, more importantly, from IRs.  

In Arabidopsis, 1002 exitrons are embedded within coding exons of 892 genes (Fig. 

1b, Supplementary Table 1). Intriguingly, 18.9% of exitrons are located in 165 

intronless genes (Supplementary Table 1) suggesting EIS as a so far overlooked 

generator of alternative transcript and protein isoforms from intronless genes. We 

have validated exitron-spliced isoforms including those in intronless genes by various 

methods (Extended Data text, Supplementary Table 2, Extended Data Figs. 1-3). 

Almost half of the exitrons have lengths of multiples of three nucleotides (EIx3) and 

thus their splicing results in the removal of an internal protein sequence (Fig. 1a and 

1b). Splicing of other exitrons changes the reading frame, which either generates an 

altered C-terminal sequence of the resultant protein or introduces a premature 

termination codon (PTC) downstream of the splice junction potentially triggering 

nonsense-mediated RNA decay (NMD) (Fig. 1a). Indeed, PTC+ exitron-spliced 

transcripts were elevated in the NMD mutants when compared to wild-type plants 

contrasting EIx3-spliced variants (Extended Data text, Extended Data Fig. 4). 
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Therefore EIS results in proteome diversity and may regulate transcript and protein 

abundance. 

A gene ontology (GO) classification of the EIx3-containing genes (the set that will 

certainly result in protein isoforms) revealed an enrichment of gene categories with 

functions in plant adaptation and development, suggesting an important regulatory 

role for EIS (Fig. 1g). 

AS is regulated in a tissue-specific manner, during development and in response to 

changing environmental conditions 4,5,7. Analysis of randomly chosen EIx3-containing 

genes (Fig. 2a) showed that the ratios of the full-length and exitron-spliced isoforms 

were significantly different in seedlings and flowers and that some exitron-spliced 

isoforms were abundant under normal growth conditions, up to 50% of total 

transcripts (Fig. 2b, Extended Data text, Extended Data Figs. 4a and 4b). This implies 

tissue-specific regulation of EIS and a role for EIS as a regulatory mechanism for 

proteome diversity in different tissues. Changes in EIS are also observed under a 

variety of stresses with methyl jasmonate (involved in plant defence and 

development) and mannitol (osmotic stress) treatments having the broadest effect 

(Fig. 2b, Extended Data text, Extended Data Fig. 4c-e). Differential changes under 

various stresses suggest that regulation of EIS is not the result of a general stress 

response but rather that it might be specific to certain conditions. 

Splicing factors affect exitron splicing 

Serine/arginine-rich (SR) proteins are splicing regulators that influence a variety of 

AS events 8. Our analysis showed that Arabidopsis SR proteins can directly or 

indirectly affect EIS and that their effect is differential (Fig. 2b, Extended Data text, 

Extended Data Figs. 4f and 4g).  
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We further tested the regulation of EIS in the SUPPRESSOR OF ABI (SUA) mutant 

background. SUA is a homolog of the mammalian splicing factor RBM5 

(LUCA15/G15/H37) 9-11 and is responsible for the inhibition of splicing of a cryptic 

intron in the ABSCISIC ACID INSENSITIVE3 (ABI3) gene 9. This cryptic intron is an 

internal part of a coding exon, thus it qualifies as an exitron. We used two mutant 

lines of SUA 9, sua-1 and sua-2, in two A. thaliana ecotypes, Ler-0 and Col-0, 

respectively, to examine the effect of SUA on EIS. Consistent with the role of SUA in 

suppressing EIS in ABI3, we observed an increase of the exitron-spliced isoform ratio 

in the mutants (Fig. 2b, Extended Data Figs. 4h and 4i). Interestingly, we observed 

differential EIS between Arabidopsis ecotypes (Fig. 2b, Extended Data Figs. 4h and 

4i) due to the presence of SNPs affecting either the 5’ SS, or the 3’ SS or the branch 

point (Fig. 2c). Therefore we checked SNP distribution in 82 A. thaliana ecotypes 

(Extended Data text, Supplementary Tables 5-8) and found that genetic variability 

affects core splicing signals of exitrons suggesting that differences in EIS can 

potentially contribute to ecotype diversification.  

Considering the major effect of SUA on EIS, we checked whether exitrons contain 

binding motifs of RBM5 12,13 and found that they are indeed enriched in exitrons (Fig. 

2d). Conversely, a de novo motif search resulted in two motifs very similar to the 

RBM5 motifs tested before (Fig. 2d). Enrichment of RBM5 motifs in exitrons, 

together with the fact that SUA and RBM5 interact with common proteins in plants 

and animals 9-11, suggests that EIS in animals (see below) can be also regulated by 

RBM5. Interestingly, RBM5 regulates ES 10,11 but not IR 14 in human, further 

corroborating the difference between ES and IR and implying similarities between ES 

and EIS events. 

Exitron-spliced isoforms are translated  
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To validate translation of exitron-spliced transcripts, we searched for peptide support 

in proteomic datasets 15,16. We found peptides for EIx3 and non-EIx3 protein isoforms 

in eleven genes (Extended Data text, Supplementary Table 3). In total, EI-protein 

isoforms for 1.8% of all exitron-containing genes are supported by peptides that 

compares well to the peptides supporting 3.4% AS genes in mouse 17. 

We further checked whether the exitron-containing and the exitron-spliced transcripts 

associate with ribosomes. Since exitrons can be misinterpreted as IRs, we examined 

published information 18 on the IR transcripts detected on ribosomes. Four transcripts 

with retained introns within coding regions (AT2G18690, AT2G33340, AT3G13300, 

and AT4G01690) were found to be associated with ribosomes and interpreted to be IR 

transcripts exported from the nucleus 18. However, these transcripts are indeed 

transcripts with unspliced exitrons (Supplementary Table 1) and not bona fide IR 

transcripts. Importantly, the exitron-spliced isoforms of the AT3G13300 and 

AT4G07410 genes were also detected on ribosomes. Peptide support of exitron-

spliced isoforms in proteomic datasets and their association with ribosomes show that 

both the exitron-containing and the exitron-spliced isoforms are exported to the 

cytoplasm and are translated. 

Exitron splicing impacts protein function 

Splicing of EIx3 results in the removal of an internal sequence in a coding exon and 

thus in a shorter protein isoform (Fig. 1a). Analyses of the protein sequences encoded 

by the EIx3s showed that EIS influences protein domains, disordered regions, post-

translational modification (PTM) sites, transmembrane domains and signal peptides. 

(Fig. 3a, Supplementary Tables 9, 11-13) indicating that EIS may impact the 

functional properties of the proteins. Surprisingly, we observed that 36% of exitron 

boundaries coincide with protein domain borders (Supplementary Table 10). Protein 
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domains are under-represented in the EIx3 set (Fig. 3b), suggesting that many exitron-

encoded sequences do not contain structurally defined regions and are disordered. 

Indeed, we found that disordered regions and short linear motifs (SLiMs) that can 

undergo disorder-to-order transitions and are important platforms for protein 

interactions 19,20 are over-represented in the EIx3 set (Fig. 3b). Human tissue-specific 

cassette exons have similar properties, and it has been suggested that these AS events 

might play a role in defining protein interaction networks 21,22. PTMs are crucial 

regulators of protein function affecting their localization, activity or affinity to other 

proteins. Analyses of published, experimentally validated, PTM sets revealed that 

EIx3–encoded sequences carry sites for various PTMs including phosphorylation, 

sumoylation, ubiquitylation, S-nitrosylation, and lysine acetylation (Supplementary 

Table 11). Phosphopeptides are enriched in the sequences encoded by exitrons when 

compared to constitutive and alternative exons (11.2% vs 4.1% and 4.9%, 

respectively; p-value <0.001). Importantly, this is a feature of exitrons themselves 

rather than of the proteins encoded by exitron-containing genes (11.2% vs 5.8% of 

phospho-PTMs are in EIx3s in comparison to other exons of exitron-containing genes, 

respectively; p-value <0.001). Interestingly, our analysis revealed the first examples 

of AS resulting in protein isoforms that can have differential ubiquitylation and 

sumoylation states. Presence of protein domains involved in interaction with target 

molecules (such as kinase, nucleotide-binding, leucine-rich-repeat  and 

pentatricopeptide repeat (PPR) domains, Supplementary Table 9) and enrichment of 

disordered regions and PTMs in exitron-encoded sequences indicate that EIS may 

impact the dynamics and remodelling of the Arabidopsis proteome. 

The impact of EIS on a protein domain is illustrated by the EIx3 in the gene 

AT1G54270, which codes for the eukaryotic translation initiation factor 4A (eIF4A), 

67



 

 

a DEAD-box RNA helicase (Fig. 3c). EIS removes the highly conserved ATP binding 

motif (Walker A or motif I) together with two conserved phosphorylation sites (Fig. 

3c and Extended Data Fig. 4). Unwinding of the substrate by this RNA helicase is 

ATP dependent 23, implying that EIS affects translation initiation process. This 

splicing event is supported by ESTs in A. thaliana, Brassica napus and Raphanus 

raphanistrum (Extended Data Fig. 4, Supplementary Table 2). Moreover, an EST for 

the human eIF4A-1 shows EIS at the same position as in Arabidopsis (Extended Data 

Fig. 4). This high conservation suggests that EIS is important for the function of 

eIF4A and was probably present before the separation of plants and animals. 

Exitron splicing is a general AS event 

The high conservation of EIS in the eIF4A gene prompted us to estimate conservation 

of EIS events between A. thaliana and other plant species. Therefore, we produced a 

confident set of orthologous gene pairs in eight different plant species (for numbers of 

gene pairs see Fig. 5a) and tested it against EST collections. EIS in 63 genes is 

conserved in at least two species (Supplementary Table 14). Finding conserved EIS 

events depends on the level of EST coverage and will be improved with the 

availability of deeper transcriptome data. Conversely, EIS can be species-specific and, 

similarly to cassette exons 24, can provide another potential source for adaptation and 

speciation.  

EIS in human eIF4A demonstrates that these events are not restricted to plants. 

Literature search revealed that IRs in the mammalian-specific genes CCK2R, CD55, 

FMNL1 and TGIF2 qualify as exitrons: they do not contain stop codons, code for 

important parts of the proteins, and their splicing results in changes of protein 

properties (Supplementary Table 15). Moreover, cases of splicing of intraexonic 
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sequences were described in Caenorhabditis elegans, and a hypothesis on their origin 

has been proposed 25 (see below).  

To obtain further evidence of EIS in non-plant species, we analyzed the set of 

annotated IR transcripts in human Ensembl. Out of this set 1022 retained introns (in 

827 genes) qualified as exitrons (Fig. 4a, Supplementary Table 16). EIS in FMNL1 

(Supplementary Table 15) is detected in this analysis, however, not in CCK2R and 

CD55, suggesting that this set is not exhaustive and more exitrons are present in 

human. Almost half of human exitrons are EIx3 (Fig. 4a, Supplementary Table 16). 

GO classification of EIx3-containing genes showed enrichment in genes with 

important functions including DNA replication, immune response and coding for 

components of mediator or calcium channel complexes (Supplementary Table 17). 

Human and Arabidopsis exitrons share similar features, such as higher GC content in 

comparison to retained introns (Fig 4b), similar size distribution (Extended Data Fig. 

6), whereby their sizes are closer to exons than to retained introns (Fig. 4c and 4d). In 

both species, EI exons are considerably longer than other exons (Fig. 4d and Fig 1e). 

Analysis of the proteins sequences encoded by the human EIx3 showed the same (but 

more striking) tendency of under-representation of protein domains and enrichment in 

disordered regions and SLiMs (Fig. 4e-g, Supplementary Table 18), suggesting 

similar functional implications for this type of AS event in both organisms. Similar to 

Arabidopsis, splicing boundaries of about one third of human exitrons coincide with 

borders of protein domains (Supplementary Table 19). Future analyses of human 

exitrons using RNA-Seq data sets will further refine their features and comparison to 

Arabidopsis exitrons. These findings illustrate that EIS is conserved, general type of 

AS event with similar features in plants and human. 
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Evolution of exitron splicing 

Our finding of EIS raises the question of exitron origin. Two scenarios are the most 

likely generators of exitrons. The first is that an exitron is an ancient intron, which 

acquired its coding potential through substitutions while maintaining the original 

splicing signals. The opposite scenario is that an exitron is the product of an ancestral 

coding sequence that acquired the capacity to be spliced out. In the latter case, 

although substitutions would occur to generate splicing signals, exitron would be 

under selection pressure to prevent substitutions that disrupt its coding capacity. If an 

exitron is a retained intron which acquired coding capacity, then it would be a 

canonical, non-coding intron in orthologous genes. Alternatively, it would correspond 

to a coding region. We show that almost all Arabidopsis exitrons align to exonic 

coding sequences in other species (Fig. 5a, Supplementary Table 20). Up to 3% of 

exitrons align to introns that are not protein-coding. They may have lost their coding 

capacity in the modern species or they may represent evidence for the first scenario. 

The origin of exitrons from exonic coding sequences is further corroborated by a 

prevalence of substitutions at the third positions of codons as revealed by analyses of 

the exitron regions in 82 Arabidopsis ecotypes (Extended Data text) and of exitrons 

that reside in genes with paralogous copies (Extended Data Fig. 7). This contrasts the 

pattern usually found in intronic sequences. Importantly, substitutions in exitrons, 

when compared to paralogues, increase splice site scores and lower the GC content 

(Supplementary Table 21). Altogether, these results show that exitrons originate from 

ancestral exonic coding sequences that have acquired the capacity of being spliced 

out.  

We next asked how EIS has evolved. Several observations led us to think that intron 

loss could play a role during evolution of EIS. Firstly, Arabidopsis and human exitron 
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SS boundaries often coincide with protein domain borders (Supplementary Tables 10 

and 19) reminiscent of the strong correlation observed between the borders of exons 

and protein domains26. Secondly, EI exons are longer than other exons (Fig. 1e and 

4e). Thirdly, 18.9% Arabidopsis exitrons reside in annotated intronless genes, 

including 29 PPR genes (Supplementary Table 1). PPR genes rarely contain introns in 

flowering plants, but are intron-rich in moss (primitive plant) providing evidence that 

retroposition and intron loss are responsible for their evolution 27. Therefore we 

examined the structures of paralogues and orthologues of exitron-containing genes in 

different plant species. Indeed, introns are present in the regions homologous to 

exitrons (Supplementary Tables 22 and 23), some located closely or exactly at one or 

both of the exitron borders (Supplementary Table 22), whereby an exitron can 

correspond to a single or multiple ancestral exons (Extended Data Fig. 8). Intron loss 

during evolution of EIS in plants is illustrated by a gene coding for the highly 

conserved T-protein, a component of the glycine cleavage system 28,29. Structures of 

orthologues demonstrate multiple intron losses and that the exitron was an exon of the 

same size precisely bordered by canonical introns in green algae (Fig. 5c and 

Extended Data Fig. 10a). Synonymous substitutions favoured the appearance of both 

SS in the Arabidopsis genus (Extended Data Fig. 10b). To obtain evidence for a role 

of intron loss in human, we analysed the intronless gene HSPA1A (HSP70A-1) 30. EIS 

removes  the first of two subdomains of the ATPase domain of this protein (Fig. 5b). 

Comparison of orthologous genes shows that the exitron corresponds to three exons in 

Ciona (Fig. 5b, Extended Data Fig. 9a). Interestingly, GT and AG dinucleotides are 

already present at the corresponding exon borders in Ciona (Extended Data Fig. 9b). 

These findings indicate that the evolution of EIS involved intron loss both in 

Arabidopsis and human.  

71



 

 

Analysis of the exitron in T-protein gene resulted in two further interesting findings. 

Firstly, highly conserved short sequences with avoidance of synonymous substitutions 

are present close to the exitron of T-protein gene (Extended Data Fig. 10b) suggesting 

functions beyond protein coding. As exonic splicing regulatory elements are under 

purifying selection 31, we searched for SF binding sites. We found that these 

sequences correspond to potential binding sites of RBM5/SUA and 

ETR3/CELF2/BRUNOL3 (Extended Data Fig. 10b). BRUNO-like RNA-binding 

proteins are involved in multiple aspects of RNA processing including alternative 

splicing, they are present in animals and plants and their binding specificity is 

conserved from human to Arabidopsis 32,33. Secondly, the region affected by EIS in 

Arabidopsis overlaps with the conserved in animals ES event in the orthologous AMT 

gene encoding the T-protein (Fig. 5c, Extended Data Fig. 10a and 10c). Both AS 

events remove the region involved in the protein enzymatic activity, thus resulting in 

a very similar functional outcome. Taken together, ES events generating two protein 

isoforms possibly existed in the ancestral gene. Upon intron loss in plants, changes 

occurred at synonymous sites with some regions being under purifying selection due 

to the presence of binding sites for RNA splicing/processing factors with functions 

beyond AS. Selection for the protein isoforms contributed to the maintenance of their 

binding sites and the emergence of core splicing signals restoring production of the 

two splice variants via EIS.   

It has been proposed that mutations in protein coding sequences creating a PTC would 

promote intronization of the affected region to rescue at least a shortened ORF 34. 

Exitron evolution must have proceeded differently as exitrons do not contain PTCs. 

On the contrary, splicing of non-EIx3 exitrons may actually result in PTCs, albeit 

downstream of exitron splice junctions (Fig. 1a). In C. elegans, another hypothesis for 
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intronization of exonic sequences has been proposed whereby GT/C and AG splicing 

boundaries are created by single substitutions 25. Though these dinucleotides are 

required at SS, they are not sufficient to act as splicing signals. Moreover, we showed 

that they can be already present in the ancestral sequences (see Ciona HSPA1A 

orthologues, Extended Data Fig. 9b). Furthermore, this scenario is unlikely in 

Arabidopsis and human where core splicing signals contribute only about half of the 

information required to define introns 3.  

Based on our findings we propose the hypothesis where genes, upon intron loss, 

“remember” the way they were originally spliced. This “splicing memory” is encoded 

by the vestigial exonic splicing regulatory elements which previously defined exons 

and determined the position-dependent information on ancestral AS patterns (Fig. 5d). 

These ancestral AS events could be ES where exitron borders coincide exactly with 

ancestral exons. Alternatively, one of the exitron borders can represent an alternative 

SS which remained upon intron loss thus facilitating exitron evolution. A role of 

exonic splicing regulatory elements is suggested by the presence of highly conserved 

sequences predicted to be binding sites of SFs, as in the T-protein gene. Furthermore, 

SF motifs are over-represented in human intronless genes 35. Upon intron loss, 

binding of the proteins with multiple functions in RNA processing to the sites still 

present in the exonic sequences may connect a region which no longer contains 

introns to the extensive RNA processing and splicing network. Tethering the 

spliceosomal components to these regions could favour mutations beneficial for the 

emergence of core splicing signals (or maintenance of existing ones) thus promoting 

exitron origin and restoring production of alternative transcripts via EIS. The 

evidence presented here supports a mechanism for the origin of exitrons, where their 
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evolution was a consequence of intron loss leaving behind footprints of former exon 

borders, defined by splicing regulatory sequences. 

Taken together, we have identified and characterized a previously overlooked type of 

AS event - splicing of exitrons. Though exitrons can be misinterpreted as retained 

introns, we show that they are clearly distinguishable from them. We demonstrate that 

exitrons originate from exons and their evolution involves intron loss. EIS is the only 

AS event which does not involve canonical introns setting it apart from other types of 

AS events. Therefore we consider EIS as a novel type of AS, that complements the 

repertoire of AS events by allowing for intraexonic coding sequences to be 

differentially spliced. Surprisingly, our analysis revealed that intronless genes can 

also undergo AS via exitron usage, thus further eroding the dogma of one gene, one 

transcript, one protein. The evolutionary conservation of exitrons and their presence 

in species from plants to human demonstrate that EIS is a general type of AS with 

important functional implications. 

METHODS SUMMARY 

The sets of exitrons, retained introns, constitutive and alternative exons were obtained 

using our RNA-Seq data, published earlier 6. The complete pipeline for the 

computational analyses and statistical procedures performed in the present work are 

described in Extended Data Methods. To verify the existence of exitron-spliced 

transcripts we used two EST datasets for A. thaliana: http://www.plantgdb.org/ and 

ftp://ftp.arabidopsis.org/home/tair/ and the High Resolution RT-PCR Alternative 

Splicing Panel 36-38. In vitro transcription and subsequent RT-PCRs of five exitron-

containing genes were performed with the TranscriptAid™ T7 High Yield 

Transcription Kit (Fermentas) using A. thaliana Col-0 genomic DNA. To validate EIS 

in the intronless genes, flower total RNA was extracted with the RNeasy Mini Kit 
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(Qiagen) followed by oligo-dT cDNA preparation using the Reverse Transcription 

System Kit (Promega).  Two proteogenomic data sets for A. thaliana 15,16 were used 

to verify translation of exitron-containing and exitron-spliced isoforms 

(Supplementary Table 3). To test NMD sensitivity of isoforms, 3-week old plants of 

upf1-5 and upf3-1 39 alongside wild-type A. thaliana (Col-0) control plants were used. 

Regulation of EIS in different tissues was checked using wild type (Col-0) 10-day old 

seedlings and flowers. The effect of stresses on EIS was determined using 10-day old 

seedlings. To evaluate the effect of SR proteins on exitron splicing, 10-day old 

seedlings of the overexpression/mutant lines of At-SR30, At-RS31 and At-RS2Z33 

were used alongside with wild-type A. thaliana (Col-0) control plants. Three-week 

old plants of SUA mutant lines, sua-1 and sua-2 9 were used together with 3-week old 

wild type plants as controls (Ler-0 and Col-0 ecotypes, respectively). Details of plant 

materials, treatments, RT-PCRs and quantification are described in Extended Data 

Methods. PCR primers are listed in Supplementary table 4. 

Full Methods and any associated references are available in the Extended Data. 
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Figure Legends 
 

Fig. 1. Exitron (EI) definition, statistics and features. a, Schematic representation of 

EIS and its consequences. Exitron - dark blue. Constitutive and alternative splicing - 

green and red carets, respectively. PTC - stop sign. b, General statistics of 

Arabidopsis exitrons. c, Comparison of exitron and intron sizes. d, Comparison of GC 

content of exitrons and introns. e, Comparison of exitron and exon sizes. f, 

Comparison of GC content of exitrons and exons. g, Gene ontology classification of 

EIx3 –containing genes. 

 Fig. 2. Exitron splicing is a regulated process. a, Structures of exitron-containing 

genes tested by RT-PCRs in b. b, Heat map for differential EIS in different tissues, 

stress conditions and SF mutant backgrounds. Changes with a p-value ≤ 0.1 were 

considered as significant. c, SNPs affect EIS in Ler-0 ecotype. SNPs in the splicing 

signals are indicated in red. RT-PCR products of the full-length (FL) and exitron-

spliced (EI) isoforms (filled and open triangles, respectively) are shown. Ubiquitin 

was used as a loading control (*).d, RBM5/SUA motif density. Densities for RBM5 

motifs and MEME predicted motifs are significantly higher in exitrons (*, p-value < 

0.0001).  

 Fig. 3. Functional implications of exitron splicing. a, Statistics of functional features 

of the protein sequences encoded by exitrons. b, Comparison of PFAM domains 

(left), disordered regions (middle) and short linear motifs (SLiMs) (right) encoded by 

exitrons and different types of exons. c, EIS removes ATP-binding domain of the 

highly conserved eukaryotic initiation factor 4A.  

 Fig. 4. Characterization of human exitrons. a, General statistics of the human 

exitrons. b, GC content distribution of exitrons and retained introns. c, Size 
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distribution of exitrons and retained introns. d, Comparison of exitron and exon sizes. 

PFAM domains e,, disordered regions f, and SLiMs g, in the sequences encoded by 

exitrons and other types of exons.  

 Fig. 5. Origin and evolution of exitrons. a, Statistics of exitrons that align to plant 

orthologous coding sequences. b, Exitron evolution in the intronless human HSPA1A 

gene. c, Exitron evolution in the gene encoding glycine cleavage system T-protein. 

Phylogenetic reconstruction of intron loss events in different plant species (1 and 2 

indicate paralogues). Gene structures are not to scale. Introns at the conserved 

positions are coloured. d, Mechanism for evolution of EIS: the “splicing memory” 

hypothesis. Dashed lines show potential ancestral AS events.  
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Concluding Discussion 

 
The coupling of alternative splicing and NMD regulate important genes in 

Arabidopsis, it follows the same rules as in other eukaryotes but with 

interesting exceptions. 

 

The impact of NMD on the regulation of gene expression in plants has been largely 

unexplored. Few experiments based on specific transgenes revealed that in plants 

the same features of the transcript, as reported in yeast and mammals, operate to 

trigger NMD. These NMD eliciting features are: long 3’ UTRs (≥350 nt), introns in the 

3’ UTR, a PTC located more than 50-55 nt upstream of a splice junction and the 

existence of uORFs (see introduction Figure 5). Analyses of plants impaired in NMD 

using tilling arrays suggested that NMD affected only 1% of the protein coding genes 

(Kurihara et al., 2009; Yoine, Ohto, Onai, Mita, & Nakamura, 2006). By contrast, 

~78% of the splice variants detected in an RNA-Seq experiment have PTCs located 

55 nt upstream of exon junctions, suggesting NMD as a major mechanism for 

controlling mRNA levels in Arabidopsis (Filichkin et al., 2010). These two apparent 

contradictory results implied that a more comprehensive analysis of NMD sensitivity 

of alternative splicing variants needed to be done. 

 

In Kalyna et al. 2012 (see chapter), we have used the high resolution RT-PCR 

alternative splicing panel (HR RT-PCR AS panel, (Simpson et al., 2008)) for 

exploring the fate of the splicing variants produced in 270 genes (~950 transcripts) in 

the context of two NMD mutants (upf1-5 and upf3-1) and treatment by cycloheximide 

(CHX), an inhibitor of translation and as consequence also of NMD. The advantages 

of using the HR RT-PCR AS panel compared to other technologies are its specificity, 

due to the gene specific primers that are designed to a particular region, its high 

resolution with a maximum of 3 nucleotides of size deviations, and its sensitivity 

enabling to detect minor changes in isoform ratios. Additionally, Sanger sequencing 

was performed to confirm ~300 novel spliced variants. Importantly, for the first time a 

substantial amount of endogenous alternatively splice variants were characterized in 

terms of NMD. 
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Our analysis of NMD impaired plants using the HR RT-PCR AS panel, led us to 

important findings in alternative splicing and its cross talk with NMD in plant systems. 

One of the major finding was that alternative splicing was strongly underestimated in 

plants, as the number of the identified AS variants increased by almost one third for 

the genes analyzed. Notably, around 67% of the AS transcripts were not affected in 

any of the NMD mutants or in the CHX treatment, suggesting that these variants are 

stable or not subjected to NMD. Furthermore, levels of NMD sensitive variants were 

not always low in wild type plants and could contribute tens of percent of the 

transcripts from a gene, suggesting that there is variability in regulating the amount of 

transcripts by NMD. 

 

In agreement with its strong phenotype, UPF3 mutant line upf3-1 had a broadest 

effect in increasing levels of NMD-sensitive transcripts in comparison to UPF1 

mutant plants where a weak allele (upf1-5) has been used. Furthermore, CHX 

treated plants revealed the strongest effect in terms of variety of transcripts elevated 

when compared to wild type plants, many of them not overlapping with the upf 

mutants. Two main conclusions were done based on the results of the mutant lines 

and the CHX treatment. The first one is that presence of transcripts that only 

increased in CHX suggests that other degradation pathways linked to translation 

must exist besides NMD and/or the incidence of secondary effects due to translation 

inhibition by this drug. Secondly, the lack of correlation in the increase of transcripts 

levels between upf3-1 and upf1-5 (expected more increase under upf3-1) for some of 

the cases implies additional roles of these two NMD factors.  

 

Our results from the 270 genes, show that 11-17% of the total transcripts analyzed 

are degraded by NMD and that 16% to 25% of AS variants analyzed are sensitive to 

NMD. Therefore we could extrapolate that around 13–18% of intron-containing genes 

may be regulated by AS and NMD in Arabidopsis, whereby 13% takes into account 

results only from upf mutants and 18% includes the CHX treated samples. This last 

result implies an important coupling of alternative splicing and the NMD pathway and 

agrees well with estimates for other eukaryotes and with a later RNA-Seq study of 

NMD deficient Arabidopsis plants on the genome-wide level showing that 13,3% of 

intron-containing genes are regulated by AS/NMD (Drechsel et al., 2013). We found 

that most of the NMD sensitive transcripts (~85%) followed the same rules described 

previously (see introduction Figure 5). Importantly, we observed that alternative 

splicing in the UTR regions has a strong influence on the fate of the isoform. In the 

case of the 3’ UTR, alternative splicing can affect the distance of the stop codon and 
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the 3’ end or the positioning of an EJC after the stop due to the occurrence of 3”UTR 

introns. For the 5’ UTR, AS events affecting the presence, the location and the length 

of uORFs have a strong impact on NMD sensitivity of a transcript, especially when 

the uORFs overlap with the original start codon. Finally, we observed that the 

presence of NMD eliciting features does not always result in NMD, indicating that 

additional rules might exist. Importantly, the intron retention transcripts, though 

having NMD features, are insensitive to NMD. We observed several exceptions when 

intron retention transcripts were indeed NMD sensitive, however that could be 

explained by additional AS events present in these transcripts and probably 

responsible for targeting them to the NMD pathway. Therefore in order to determine 

the final fate of a given transcript, the inspection of the splicing pattern of the whole 

isoform is mandatory. As intron retention is the major type of AS event in plants, the 

finding that intron retention transcripts are not subjected to NMD may account for 

high frequency of intron retention events in plant systems and additional research 

need to be done in order to understand the functions of intron retention in plants.  

 

Altogether, our research revealed that NMD coupled to alternative splicing is a major 

mechanism for regulating gene expression in plants. Our findings confirmed the rules 

for NMD sensitivity described previously. Nevertheless, it highlighted that further 

research needs to be done for those cases were the rules did not explain the 

outcome as for the NMD insensitivity found in transcripts with retained introns. Very 

recently, colleagues in our lab explored the subcellular localization of some intron 

retention transcripts. They found that these mRNA variants are only located in the 

nucleus explaining why they escape the NMD machinery despite possessing NMD 

eliciting features (Gohring, Jacak, & Barta, 2014). Genome wide studies of nuclear 

and cytoplasmic fractions need to be done in order to determine whether the nuclear 

localization of intron retention transcripts is a general feature. 

 

  

Alternative splicing is a major mechanism in the generation of transcript 

diversity in Arabidopsis 

 

Several independent studies in plants together with our analysis of splice variants 

using the HR RT-PCR AS panel implied that there was a considerable 

underestimation of the extent of alternative splicing in Arabidopsis. Due to the fact 

that many of genes with AS variants were involved in important functions such as 

development and response to stress, the need to have a good annotation of the 
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repertoire of isoforms produced by AS became more evident. The availability of such 

information will allow evaluating gene expression at the level of transcripts and 

determining the biological impact of the AS variants in regulating the gene function.  

 

In 2010, a study using RNA-Seq of plants grown under different stress conditions 

concluded that alternative splicing regulates 42% of the multiexonic genes in 

Arabidopsis. Although this work increased considerably the discovery of AS variants 

in Arabidopsis and supported the use of RNA-seq for discovery of novel mRNA 

isoforms, many technical challenges were still present, especially in terms of read 

length (only 36 nt) and sequencing depth. These technical disadvantages suggested 

that many isoforms failed to be detected and that the extent of alternative splicing 

was still underestimated. 

 

In order to improve the detection of isoforms and determine the impact of alternative 

splicing on Arabidopsis transcriptome, we have used RNA-Seq of a normalized 

cDNA library. In respect to sample preparation, we generated a ds cDNA library of 

total RNA from two samples (equal concentrations of RNAs isolated from 10-day 

seedlings and flowers from plants grown under normal conditions), in order to 

improve the discovery of tissue-specific isoforms. Moreover, considering that in 

plants some mRNAs are very abundant (10 genes produce up to 25% of the total 

mRNA population), we subjected the library to a normalization procedure in order to 

reduce amount of these transcripts and to enable the detection of novel isoforms with 

lower expression levels. In terms of the sequencing technology, we used the Illumina 

platform with paired end 75 nt long sequencing reads to improve the finding of 

spliced reads and the quality of the alignment. Furthermore, we obtained more than 

110 million of paired end reads for the ds cDNA library to increase the probability to 

capture low abundant isoforms.  

 

Our approach resulted in a considerable reduction in the representation of highly 

abundant mRNAs, as only ~1% of the reads were aligned to the 10 highest abundant 

genes, in comparison to almost 7% to 25% of the reads in other HTS data. Notably, 

more than 30% of the predicted splice junctions are coming from not annotated 

introns. We observed that many of the new introns detected were slightly bigger and 

present higher GC content when contrasted to canonical introns in Arabidopsis. 

These features suggested that many of them are involved in alternative splicing 

events, where introns usually are longer than constitutive ones, and are generally 

less efficiently spliced due to their higher GC content. In terms of splice site signals, 

90



 

 

we found that most of the newly identified introns possess U2 splice signal 

sequences, but we obtained a substantial amount of introns resembling U12 splicing 

signals (more than 2000 introns). In general, the splicing signals of the newly 

detected introns presented lower scores than the scores of the annotated ones, 

suggesting that other regulatory signals can be involved in the intron to improve their 

recognition in specific conditions. 

 

As transcript assembly is a challenging task when using short reads, we first 

obtained an approximate of the number of alternatively spliced genes in our sample. 

The basis of this strategy relies on the presence of overlapping splice junctions that 

were mapped to each gene, since overlapping splice junctions must derive from 

different isoforms. Based on this, we found that at least 51% of the genes are 

alternatively spliced. It is important to note that, according to our strategy, this 

number does not consider cases of intron retention, indicating that AS events other 

than intron retention contribute significantly to increase the number of mRNA 

variants. 

 

Finally, we assembled putative transcripts using all our RNA-Seq data. We have 

used an annotation-based assembly for this purpose, where we used the information 

of the start, end and strand of the known genes to predict possible splice variants. 

Additionally we have filtered the variants that were lowly supported by the read 

alignment. Using these criteria, we obtained more than 50,000 transcripts and we 

manage to recapitulate at least one known isoform for 75% of the protein coding 

genes expressed in our sample. Furthermore, we have used the information of the 

isoforms on the HR RT-PCR AS panel to confirm the transcript assemblies. For the 

set of 270 genes in the AS panel, 92% of the putative transcripts assembled using 

RNA-Seq were also detected by the HR RT-PCR AS panel. Importantly, the HR RT-

PCR AS panel reported more isoforms for these genes than detected by RNA-Seq 

implying that our set of AS transcripts is not exhaustive.  

 

Considering the set of assembled transcripts, we estimate that alternative splicing 

regulates at least 61% of the intron containing genes in Arabidopsis. We explored 

which types of AS events affect the transcripts and in agreement with previous 

studies, intron retention was the most frequent type of AS event. Due to the high 

frequency of retained introns, we decided to analyze their features and compared 

them to constitutive introns in our sample. We observed that the majority of the 

retained introns were lowly covered by reads, implying that intron retention 
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transcripts are low abundant. Moreover, many of the retained introns have weak 

splicing signals and high GC content, correlating positively with the number of reads 

covering the intron, explaining their low splicing efficiency. Furthermore, we identified 

a fraction of highly retained introns with particular features, such as very high GC 

content and the lack of stop codons. We found that these introns were located inside 

coding exons and we named them cryptic introns (see chapter). Altogether, our 

analysis of retained introns led us to conclude that despite the high frequency of this 

AS event, most of the intron retention containing transcripts are low abundant, 

inferring that their contribution to the total mRNA populations is minor. Moreover, if 

we subtracted the transcripts with retained introns, we obtained that 51% of the 

genes produce isoforms that do not involve intron retention. This estimate agrees 

well with the one obtained using only overlapping splice junctions (see above). This 

result indicates that Arabidopsis employs mostly other alternative splicing events to 

increase its repertoire of mRNA variants.  

 

The combination of a normalized library with RNA-Seq in Arabidopsis revealed that 

alternative splicing is a major mechanism in the generation of transcript variability in 

Arabidopsis, with at least 61% of its genes being affected by this process. Moreover, 

the applied approach allowed the identification of novel AS variants to complement 

and contribute the annotation of isoforms in this model plant. Finally, we explored in 

detail at the genome-wide level the features of retained introns and their impact on 

Arabidopsis transcriptome.  Altogether, our work provides a very valuable resource 

for plant scientists involved in studies of the regulation of gene expression, setting 

the basis for future research to explore the biological impact of the alternatively 

spliced variants. Even though our strategy increased considerably the discovery of 

new isoforms, these transcripts are probably representing only a snapshot of all the 

existing mRNA variants in Arabidopsis. As we have analyzed only two biological 

samples obtained from seedlings and flowers grown under normal conditions, we 

anticipate that the availability of sequencing data from more tissues and 

environmental conditions will increase the current estimate of genes undergoing 

alternative splicing in Arabidopsis. 

 

 

Exitron splicing is a new type of alternative splicing event 

 

By studying the alternative splicing landscape of Arabidopsis using RNA-Seq and 

more specifically, while evaluating the features of intron retention, we identified a set 
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of retained introns with unusual characteristics that we named cryptic introns. 

Majority of these introns have weaker splice sites, higher GC content and are more 

prone to be retained when compared to other retained introns. Analysis of their 

location in the gene structures revealed that they are embedded inside coding exons 

therefore we renamed them as exitrons (exonic introns). The unique feature of this 

event, where internal parts of coding exons can be differentially spliced, led us to 

investigate this so far unexplored alternative splicing event. 

  

Using our previous RNA-Seq experiment from wild type 10-day seedlings and wild 

type flowers, we obtained a total of 1,002 exitrons in 892 genes. Interestingly around 

46% of exitrons have a length that is divisible by three and, therefore, their splicing 

does not introduce any stop codon and will result in a protein variant lacking an 

internal stretch of aminoacids when compared to the full-length protein isoform. 

Splicing of the remaining exitrons with sizes no divisible by three might generate 

protein isoforms with different C-termini or alter transcript variants stability, for 

example by targeting the transcript for degradation by NMD. 

 

As exitrons were identified in the set of retained introns, we inspected exitron 

features to determine if they are distinguishable from retained introns. Analyses of 

exitron features showed that they indeed are different from retained introns and 

constitutive introns, as they have significant bigger sizes and higher GC content. The 

high GC content observed in the exitrons is in agreement with their intrinsic nature of 

being parts of the protein coding sequences. Together with this, comparison of 

exitrons and constitutive exons showed that they have similar size distribution but the 

GC content of exitrons is lower. The lower GC content of exitrons in contrast to 

constitutive exons may play a role in exitron recognition by the splicing machinery. 

Interestingly, the exons that are hosting the exitrons are significantly longer than 

constitutive exons. 

 

An indication for the biological relevance of alternatively splice variants is their 

regulation under specific tissues and/or environmental conditions. In order to test 

whether exitron splicing is responsive to tissue or stress conditions, we performed 

RT-PCRs of ten distinct genes containing exitrons with lengths divisible by three. 

Remarkably, we found that exitron splicing is differentially regulated in distinct tissues 

(seedlings vs flowers), indicating that exitron splicing can be influenced by 

developmental stages. Additionally, we found that exitron splicing is changing under 

stress conditions. Notably, for some of the conditions tested we could observe that 
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the exitron-spliced isoform can contribute to up to 50% of the total population of 

transcripts in specific genes, implying that they might have important roles in 

particular conditions. Furthermore, we found that exitron splicing can be affected by 

splicing factors. The splicing factor having the widest effect on exitron splicing 

(affecting 80% of the exitrons tested) was SUA.  Consistent with its inhibitory effect 

on splicing of a cryptic intron in ABI3 gene reported before (Sugliani, Brambilla, 

Clerkx, Koornneef, & Soppe, 2010), the levels of the exitron-spliced isoforms 

increased in SUA deficient plants. We found that binding motifs of RBM5, the 

mammalian orthologue for SUA having a role in exon skipping regulation, were 

enriched in the exitrons sequences. In addition, de novo motif finding confirmed the 

enrichment of RBM5-like binding motifs. These results suggest that SUA plays a 

critical role in exitron splicing.  

 

In the course of the RT-PCR experiments using SUA deficient plants, we tested 

exitron splicing in two ecotypes of Arabidopsis, Col-0 and Ler-0, where we observed 

differences in the abundance of some of the exitron-spliced transcripts between 

these two accessions. Inspection of these genes revealed that single nucleotide 

polymorphisms (SNPs) located in splicing signals could explain the observed 

differences on exitron splicing in these two ecotypes. Moreover, our further analyses 

showed that these cases are not isolated as SNPs in 82 Arabidopsis ecotypes can 

affect the splicing signals of exitrons when compared to the reference ecotype Col-0. 

These natural variations of exitron sequences, especially in the splicing signals, in 

different Arabidopsis accessions in conjunction with that many exitron-containing 

genes have functions related to stress response, imply that exitron splicing might be 

playing a role in ecotype adaptation. 

 

As exitrons are internal parts of coding exons, we evaluated the features of the 

encoded protein isoforms to determine the possible functional impact of exitron 

splicing. For that purpose we have analyzed the exitrons with sizes divisible by three, 

as these exitron-spliced isoforms will lack an internal part of amino acid sequences 

when compared to the full-length protein isoforms, in which the exitron is not spliced 

out. We found that protein domains are underrepresented in sequences enconded by 

exitrons, but for the cases when exitron splicing affects protein domains, these 

protein domains are mainly involved in the interactions with other molecules. In line 

with this result, we have found that amino acid sequences encoded by exitrons are 

enriched in intrinsically disordered regions and in short linear motifs (SLiMs). 

Interestingly, SLiMs can form binding platforms for other molecules, be sites of 
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posttranslational modifications (PTMs), targeting signals for subcellular 

compartmentalization or cleavage sites for endopeptidases forming “degrons”, 

degradation signals for a proteolytic apparatus. Moreover, we have found the some 

protein sequences encoded by exitrons also carry post-translational modification 

sites that are known to regulate protein function. Altogether, the features found in the 

sequences encoded by the exitrons suggest that exitron splicing can have a role in 

regulating protein interaction networks. 

 

By using ESTs from other plant species, we got evidence that exitron splicing is not 

restricted to Arabidopsis and can be conserved. Additionally, we also explored the 

presence of this new type of alternative splicing in human annotated transcripts. We 

found 1022 exitrons in human having features similar to Arabidopsis exitrons, such a 

higher GC content when compared to retained introns and similar size distribution as 

Arabidopsis exitrons. Notably, human exitrons are also coding mainly for disordered 

regions. This last feature is also characteristic for tissue-specific alternative exons in 

humans, implying that alternative splicing can be critical in regulating the dynamics of 

protein networks. Evidence of exitrons in non-plant species indicates that this new 

type of alternative splicing event is not restricted to plants and might have a role in 

rewiring protein interaction networks in both organisms. 

 

Due to the intraexonic nature of exitrons and their particular features, we decided to 

investigate the origin of exitrons and determine how these sequences acquired the 

ability to be spliced. By analyzing structures of ortologues of exitron-containing genes 

in different plant species, we have found out that exitrons originate from ancestral 

coding exons. Moreover we found evidence that introns loss occurred at the exitron 

borders or close to them, including the cases of exitrons in intronless genes. Detailed 

analysis of the exitron in the gene coding for the glycine cleavage system T-protein 

revealed that this exitron corresponds to a coding exon bordered by canonical introns 

in the algae orthologues. In addition, we found stretches of highly conserved 

nucleotide sequences inside and bordering this exitron that resemble binding sites 

for splicing and mRNA processing factors. Evidence of intron loss was also found in 

the human intronless gene coding for the heat shock protein HSPA1 (Hsp70), 

indicating that intron loss could be a general mechanism behind exitron evolution. 

Considering all the evidence, we proposed the “splicing memory” hypothesis for 

exitron evolution. Our hypothesis states that intron loss occurred exactly or close to 

the borders of the exitrons, where these ancestral exons “remember” that they were 
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previously subjected to splicing by the influence of binding sites for mRNA 

processing factors that result in their current splicing. 

In this work we characterized a new type of alternative splicing event, exitron splicing 

that complements the already known set of AS events. Moreover, for the first time 

the origin of an alternative splicing event has been elucidated. Altogether, our study 

sets the bases for studying exitrons in other species and their impact on organism 

biology. 

 

 

Future perspectives of alternative splicing in plants 

 

Latest research has revealed that the finely tuned gene expression and protein 

production in a given condition lies in regulatory layers that result from the cross talk 

between splicing and others pre-mRNA processing pathways affecting the final fate 

of the mRNA product (Braunschweig et al., 2013). In recent years, alternative 

splicing has been established as an important mechanism for regulating gene 

expression and for the production of protein variants. Although many studies have 

highlighted that alternative splicing is an important regulator of gene expression by 

targeting mRNA variants for degradation, little experimental evidence exists about 

protein isoforms and further research is needed in this respect. Nevertheless, the 

complexity and dynamics of the alternative splicing profiles in the course of 

vertebrates evolution have suggested that alternative splicing had a fundamental 

contribution during speciation (Barbosa-Morais et al., 2012; Merkin et al., 2012), 

supporting its biological significance. 

 

In plants, few studies are related to alternative splicing, even though its importance 

for development and response to stress is well documented. In the course of my PhD 

studies, I have had the opportunity to contribute in determining the impact of 

alternative splicing on the Arabidopsis thaliana transcriptome. We found that 

alternative splicing is also a crucial regulator of gene expression in plants by 

targeting mRNA variants to the NMD pathway. We observed that the majority of the 

cases follow the same rules described previously, though novel features have been 

identified as well. Nevertheless, additional investigation is necessary to explore the 

link between alternative splicing and NMD in specific cells, tissues and/or conditions 

as a starting point to evaluate contribution of these processes to the observed 

phenotypes. Moreover, using RNA-Seq of seedlings and flowers, we showed that 

alternative splicing is a major contributor to transcriptome complexity in Arabidopsis, 
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with more than 60% of the multi-exonic genes being regulated by this process. The 

availability of a more complete annotation of alternative splicing events will allow 

studying genes at the level of isoforms and evaluating their contribution to the gene 

function. We expect that upcoming sequencing data from different tissues and 

conditions will increase our latest estimate and will continue to improve the 

annotation of alternative splicing events and transcript variants in Arabidopsis for 

future studies involving gene regulation and protein isoforms. Finally, we identified 

and characterized a new type of alternative splicing event, exitron splicing, where 

intraexonic protein coding regions can be alternatively spliced. This study showed 

that exitrons have unique properties that distinguish them from other types of introns 

and that they originate from ancestral coding exons through intron loss events in the 

course of their evolution. The intrinsic characteristic of exitrons as internal parts of 

coding exons will encourage the study of the mechanistic principles behind their 

recognition by the spliceosome.  

 

We expect that ours and other studies of alternative splicing in plants will ultimately 

change the vision of plant scientists when studying gene regulation. 
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Review
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.
Corresponding author: Brown, J.W.S. (j.w.s.brown@dundee.ac.uk),
(John.Brown@hutton.ac.uk).
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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.

i.org/10.1016/j.tplants.2012.06.001 Trends in Plant Science, October 2012, Vol. 17, No. 10
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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 
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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
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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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AS transcripts AS events 

+IR
23.6%

–IR
74.6%  

IR
40%

Other AS
60%  

+IR
9.9%

–IR
51.3%  

AS
61%  

(c) 

ESE ESS 
3′AG (Y)n 

+ –

TRENDS in Plant Science 

 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
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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
11
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
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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
11
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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ABSTRACT

AtCyp59 is a multidomain cyclophilin containing
a peptidyl-prolyl cis/trans isomerase (PPIase)
domain and an evolutionarily highly conserved
RRM domain. Deregulation of this class of cyclo-
philins has been shown to affect transcription and
to influence phosphorylation of the C-terminal
repeat domain of the largest subunit of the RNA
polymerase II. We used a genomic SELEX method
for identifying RNA targets of AtCyp59. Analysis of
the selected RNAs revealed an RNA-binding motif
(G[U/C]N[G/A]CC[A/G]) and we show that it is
evolutionarily conserved. Binding to this motif was
verified by gel shift assays in vitro and by RNA
immunopreciptation assays of AtCyp59 in vivo.
Most importantly, we show that binding also
occurs on unprocessed transcripts in vivo and that
binding of specific RNAs inhibits the PPIase activity
of AtCyp59 in vitro. Surprisingly, genome-wide
analysis showed that the RNA motif is present in
about 70% of the annotated transcripts preferen-
tially in exons. Taken together, the available data
suggest that these cyclophilins might have an
important function in transcription regulation.

INTRODUCTION

Cyclophilins are ubiquitous proteins with a peptidyl-
prolyl cis/trans isomerase (PPIase) activity and have
important functions in protein folding (1). Typically they
are small single-domain proteins but some of them
have accessory domains. AtCyp59 is a member of the

cyclophilin family which consists of 29 genes in
Arabidopsis (2). AtCyp59 is unusually complex as it
consists of a PPIase domain, an RRM motif, a
Zn-knuckle and a charged C-terminal domain with RS/
RD repeats (arginine/serine and arginine/aspartate) (3). It
is an evolutionarily highly conserved protein present from
Schizosaccharomyces pombe to humans, but the
Zn-knuckle is a plant-specific addition. It was first
described in Paramecium tetraurelia as a protein
involved in cell morphogenesis (4).
The Arabidopsis protein Cyp59 was isolated in a yeast

two-hybrid screen with plant SR (serine, arginine) proteins
which are an important and conserved family of splicing
factors (3). Deletion analysis showed that the C-terminal
domain is indispensable for interacting with the SR
proteins in vitro. AtCyp59 is a nuclear protein, but it
does not significantly co-localize with SR proteins in
nuclear speckles. Instead, its punctuate localization
pattern resembles transcription initiation sites. In line
with these observations, it was shown that AtCyp59
resides within a complex with the C-terminal repeat
domain (CTD) of the largest subunit of the RNA
polymerase II. These results suggested a possible
function for AtCyp59 at the interface of transcription
and splicing (3). It is now widely accepted that most
splicing events occur co-transcriptionally whereby the
CTD domain of RNA polymerase II plays very important
roles in both transcription and RNA processing (5) and
recently reviewed in (6). In general, the CTD acts as a
binding platform for various protein factors during
transcription, and at the same time recruits pre-mRNA
processing proteins to the nascent transcripts (7,8). The
CTD of most eukaryotes consists of a variable number
of heptapeptide repeats (YSPTSPS) which undergo
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dynamic phosphorylation/dephosphorylation events on
serine residues and thereby determine the course of
transcription and binding of RNA processing factors.
These include capping, splicing and polyadenylation
factors whose dynamics are tightly coordinated with
transcription (9,10). The severe growth effect upon
overexpression of AtCyp59 and the fact that no mutants
are available point to an essential function for this protein
(3). The involvement of this class of cyclophilins in the
transcription process was corroborated by experiments
with the S. pombe orthologue Rct1, which showed
that Rct1 is an essential gene, is recruited to actively
transcribed genes and its deregulation affected CTD
phosphorylation and RNA polymerase II transcription
(11). However, the mechanism of how these cyclophilins
function in the transcription cycle is unknown. Possible
scenarios are that they might act directly on the CTD
structure and therefore influence phosphorylation/
dephosphorylation of the heptapeptide or they might act
on kinases/phosphatases which are regulating the CTD. It
is worth mentioning that other smaller PPIases have been
shown to be important for correct CTD conformation and
phosphorylation thereby influencing both transcription
and RNA processing (12–16).
One of the most interesting features of AtCyp59 is its

complex domain structure. PPIases are usually small
proteins, but a few other complex cyclophilins have been
described. For example, in the splicing complex several
RS-domain-containing cyclophilins have been investigated
in Arabidopsis and mammals suggesting a role in RNA
processing (12,17,18). Other RRM-containing cyclophilins
have been found but their functions are mostly not
determined. Among them, the best described protein is
hCyp33, a regulator of a histone acetyl transferase;
however, the function of RNA binding is not well
defined (19,20). Interestingly, the RRM domain of the
multidomain AtCyp59 is evolutionarily highly conserved
and is in fact the most conserved feature of this protein.
This RRM has been shown to bind RNA with preferences
to G and C bases (3). These data indicated an important
contribution of the RRM to the activity of AtCyp59
raising the question of what are its RNA target(s) and
what influence RNA binding has on cyclophilin activity.
Approaches to these questions are not trivial as the tight
regulation of AtCyp59 strongly hindered in vivo
approaches for determining RNA targets.
In this article, we describe the identification of an RNA-

binding motif for AtCyp59 by a genomic SELEX method
using an Arabidopsis genomic RNA library. Binding to
this motif was verified by electrophoretic mobility shift
analyses (21) in vitro and by RNA immunoprecipitation
experiments in vivo. Interestingly, the identified motif is
present in about 70% of the annotated genes in
Arabidopsis indicating that binding of AtCyp59 to
mRNA might be a general feature of most RNA
polymerase II transcripts. This is supported by the
conservation of this motif in S. pombe. In addition, we
have shown activity of the PPIase domain of AtCyp59
and importantly its regulation by binding to specific
RNAs. Considering the evolutionary conservation of the
RNA-binding motif and the known characteristics of this

protein, these data indicate a function for AtCyp59 in the
transcription cycle.

MATERIALS AND METHODS

Genomic SELEX

Using random priming, a representative library of the
Arabidopsis thaliana genome was constructed containing
overlapping sequences from 50 to 300 nt in length. Library
fragments were generated using the method and adaptors
described in (22). Each library fragment contained fixed
primers suitable for PCR amplification and preceding T7
promoter sequence at 50-end for in vitro RNA
transcription.

For selection of binding RNAs, we incubated
recombinant AtCyp59_RRM_Zn domain protein with
the in vitro transcribed genomic RNA pool for 30min at
room temperature using neutral PBS buffer conditions
(2mM MgCl2, 0.5mM DTT and 0.135M NaCl, 27mM
KCl, 8mM Na2HPO4, 2mM NaH2PO4, pH=7.5).
Separation of bound and unbound fractions
was performed via GST-tagged AtCyp59_RRM_Zn on
4B glutathione sepharose blocked with 100 mg tRNA
(Sigma-Aldrich). Recovery of AtCyp59_RRM_Zn-
binding RNAs was performed via urea-mediated
denaturation followed by phenol/chloroform extraction.
Selected sequences were amplified via reverse
transcriptase-polymerase chain reaction (RT–PCR) as
described (23). For the next SELEX cycle, obtained
PCR products were again in vitro transcribed into RNA.
In total, 10 cycles of in vitro selection were performed
using molar ratio RNA:protein=3:1 (or 10:1 on later
cycles). On the ninth cycle the control (anti-GST selection)
was performed using 10:1 molar ratio of recombinant
GST over RNA library. Binding reaction was done as
described above with the only change of keeping the
RNA fraction unbound to the beads instead of beads
fraction. Next, 1/10 of the selected library was cloned
via T/A cloning to the pGEM-T easy vector and 386
clones were sequenced using Sanger sequencing method.
The rest of the selected library was sequenced using 454
sequencing technology. Plant material preparation,
plasmids and protein purification are described in
Supplementary Methods.

Computational analysis of the SELEX library

The raw sequencing reads have been submitted to analysis
with APART pipeline (24). For the adaptor filtering step,
the following sequences have been used: AGGGGAATTC
GGAGCGGGGCAGC (50-adaptor), CATCCCAGCCCC
GAGGAT (30-adaptor). For downstream steps, only
sequences with both adaptors were analyzed. All
parameters of APART have been set to default, except
the minimum number of reads per contig which has been
changed to 2. For identification of the AtCyp59-binding
motif consensus sequences, the seven contigs with the
highest read number (accounting for 79.5% of all
mapped reads) have been used. The motif identification
has been performed using the MEME program (25) with
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the following non-default settings: motif width 7, minimum
number of sites 4 and maximum number of sites 15.

Genome-wide distribution of the AtCyp59-binding motif

For the analysis of the AtCyp59-binding motif at a
genome-wide scale, a motif descriptor based on exp-
erimentally verified motif variants has been constructed.
The search has been performed using the glam2scan (26)
software with the default parameter set and score cut-off
7. The sequences mapped to A. thaliana correspond to
TAIR10 genome assembly (27). The occurrence of the
17 motifs experimentally validated in Arabidopsis was
analysed in the transcription units (TUs). If more than
one TU was annotated for a gene, the longest one was
chosen for the motif search. Only the TUs of protein-
coding genes were used in the analysis (TAIR10). As a
control, the distribution of two scramble motifs (‘TAGC
GTC’ and ‘CATGTGC’) was analyzed in the protein-
coding genes of Arabidopsis. The same analysis was done
for the TUs in S. pombe.

Additionally, a motif search was performed in TUs of
different sizes in Arabidopsis. Small TUs were defined as
TUs with a size between 500 and1000 nt. Medium TUs
were defined with a size range between 1001 and 2000 nt
and big TUs with a size range between 2001 and 4000 nt.
Binomial tests were used for the P-value calculations.

Electrophoretic mobility shift assays

Synthetic 7 nt RNA oligonucleotide (Sigma-Aldrich)
(see Table 1) (100 nM) or longer RNAs (see
Supplementary Methods and Supplementary Table S3)
was incubated on ice for 20min in 10mM HEPES-
KOH, pH 7.9, 10mM MgCl2, 50mM KCl, 1mM
DTT, 0.025% Nonindet P-40, supplemented
with protease inhibitor cocktail (Roche) and RNAse
inhibitor (Promega) with various amounts of recombinant
AtCyp59, AtCyp59_RMM_Zn, AtCyp59_3M_RRM_Zn,
Rct1 protein as indicated. RNA–protein complexes were

separated on 6–10% native polyacrylamide gels at 3V/cm.
Gels were stained with SYBR GREEN II dye and
visualized on a Phosphoimager (Thyphoon 900) and
quantified using ImageQuant 1.4 software. Assay was
performed three times with independent protein
purifications.

Preparation of whole-cell extracts from protoplasts and
immunoprecipitation

Arabidopsis cell suspension protoplasts were isolated
and transformed with pDEDH-AtCyp59-HA, pDEDH-
Cyp59_3M-HA, pDEDH-GFP or pGREEN-MAPK6-
HA as described (17). For double transformation
experiments, Arabidopsis protoplasts were transformed
with equal concentration of the following plasmid
pairs: pDEDH-AtCyp59-HA/pDEDH-atSR34a; pDEDH-
AtCyp59-HA/pDEDH-Mut_atSR34a; pDEDH-AtCyp59-
HA/pDEDH-atRS2Z32 and pDEDHAtCyp59-HA/
pDEDH-Mut_atRS2Z32. Transformed protoplasts were
collected 24h after transformation (15min, 700g), frozen
in liquid nitrogen, and resuspended in 300ml (per 10
million protoplasts) protoplasts extraction buffer [50 mM
HEPES-KOH pH 7.9, 2.5mMMgCl2, 1mM EDTA, 1mM
DTT, 1% sodium dodecyl sulphate (SDS)], supplemented
with EDTA-free protease inhibitor cocktail (Roche
Diagnostics) and RNase inhibitor (Roche Diagnostics).
Suspension was sonicated three times for 6 s and incubated
on ice for 20min with occasional mixing. After
centrifugation (15min, 14000 rpm, 4�C), concentration of
SDS in extracts was adjusted to 0.1% with SDS-free lysis
buffer. Extracts were incubated for 1 h with magnetic
Dynal beads (m-270 epoxy; Invitrogen), coupled with
anti-HA antibodies produced in mouse (HA-7,
monoclonal; Sigma-Aldrich) on rotary shaker at 4�C and
then were washed three times with protoplast extraction
buffer without SDS and three times with washing buffer
(10mM HEPES-KOH, pH 7.9). RNA was extracted via
protein digest with 100mg proteinase K (Sigma-Aldrich)
and 5ml 10% SDS in 400ml washing buffer for 30min at
55�C followed by phenol/chloroform extraction and
ethanol precipitation. RNA was purified by DNAse I
(Qiagen) treatment followed by Qiagen RNeasy Plant
Mini kit. Purified RNA was used directly in RT–PCR (33
PCR cycles) or stored at �80�C. RT reaction was
performed with equal volume of RNA sample, 15-mer
oligo-dT or pre-mRNA primers targeting a nascent pre-
mRNA after the polyA signal and M-MLV reverse
transcriptase (Promega) according to the manufacturing
instruction and then was used in standard PCR with
Phusion polymerase (Finnzyme). Primers for target genes
used in PCR are listed in the Supplementary Table S3.

PPIase activity assay

The PPIase activity of recombinant GST-AtCyp59 or
GST-AtCyp59_3M was performed as described (28) by
using the tetrapeptide substrate Suc-AAPF-pNA
(N-succinyl-Ala-Leu-Pro-Phe p-nitroanilide; Sigma-
Aldrich). All reagents were pre-equilibrated until the
temperature reached 4�C. In a 1-ml glass cuvette,

Table 1. Range of dissociation constants of 17 different 7-nt RNA

variants of the binding motif found in genomic SELEX and

AtCyp59_RRM_Zn domain based on gel shift assay

Sequence Kd AtCyp59_RRM_Zn (nM) Kd AtCyp59 (nM)

GGUGCCG 40±10 120±25
GUGGCCG 40±10 120±25
GUCGCCG 40±10 120±25
GUAGCCA 105±25 120±25
GCUGCCG 105±25 120±25
GAUGCCA 105±25 120±25
GACGCCA 105±25 120±25
GCCGCCG 200±35 120±25
GUUGCCG 200±35 120±25
GUAGCCG 200±35 120±25
GCGGCCG 200±35 120±25
GUCGCCA 300±40 120±25
GCCGCCA 300±40 120±25
GAUGCCG 300±40 120±25
GUGGCCA 300±40 120±25
GGAGCCA 300±40 120±25
GCGGCCA 300±40 120±25
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800 nM GST-AtCyp59 or GST-AtCyp59_3M was mixed
with 100 ml of �-chymotrypsin (Sigma-Aldrich; 60mg/ml
in 1mM HCl), and the volume was adjusted to 975 ml with
assay buffer (50mM Hepes-KOH, pH 8.0 at 0�C, 100mM
NaCl, 2mM MgCl2, 1mM EDTA). The reaction was
initiated by the addition of 25 ml of substrate (4mM
tetrapeptide in 470mM anhydrous LiCl dissolved in
trifluoroethanol). Changes in absorbance due to released
p-nitroaniline were monitored at 390 nm at 0�C over a
3-min period in a PerkinElmer Lambda 35 UV/VIS
spectrophotometer with a thermostatically controlled
cuvette holder. To check PPIase activity of proteins in
presence of RNA, 800 nM GST-AtCyp59 or GST-
AtCyp59_3M was pre-incubated in reaction buffer with
equal concentration of 7 nt RNA (GUGGCCG),
polyA+ fraction of total RNA (800 nM) isolated from
21-day-old wt Col-0 plants using Micropoly(A) purist kit
(Ambion). Pre-incubated protein was similarly used in the
assay above. The experiments were performed five times
with different preparations of proteins.

RESULTS

RNA targets of AtCyp59 identified by Genomic SELEX

The systematic evolution of ligands by exponential
enrichment (SELEX) is an approach to isolate high-
affinity binding partners for a given molecule and
usually uses a random nucleic acid library (29,30). In
contrast, Genomic SELEX has the advantage of selecting
only from the sequences available in a given genome which
enhances the possibility of isolating natural RNA targets
(31,22). In vivo studies on AtCyp59 are hindered by its
tight gene regulation with the consequence that

Arabidopsis overexpression and mutant lines are currently
not available. We therefore used Genomic SELEX as an
in vitro method to identify RNAs bound by AtCyp59 and
to discover RNA motif(s) for this protein.

To create a genomic library 2 g of 3-week-old wild-type
A. thaliana (Col-0) leaves were used to isolate genomic
DNA. Thirty micrograms of this DNA was fragmented
and used as template to create a DNA library by
Klenow fragment reaction. The addition of primers with
constant regions and T7 promoter sequences allowed the
synthesis of an RNA library (Figure 1a). The sequences of
primer adaptors were not present in the Arabidopsis
genome. Library construction was performed in such a
way as to create an RNA library with sizes of 30–300
nucleotides. Library construction and the selection of
RNA targets were essentially done as described (22) and
a more specific description for Arabidopsis is published
elsewhere (32). For the selection procedure, the region
encoding the RRM and Zn-knuckle domain of AtCyp59
was cloned and expressed as a recombinant GST-fusion
protein. Binding to the RNA library was performed in a
3:1 molar excess of RNA over protein for the initial
first three cycles of selection and then the ratio was
changed to 10:1 to increase the stringency. Bound RNAs
were separated on protein-GST beads and eluted with
glutathione. To control for RNAs binding to the GST
tag, a counter selection with GST protein was performed
after the ninth cycle (Figure 1b). The selection was
stopped after 11 rounds of SELEX when the recovery
rate of RNA was about 3% of the input RNA. As a
10-fold molar excess of RNA over protein was used for
competition, this value suggests that about 30% of the
selected RNA pool is able to bind to AtCyp59.

(a)

(c)

(b)

Figure 1. Genomic SELEX experiment with the multidomain cyclophilin AtCyp59_RRM_Zn domain. (a) Scheme of Arabidopsis RNA library
preparation and selection process. (b) Schematic representation of the domain organization of the full-length AtCyp59 and GST-tagged construct
of the RRM+Zn motif of AtCyp59. PPIase, peptidyl/prolyl cis/trans isomerase domain; RRM, RNA recognition motif; Zn, zinc finger motif class
CCHC; RS/RD(E), domain enriched in arginine, serine, aspartate, glutamate; GST, glutathione S-transferase. (p) Enrichment of the RNA sequences
from the Arabidopsis thaliana genome which bind AtCyp59. The RNA recovery was calculated as a percentage of the RNA material that was bound
to the protein relatively to the amount of the initial RNA material in each cycle. During Cycles 1–3, the molecular ratio of the RNA to protein was
3:1, Cycles 4–9, 11 the ratio was 10:1, and Cycle 10 anti-GST selection.
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To control the library construction and SELEX
procedure, selected RNAs were reverse transcribed,
cloned and sequenced by conventional sequencing. Most
of the reads contained Arabidopsis sequences of about 40–
50 nucleotides (Supplementary Figure S1b). Therefore, the
selected library was sequenced by the 454 deep sequencing
methods. We obtained a total of about 13 375 trimmed
reads and about 70% mapped to the Arabidopsis
genome (Supplementary Table S1). From these sequences
almost 60% mapped uniquely. The sequences that are
more than once mapped are probably affiliated to
duplicated genomic regions. We also sequenced the
genomic library with 454 technology and compared the
abundance of genomic elements to the Arabidopsis
genome and the SELEX library (Supplementary Figure
S1c). All genomic elements were present in the genomic
library albeit with a slightly different abundance, whereas
the SELEX library showed a clear increase in exonic
sequences and a decrease in intronic sequences.

Statistical examination of the selected sequences reads
revealed that most of the targets of AtCyp59 reside in
protein-coding genes (Figure 2a). Interestingly, the
majority of reads were observed to map in antisense
orientation to annotated genes, mostly due to the
genomic location of two contigs with the highest read
number (accounting for 50% of all reads). When reads
were assembled into contigs, the ratio between contigs in
sense and antisense annotations was 3:4 (Figure 2b).

By investigating the gene structure of genes which
contain selected sequences in the sense orientation, we
discovered that binding occurs preferentially to exons of
the annotated transcripts and only few hits corresponded
to introns (Figure 2c). As the Genomic SELEX method
samples the entire sequence of a given genome in an
unbiased manner, the obtained data clearly show that
the potential targets of AtCyp59 are mainly located in
protein-coding genes with a high preference for exonic
regions.

Bioinformatics analysis reveals an RNA-binding
motif for AtCyp59

One of the purposes of any SELEX experiment is to find a
common binding motif for a protein of interest within the
pool of selected sequences. The seven most abundant
clusters (accounting for 79.5% of all aligned reads) in
our selection were the basis for the alignment with the
MEME program, which searches for consensus binding
motifs (33). The obtained consensus sequence G[U/
C]N[G/A]CC[A/G] (Figure 2d) is clearly GC-rich which
is in line with previously published data indicating that
AtCyp59 prefers either G- or C-rich sequences (3). This
G[U/C]N[G/A]CC[A/G] motif was highly enriched in
the selected sequences (4.5 times/per 1000 nt) and about
50% of the sequenced reads contained the motif
(Supplementary Table S2). As the motif discovery was
based on 79.5% of the reads, there might be a possibility
of another potential binding motif. It is well established
that the composition of exons in general is more GC-rich
and in particular the Arabidopsis exons of pre-mRNAs are
biased towards a higher GC content (34). Therefore, our
findings fitted well to the observation that sequencing
reads were preferentially aligned to exons of protein-
coding genes. Taken together, these results support the
notion that the RNA targets of AtCyp59 are located
within the exons of protein-coding genes.

In vitro verification of AtCyp59 binding to
the selected motif

To verify the binding of AtCyp59 to its RNA targets,
electrophoretic mobility shift assay with the GST-tagged
version of the RRM and Zn-knuckle domain used in the
selection process were performed. To control for
unspecific binding, the RNP1 motif of the RRM was
mutated in three conserved aromatic amino acids which
are indispensable for RNA recognition (Y286D, F289D,
F291D) (35). In addition, the full-length protein was
expressed, purified and used along with the truncated
version (Figure 3a).
An initial test used one of the sequences obtained in the

genomic SELEX screen, a 180-nt RNA from the
AT3G53500 gene (coding for the Arabidopsis SR protein
At-RS2Z32) containing one of the binding motifs (GUCG
CCG). Full-length AtCyp59 protein was added in
increasing amounts and the binding reaction was
separated on a native PAA gel. As shown in Figure 3b,
prominent complex formation between AtCyp59 and the
RNA with a KD of 50 nM was observed suggesting that
the sequence contained a functional binding motif.

(a)

(b)

(d)

(c)

Figure 2. Bioinformatics analysis of the selected library. (a) Genomic
distribution of the mapped reads generated after selection with
AtCyp59_RRM_Zn domain. (b) Strand distribution of the aligned
contigs according to the annotated gene. (c) Localization of the reads
within the annotated gene in sense orientation. (d) Predicted binding
motif based on sequences alignment of the seven most abundant
clusters in the SELEX library using the MEME program tool.
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The binding motif for AtCyp59 G[U/C]N[G/A]CC[A/
G] was used to search the sequencing reads and 17
sequence variations of the seven nucleotide motif were
generated (Table 1, Supplementary Figure S1). All these
17 short RNA oligonucleotides were used for binding tests
in an electrophoretic mobility shift assay on 10% native
gels. Table 1 shows all tested RNA oligonucleotides listed
according to their binding affinities with a KD in the range
of 40–300 nM. No significant preference for a particular

nucleotide at the three variable positions could be
observed, except that a G at the last position is preferable.
By using one of these motifs, GUGGCCG, and the
RRM_Zn-knuckle domain of AtCyp59, we observed
strong binding with a KD of 40 nM (Figure 3c). In
contrast, when the mutated protein was used, binding
dropped significantly to >700 nM (Figure 3d, lanes
6–10). This value is similar in range to that obtained
with a scrambled RNA oligonucleotide (UAGCGUC)

(a)

(e)

(f)
(c)

(b)

(d)

Figure 3. Binding of the AtCyp59 to its RNA targets in vitro. (a) Schematic representation of AtCyp59 protein variants used in the in vitro studies.
The amino acids involved in RNA binding to the RRM (RNP1 motif) domain are marked in bold. These amino acids have been mutated in
AtCyp59_3M_RRM_Zn. (b) 6% native polyacrylamide gel electrophoresis of a 180-nt RNA (gene At3G53500) containing one of the binding motifs
(GCUGCCG). (c) 10% PAA gel electrophoresis of a 7-nt RNA sequence (GUGGCCG) incubated with an increasing concentration of the
AtCyp59_RRM_Zn. (d) Comparison of binding to the 7-nt RNA (GUGGCCG) between wild-type AtCyp59_RRM_Zn protein (lanes 1–5) and
the mutated RRM domain (lanes 6–10). (e) 10% native polyacrylamide gel electrophoresis of a 7-nt scrambled RNA (based on consensus sequence)
incubated with an increasing concentration of the of AtCyp59_ RRM_Zn. (f) RNA–protein complex formation upon full-length AtCyp59 binding to
the 7-nt RNA (GUGGCCG) on 6% PAA native gel. (b–f) The free RNA and RNA–protein complexes are indicated by arrows. Gels were stained
with SYBR GREEN II dye. The concentration of the protein is shown in the nM range.
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bound to the non-mutated AtCyp59_RRM_Zn protein
(Figure 3e). Thus, the RNP1 motif of the RRM domain
is at least partially responsible for binding RNA. As the
RRM is the most conserved domain in this cyclophilin
family, we tested the S. pombe orthologue Rct1 in this
binding assay using the Arabidopsis motif variant GUG
GCCG. Interestingly, we observe similar binding of this
oligo RNA to the Rct1 protein as to the Arabidopsis
protein (Supplementary Figure S2c and d). These
experiments strongly support an evolutionarily conserved
function for the RRM of this family of cyclophilins.

To investigate the possible influence of the other
domains of AtCyp59 on binding, the same experiments
were performed using the full-length AtCyp59 protein.
Interestingly, all the tested motif variants now showed a
very similar dissociation constant of about 120 nM
(Table 1 and Figure 3f). This levelling of the binding
affinities to the 7-nt oligos by the other domains of
AtCyp59 suggests that the motif variants might bind
equally well to the full-length protein. However, as can
be observed in the case of the GUCGCCG motif in the
context of the AT3G53500 (At-RS2Z32) gene (Figure 3b
and Supplementary Figure S2a and b) yielding a KD of
50 nM, the RNA sequence context within the transcript
might have an additional influence on binding to a
particular motif. In summary, the in vitro experiments
have verified the binding motif for AtCyp59 from
sequences selected by the Genomic SELEX method and
have shown that this motif is evolutionarily highly
conserved.

RNA transcripts containing the selected binding motif are
bound by AtCyp59 in vivo

The in vivo testing of RNAs with a binding motif for
AtCyp59 proved difficult. All our efforts to establish
stably transformed plants or tissue culture cell lines
failed as even small changes in the level of AtCyp59 are
detrimental to cell growth (3, and our unpublished data).
We therefore used a transient expression system in plant
protoplasts where we used HA-tagged WT and mutated
Cyp59_3M (3M in RNP1) proteins (Figure 4a) for RNA
immunoprecipitation to show specific binding of AtCyp59
to endogenous mRNAs containing the selected motif.
A plasmid expressing HA-tagged MAPK6 kinase was
used as control and transformation efficiency was
monitored by a 35S-GFP construct. Protoplasts isolated
from an Arabidopsis cell suspension culture were
transformed with DNA constructs and after 24-h
extracts were prepared and used for immunoprecipitation
with anti-HA antibody. Figure 4b shows a western blot of
the total protein isolated from transformed plant
protoplasts with anti-HA antibodies demonstrating that
both the AtCyp59 and the mutated AtCyp59_3M were
expressed at similar levels (top panel) and were efficiently
immunoprecipitated with anti-HA antibody (bottom
panel). To test if the transformation of the HA-tagged
protein itself affects the levels of the tested endogenous
RNAs, control RT–PCR experiments were performed.
None of the transfected proteins influenced the mRNA
expression level of any of the tested endogenous RNAs

(Supplementary Figure S3a). RNAs co-precipitated with
AtCyp59, Cyp59_3M and MAPK6 were isolated and
analysed by RT–PCR using oligonucleotides cor-
responding to endogenous mRNAs containing the
selected motif. The majority of the motif-containing
RNAs (10 of 13) could be recovered by IP of the HA-
tagged AtCyp59 but not by the mutated AtCyp59_3M
or the MAPK6 kinase control (Figure 4c and
Supplementary Figure S3b).
As AtCyp59 is involved in transcription regulation, we

argued that it should bind to the nascent transcript.
Therefore, we repeated the RT–PCR experiment for
three target transcripts using an RT primer downstream
of the polyA addition site. This should only capture RNAs
before 30-end cleavage and polyA addition. In the PCR
analysis in Figure 4d, we observe recovery of pre-mRNAs,
partially spliced RNAs as well as of spliced RNAs
showing that binding of AtCyp59 must have occurred
on an unprocessed transcript. To control for DNA
contamination, PCRs were carried out without prior
reverse transcription. Additionally, these experiments
indicate that splicing can occur before 30-end processing
as suggested previously.
To investigate if binding indeed occurred to the

established RNA-binding motif, we designed an
experiment where we used wild-type AtCyp59 and
transformed it together with a construct containing one
of the IP mRNAs which was mutated at the ATG (TTG)
to avoid protein overexpression and with a tag at the
30-end to distinguish it from the endogenously expressed
mRNA. In addition, we mutated the AtCyp59-binding
motif to a U/A-stretch in this mRNA and used this
construct in co-transformation experiments with
AtCyp59. This was done for the mRNAs of AT3G49430
(At-SR34a) and AT3G53500 (At-RS2Z32) (Figure 4e).
Figure 4f (upper panels) shows a western blot with anti-
HA antibodies from the immunoprecipitation of the co-
transformation experiments to control for AtCyp59
expression. Figure 4g (upper panels) shows RT–PCR of
total RNA of the co-transformation extract indicating
that all transfected target RNAs were expressed in
equivalent amounts. RT–PCR analyses of the IP
(Figure 4g, lower panels) show that the RNAs containing
the selected motif are present in the IP in contrast to the
mRNAs with the mutated binding motif.
Taken together, these experiments show that AtCyp59

binds to the selected binding motif in vivo and most
importantly that binding likely occurs co-
transcriptionally.

AtCyp59 is an active PPIase and its activity is
inhibited by RNA binding

Having demonstrated that AtCyp59 indeed binds specific
RNA sequences in vivo, it was of great interest to
investigate if RNA binding could have an influence on
the enzymatic activity (PPIase) of AtCyp59. However, it
has never been shown that either the A. thaliana or the
S. pombe protein possesses PPIase activity. We therefore
used an in vitro PPIase assay and tested recombinant
AtCyp59. This assay uses a substrate that has the
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(a) (e)

(f)

(g)

(b)

(d)

(c)

Figure 4. Transiently expressed AtCyp59 HA-tagged proteins in the A. thaliana protoplasts bind to endogenous mRNAs in vivo. (a) Schematic
representation of the AtCyp59 constructs used in the transient transformation experiments. 35S, CaMV 35S RNA promoter sequence; HA,
hemagglutinine antigen; 3M; mutations in the RRM domain (the same as in Figure 3a); GFP, green fluorescence protein; MAPK6, mitogen-activated
protein kinase 6. (b) Western blot analyses of cells overexpressing the depicted constructs were performed using anti-HA antibody (upper panel) or
anti-tubulin antibody (middle panel). Bottom panel is a western blot analysis of an HA immunoprecipitation used for RNA analysis shown in (c).
Molecular weight markers are indicated on the left side. (c) Analysis of RNAs immunoprecipitated with the indicated proteins. RT–PCR with
primers to the genes indicated on the right side (33 PCR cycles; primers used are listed in the Supplementary Table S3). Molecular weight marker is
shown on the left side in bp range. (d) Analysis of selected pre-mRNAs immunoprecipitated with AtCyp59. Primers for RT reaction are designed to
tag a pre-mRNA after the polyA signal; primers in the PCR are the same as in (c).+RT, PCR with reverse transcriptase added; -RT, PCR without
reverse transcriptase; filled diamond, pre-mRNA product; star, fully spliced mRNA product. Other bands in the AT3G4930 lane are partially spliced
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peptide bond in cis conformation adjacent to a proline
(Suc-Ala-Ala-Pro-Phe-p-nitroanilide) (36,28). This
proline is followed by a p-nitro-Phe group which can be
cleaved off by chymotrypsin if the peptide bond adjacent
to the proline is in trans conformation. Conversion of
substrate from cis to trans was measured by reading the
absorbance of the released p-nitroaniline at 390 nm.
Observed reaction rates were calculated as an average
from four independent experiments. Figure 5a shows
that addition of recombinant AtCyp59 to the substrate
accelerated the spontaneous cis/trans isomerization
considerably (blank: Kobs=2.37±0.39;+Cyp59: Kobs =
5.11±0.89; Figure 5d). Addition of AtCyp59_3M in this
assay resulted in only a small reduction in activity
(Kobs=4.50±0.79), indicating that the mutations in the
RRM do not affect the PPIase activity of AtCyp59
significantly (Figure 5b and d). To test if binding of
RNA influences PPIase activity, we first pre-incubated a
polyA+ mRNA from total Arabidopsis RNA with wild-
type AtCyp59 before adding it to the PPIase reaction. As
shown in Figures 5a and d, we see a significant effect of
reduced PPIase activity (Kobs=3.25±0.93) on the
polyA+ fraction. The effect on polyA+ RNA is in line
with our observation that the binding motif of AtCyp59
mainly occurs in protein-coding genes. Furthermore,
incubation with a 7-nt motif sequence (GUGGCCG)
similarly decreased the activity of AtCyp59 PPIase
(Kobs=3.17±0.29) (Figure 5a, c and d), whereas
incubation with a scrambled oligo (UAGCGUC) did not
affect the activity (Kobs=4.89±1.02). We also used the
mutated AtCyp59_3M protein pre-incubated with polyA+
RNA. We observed a slight reduction of the PPIase
activity compared with the AtCyp59_3M without RNA
(Kobs=4.50±0.79 versus Kobs=4.08±0.96; Figure 5b
and d). This observation corresponds to results from
in vitro RNA-binding assays showing that the mutated
protein still has a residual binding capacity for the RNA
(Figure 3d and e). Taken together, these data show that
AtCyp59 possesses an active PPIase domain and that
specific binding of RNA to the RRM of AtCyp59
reduces the PPIase activity in vitro.

The AtCyp59-binding motif is present in most RNA
polymerase II transcripts

Having verified the binding motif by in vitro and in vivo
methods, it was interesting to get a more genomic view of
the distribution of the G[U/C]NGCC[A/G] motif in the
Arabidopsis genome. The 17 motif variants which were
tested in vitro (Table 1) were used to construct an
experimentally validated version of the binding motif
descriptor. The analysis of the Arabidopsis genome

(TAIR10) reveals that about 70% of the Arabidopsis
protein-coding genes contained one of the AtCyp59-
binding motifs (Figure 6a). Considering that we did not
test all possible variants for this motif, the number of
RNA polymerase II transcripts possessing this motif
might be much higher. It is very interesting that the
motif density (number of the motifs per 1000 nt) is
equally distributed to sense and antisense transcripts of
the annotated genes (Figure 6a, 0.5 in sense and 0.51 in
antisense orientation), while for intergenic regions the
number is much lower (0.27). Even more drastic changes
have been observed comparing exons and introns of
protein-coding genes. The motif densities varied
significantly, from 0.83 in exons to 0.21 in introns. These
data show that the predominant location of the
binding motif is within exons of protein-coding genes.
Furthermore, we aligned the motif to the cDNA sequences
(corresponding to mature mRNAs) and found that the
majority of the transcripts contain the binding
motif only once or twice in a given transcript body
(Figure 6b). The analysis of the 17 motifs in the
S. pombe genome revealed a similar distribution as in
Arabidopsis (Figure 6a). About 64% of protein coding
transcripts possess a motif mostly in the coding region.
To examine if the motif had any general tendency for a

location within the TU, we normalized motif occurrence
to transcript length. Taking all 17 verified motif variants
into account, we found a slightly higher proportion of
motifs in the beginning and a decrease towards the
end of the Arabidopsis transcript (Figure 6c). A similar
analysis of the 17 motifs on the S. pombe genome
showed a more prominent accumulation of the motifs
towards the gene body (Figure 6d, grey bars). To
determine a possible influence of gene length on the
distribution of the motif, we performed the same
analysis on small (750±50 bp), medium (1500±100 bp)
and long (3000±200 bp) genes (Supplementary Figure
S4). Interestingly, the small genes profiles are similar to
the S. pombe genomic distribution which is coherent with
the smaller gene sizes in yeast. The bell–shaped curve is
probably due to the 50- and 30-UTR having less motif
variants. The medium- and long-size genes behave
similar as in the genomic analysis (Figure 6c and d and
Supplementary Figure S4) indicating that the observed
motif peak at the beginning of genes comes from the
lager genes as they contain more coding sequences in the
first 10% of the nucleotide sequence.
Taken together, the fact that the AtCyp59-binding

motif occurs in almost 70% of the protein-coding genes
implicates that it might be important for the majority of
RNA polymerase II TUs. This is supported by the

Figure 4. Continued
products. (e) Schematic representations of the RNA constructs used for double transformation experiment with AtCyp59. TTG, mutated
translational start codon; line, coding sequence of the gene; exogenous tag, partial sequence of the hemagglutinine antigen. (f) Western blot
analyses of immunoprecipitation experiments with cells overexpressing the depicted combinations of constructs. The molecular weight marker is
displayed on the left side. (g) RT–PCR with primers to the genes indicated at the bottom (primers used are listed in the Supplementary Table S3).
Molecular weight marker is shown on the left side in bp range. Upper panel is a RT–PCR from total RNA isolated from protoplasts double
transformed with the depicted constructs. Lower panel is an RT–PCR of RNA isolated after IP. Bands shown are amplified using the primers to the
synthetic RNA construct which were designed to differentiate from endogenously expressed RNA.
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bioinformatics analysis showing that it is equally
abundant in antisense transcripts. In addition, the
evolutionarily conserved abundance and location of this
motif points to an important function of this protein in the
transcription process.

DISCUSSION

In this article, we determined the RNA targets of an
RRM-containing cyclophilin AtCyp59 by using a
Genomic SELEX method. The selected sequences
enabled us to identify the RNA-binding consensus motif

for the evolutionarily highly conserved RRM domain of
this multidomain protein. The binding of AtCyp59 to its
RNA targets was confirmed in vitro by mobility shift
assays and in vivo by RNA immunoprecipitation from
protoplasts transiently expressing the HA-tagged
protein. In addition, we showed that mutations in either
the RRM domain of AtCyp59 or in the RNA motif
sequence decrease the binding specificity of the AtCyp59
to its RNA targets. Furthermore, we show that
recombinant AtCyp59 exhibits PPIase activity and that
this activity is decreased upon binding to the specific
RNA-binding motif. Genome-wide analysis of the RNA

(a) (b)

(c)

(d)

Figure 5. PPIase activity of AtCyp59 decreases upon binding to the mRNA (polyA+) or to a 7-nt RNA binding motif. (a) PPIase activity in the
absence (�) or in the presence (filled square) of AtCyp59. PPIase activity is inhibited upon binding either to the polyA+ fraction of RNA (filled
triangle) or to an RNA binding motif (�). (b) PPIase activity in the absence (�) or in the presence of AtCyp59 (filled square), or in the presence of
AtCyp59_3M (filled triangle). PPIase activity of AtCyp59 upon binding to the polyA+ fraction of RNA (�). PPIase activity of AtCyp59_3M upon
binding to the polyA+ fraction of RNA (filled circle). (c) PPIase activity in the absence (�) or in the presence (filled square) of AtCyp59. PPIase
activity is inhibited upon binding to the specific RNA binding motif (�) but is not inhibited upon binding to the scramble RNA oligonucleotide
(filled circle). (d) Kobs of four independent measurements of the PPIase activity. Kinetics is calculated as first-order Michaelis–Menten reaction.
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binding motif showed its presence in >70% of the
A. thaliana mRNAs and its prevalent localization in the
coding region. We also demonstrated that the RNA-
binding motif and its genome-wide distribution are
evolutionarily conserved.

Genomic SELEX is a method for the identification of
an RNA-binding motif for a given protein. In our
selection, the identified motif which consists of a 7-nt-
long RNA consensus sequence G[U/C]N[G/A]CC[A/G],
was consistent with previous data, which showed that
AtCyp59 interacts with C- and G-rich RNA
oligonucleotides in vitro (3). Sequence variations of the
motif which were present in the SELEX sequences were

tested in vitro. Interestingly, the binding motif variants
showed variable binding affinities to the RRM-Zn
domain of AtCyp59 which was used for selection.
Furthermore, binding of the 7-nt binding motif variations
to the full-length AtCyp59 showed an equal overall
binding affinity to the motif variants, suggesting an
influence of the other AtCyp59 domains in this
interaction. AtCyp59 interacts with its RNA target
sequence specifically, since mutations in the RRM
domain of AtCyp59, which are known to be generally
involved in RNA recognition (37), decreased binding
activity. Similarly, mutations in the sequence of the 7-nt
RNA consensus motif also decreased its affinity to the

(a)

(b)

(d)

(c)

Figure 6. Computational analysis of the binding motif distribution in the A. thaliana genome. (a) Distribution of the AtCyp59 binding motif
variants in the A. thaliana genome according to TAIR 10 annotation. (b) Frequency of occurrence of the binding motif variants per cDNA
sequence in the A. thaliana genome. Each bar on the diagram represents the number of genes with the indicated number of the binding motifs
per transcript sequence. (c) Arabidopsis AtCyp59 motif distribution in the TUs. Distribution of 17 motifs experimentally validated in A. thaliana is
shown in 10 windows of the transcription units. (d) A. thaliana and S. pombe motif distribution. Distribution of the 17 motifs experimentally
validated in A. thaliana is shown for Arabidopsis (dark grey) and S. pombe transcription units (light grey bars).
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RRM_Zn domain of AtCyp59. In addition, when we used
longer RNA transcripts containing the binding motif, we
observed an improved binding to the full-length AtCyp59.
As we have indications that AtCyp59 possesses an RNA
chaperone activity, this effect might be due to an impact
on local RNA structure. Thus, full-length AtCyp59
regulates binding to RNA targets and might also change
RNA structure.
The interaction between AtCyp59 and RNA targets was

confirmed in vivo using transient expression of the
AtCyp59 in protoplasts. We were restricted to transient
expression for the experiments in vivo due to our inability
to produce stable overexpression tagged lines of AtCyp59.
This is most probably caused by the tight regulation
of AtCyp59 levels in vivo (3,11). RNA immunopre-
cipitation analysis showed that wild-type AtCyp59
could immunoprecipitate endogenous RNA targets.
Furthermore, mutations in the RRM domain of
AtCyp59 abolished recovery of specific RNAs after
immunoprecipitation. This suggests a direct recognition
of RNA targets through the RRM domain of AtCyp59.
When we performed a double transformation of the
protoplasts with AtCyp59 and exogenous RNA targets,
these RNAs could be also recovered by immunopre-
cipitation of AtCyp59. If the RNA-binding motif was
mutated, AtCyp59 could no longer bind to the exogenous
RNAs. These data show that AtCyp59 binds to motif
containing mRNAs in vivo in a sequence-specific
manner. Most importantly, these experiments also
demonstrated that AtCyp59 binds to the transcript in
the course of transcription as also unspliced or partially
spliced RNAs were immunoprecipitated.
In addition, we could demonstrate PPIase activity of the

recombinant AtCyp59 in vitro. The observed Kobs rates are
in line with previously described PPIase activities of other
isomerases (38). This also suggests that AtCyp59 could act
as a PPIase enzyme in vivo. Most interestingly, the PPIase
activity was reduced when the RRM domain of AtCyp59
was bound specifically to its RNA-binding motif or to
polyA+ RNA but not to a scrambled RNA oligo. The
mutations in the RRM domain of AtCyp59 slightly
reduced its enzymatic activity similar to control mutations
in the region between the RRM and the PPIase domain
(data not shown). This minor decrease in activity might
therefore come from changes in protein structure upon
mutation in regions unrelated to the PPIase domain.
However, if we added specific RNA to Cyp59_3M
(mutated in the RRM), the PPIase activity did not
change indicating that the decrease in activity upon
RNA binding is exerted through the RRM domain. This
suggests that binding of specific RNA to AtCyp59 causes
structural changes that feed back to the PPIase domain
resulting in a decrease in enzymatic activity. From the
available data from AtCyp59 and spRct1 (3,11), we
know that this protein is located in transcription/splicing
complexes, but the mechanism of its action is unknown.
There is one other RRM-containing cyclophilin, hCyp33,
described in the literature which regulates a histone acetyl
transferase. Contrary to AtCyp59, PPIase activity of
hCyp33 is stimulated by binding AU-rich RNA (20) but
neither a motif nor a natural RNA target has been

identified (19). However, our results with AtCyp59
predict a possible negative feedback loop regulating
PPIase activity upon RNA binding.

AtCyp59 is an interesting protein, because of its
multidomain organization that includes a PPIase domain
followed by an RRM domain, Zn knuckle and the
C-terminal-charged domain. AtCyp59 is a nuclear
protein and further analyses showed that AtCyp59
interacts in vitro and in vivo with the RNA polymerase
II (3). Overexpression of the protein in cell culture was
detrimental to cell growth and had an effect on the level
of RNA polymerase II. Additional information about this
highly conserved protein came from analysis of its
S. pombe orthologue, Rct1, which was identified as an
essential gene where overexpression of Rct1 led to a
decrease in CTD phosphorylation. In contrast, lower
levels of Rct1 upregulated CTD phosphorylation (11).
This upregulation resulted in a decrease in RNA
polymerase II activity as shown in run-on transcription
assays. Furthermore, it was shown that Rct1 is associated
with actively transcribed genes following the RNA
polymerase II profile along the gene. These data suggested
an important activity provided by this multidomain
cyclophilin for transcription elongation. The RRM
domain is evolutionarily the most conserved domain of
this protein suggesting its important contribution to the
overall activity of the protein. The experiments presented
in this articles now show binding of AtCyp59 to the
nascent transcript. In addition, they demonstrate that
the selected binding motif, its abundance and genomic
localization are also evolutionarily conserved.

We predicted that AtCyp59 might bind a small
regulatory RNA (similarly to the P-TEFb transcription
factor regulated by 7SK RNA (39)) or alternatively
might bind a subset of RNA polymerase II transcripts.
Surprisingly, our genome-wide analysis of the AtCyp59
RNA-binding motif showed that this motif is present in
the majority of RNA polymerase II transcripts in sense
and antisense orientation (Figure 6a). If one assumes
a universal function for this cyclophilin in transcription,
the binding motif should be also present in anti-
sense transcripts as antisense transcription of protein
coding genes is pervasive in many genomes (40,41).
Furthermore, the binding affinities to the motif variants
should be similar which is what we observe when using
full-length AtCyp59 in binding assays. These data suggest
that AtCyp59 might bind to many endogenous transcripts
(sense and antisense) with similar strength. Most
importantly, we have shown that binding of specific
RNAs or polyA+ RNAs reduces the PPIase activity of
AtCyp59 in vitro. Therefore, binding of AtCyp59 to its
natural RNA targets might also change PPIase activity
in vivo and thus send a signal to the transcription
machinery. As AtCyp59 interacts with the RNA
polymerase II complex, a possible scenario could be that
it re-structures the heptapeptide repeats on the CTD thus
influencing phosphorylation similarly to the activity of the
PPIase Pin1 in humans and Ess1 in Saccharomyces
cerevisiae (12,16,42,43). Alternatively, it might influence
kinase or phosphatase activities which act on the CTD
repeats. As the position of the binding motif is distributed
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along the coding region of the gene, we suggest that
AtCyp59 might bind to the nascent transcript in the
elongation phase of transcription. The consequences of
RNA binding on the function of this protein in vivo as
well as on its temporal and spatial interaction with its
partners are currently unknown. However, summarizing
the available data for this cyclophilin, we propose a model
(Figure 7) where in the course of transcription RNA-
dependent inhibition of the PPIase activity of AtCyp59
influences RNA polymerase II activity. Our data
indicate that this multidomain cyclophilin might have a
role in transcription regulation, which is in line with the
observation that it is an essential gene and its deregulation
is detrimental to cell growth (3,11).

SUPPLEMENTARY DATA
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Supplementary Tables 1–3, Supplementary Figures 1–4
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Alternative splicing (AS) of precursor mRNAs (pre-mRNAs) from multiexon genes allows organisms to increase their coding
potential and regulate gene expression through multiple mechanisms. Recent transcriptome-wide analysis of AS using RNA
sequencing has revealed that AS is highly pervasive in plants. Pre-mRNAs fromover 60%of intron-containing genes undergoAS
toproducea vast repertoire ofmRNA isoforms. The functionsofmost splice variants areunknown.However, emergingevidence
indicates that splice variants increase the functional diversity of proteins. Furthermore, AS is coupled to transcript stability and
translation through nonsense-mediated decay and microRNA-mediated gene regulation. Widespread changes in AS in
response to developmental cues and stresses suggest a role for regulated splicing in plant development and stress responses.
Here, we review recent progress in uncovering the extent and complexity of the AS landscape in plants, its regulation, and the
roles of AS ingene regulation. Theprevalence ofAS in plants has raisedmanynewquestions that require additional studies.New
tools based on recent technological advances are allowing genome-wide analysis of RNA elements in transcripts and of
chromatin modifications that regulate AS. Application of these tools in plants will provide significant new insights into AS
regulation and crosstalk between AS and other layers of gene regulation.

INTRODUCTION

Production of the right amount of protein in the right cells at the
right time is crucial for growth and development of multicellular
eukaryotes and their response to the environment. Hence, protein
synthesis is tightly regulated with multiple layers of regulation.
Transcriptional regulation of gene expression is a central com-
ponent of this regulation. In recent years, it has become clear that
regulation of cotranscriptional processes, such as splicing and
polyadenylation, is also a major driving force of transcript com-
plexity and abundance. Posttranscriptional gene regulation
occurs at many levels, including transcript export, localization,
mRNA stability, translation, posttranslational modifications of
proteins, and protein stability and degradation, which ultimately
dictate the amount and functionality of RNAs and proteins within
the cell. The extent, complexity, and sophistication of post-
transcriptional gene regulation are beginning to rival transcrip-
tional regulation in eukaryotes. The first evidence for the
significance of alternative splicing (AS) in plant development
came from differential expression of Ser/Arg-rich (SR) protein
splicing factors in different organs and during development
(Lopato et al., 1996, 1999b; Kalyna et al., 2003; Palusa et al., 2007)
indicating organ-specific regulation of AS in plants. Verification
will come fromgenome-wide studies of AS in different organs and

during development (Loraine et al., 2013) as has been shown in
animals (Wang et al., 2008; Kalsotra and Cooper, 2011; Barbosa-
Morais et al., 2012; Ellis et al., 2012). In addition, screens for
mutants in various pathways have frequently identified splicing
factors as modulators of functional proteins, indicating that these
pathways are regulated via differential splicing (Lee et al., 2006;
Monaghan et al., 2009; Sugliani et al., 2010; Fouquet et al., 2011;
Koncz et al., 2012). There is an ever-growing body of literature on
how alternative splicing (AS) influences important developmental
and signaling pathways, and many important examples have
been discussed in the accompanying review by Staiger and
Brown (2013). This review focuses on the current knowledge on
splicing and genome-wide AS in plants, its regulation and po-
tential functions, and the important outstanding questions and
tools to address these.
The mechanism of splicing has been elucidated mainly by in

vitro assays and genetic studies in mammals and yeast. The lack
of an in vitro splicing assay in plants has been amajor limitation in
studying the mechanisms involved in intron recognition and
spliceosome assembly in plants (Barta et al., 2012). However, the
advent of the genomic era and the availability of whole-genome
sequences of several plants allowed the identification of orthol-
ogous proteins and small nuclear RNAs (snRNAs) of the core
components of the spliceosome (Wang and Brendel, 2004; Barta
et al., 2012; Koncz et al., 2012) (see Supplemental Table 1 online),
suggesting that the main principles of intron processing are also
applicable to plants. Nevertheless, the fact that animal introns
cannot be processed in plants made it clear that there is some
specificity in the plant spliceosomal machinery and in the plant
intronic sequences for their successful splicing (Barta et al., 1986;
Brown et al., 1986; Hartmuth andBarta, 1986). Even though some
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animal introns are as small as or smaller than plant introns, plants
do not have the long introns characteristic of many animal spe-
cies. There is a clear difference in average size of introns between
plants and animals; while animal introns can be quite long with an
average size of 5 kb (Sakharkar et al., 2004), plant introns are
relatively small with an average size of 160 bp (Iwata and Gotoh,
2011; Marquez et al., 2012), suggesting that recognition of exons
and introns might differ in plants. The consensus sequences for
the 59splice site (59SS), 39splice site (39SS), and branch point (BP)
are comparable in animals and plants (Simpson et al., 2002;
Reddy, 2007; Iwata andGotoh, 2011), indicating that core splicing
factors recognizing such sequences are acting in similar ways.
However, in plants, the presence of uridine-rich sequences to-
ward the 39SS was found to be an important determinant of
splicing efficiency as was a clear difference in the adenine-uridine
(AU) and guanine-cytosine (GC) content of introns and exons
especially indicotyledonswhere introns aremore than60%AUrich
(Goodall and Filipowicz, 1989). Differences can also be seen be-
tween different plant species; for example, there is a higher AU
content in the introns of dicotyledons species in comparison with
those in monocotyledons (Baek et al., 2008). Differences in the
GC/AUcontent of exonsand intronswere lately reported tooccur as
well in mammals supporting a shared principle for exon and intron
definition (Amit et al., 2012). The difference in GC/AU content might
explain differences in nucleosome positioning of exons and introns
that may influence RNA polymerase II elongation rates and have an
effect on splicing (reviewed in Gómez Acuña et al., 2013).

SPLICEOSOME COMPOSITION AND ASSEMBLY

Oneof themajor advances over the past yearswas the insight that
mostRNAsplicing events occur cotranscriptionally andhence are
dependent on DNA and chromatin structure and modifications
(reviewed in Braunschweig et al., 2013). Up to 90% of protein-
coding and many non-protein-coding genes contain introns in
photosynthetic eukaryotes (Hirsch et al., 2006; Szarzynska et al.,
2009; Labadorf et al., 2010). Generation of mature mRNAs from
these genes requires precise removal of introns from precursor
mRNAs (pre-mRNAs) and joining of exons. Four loosely con-
served core sequence elements in introns, the 59SS with a con-
served GT, the 39SS with a conserved AG, a BP with a conserved
A residue 18 to 40 nucleotides upstream of the 39SS, and a poly-
pyrimidine tract following the BP, are necessary for spliceosome
assembly. Splicing requires the precise recognition of splice sites
and spliceosome assembly with numerous RNA–RNA, RNA–
protein, and protein–protein interactions and conformational
rearrangements of these interactions in a precise sequential
manner. An in-depthdiscussionon spliceosomecomposition and
dynamics during different stages of splicing in yeast and meta-
zoans is presented in recent reviews (Will and Lührmann, 2011;
Hoskins and Moore, 2012).

Plant spliceosomes have not been isolated so far; hence, their
assembly and composition are not known. Extensive studies with
yeast and human spliceosomes that are assembled in vitro on
model pre-mRNA substrates have revealed that the spliceosome
is a highly dynamic and complex macromolecular machine con-
sisting of five snRNAs and over 300 proteins (Jurica and Moore,

2003; Will and Lührmann, 2011). The yeast Saccharomyces cer-
evisiae spliceosome has;160 proteins (Fabrizio et al., 2009), and
the homologs of all of these are present in the human spliceo-
some, indicating the conservation of core spliceosomal proteins
across eukaryotes.However, human spliceosomeshaveover 100
additional proteins, which are thought to play a role in splice site
selection and regulation of AS (Will and Lührmann, 2011).
The analyses of splicing homologs in Arabidopsis have led to

the identification of almost twice the number of splicing regulatory
factors in comparison to human (seeSupplemental Table 1 online)
(Wang and Brendel, 2004; Barta et al., 2012; Koncz et al., 2012).
The presence of multiple paralogs in plants seems to be the result
of whole-genome duplications followed by massive genomic re-
arrangements in the course of evolution (Kalyna and Barta, 2004;
Adams and Wendel, 2005; Cui et al., 2006). The existence of
multigene families of splicing factors including those involved in
AS, like the multimember family of the SR proteins and hetero-
geneous nuclear ribonucleoproteins (hnRNPs) that share distinct
levels of identity, raises the question of how many of the family
members have redundant roles or have acquired new functions.
The higher complexity of plant core spliceosomal proteins might
be the reason that mutations in several proteins associated with
plant small nuclear ribonucleoprotein particles (snRNPs) are not
lethal but cause various defects in the development and response
to environmental conditions (Staiger and Brown, 2013).
In metazoans, there are two types of spliceosomes: a major U2

type with U1, U2, U4, U5, and U6 snRNPs involved in splicing of
most pre-mRNAs with GT-AG splice sites and a minor U12 type
with U11, U12, U4atac, U5, and U6atac snRNPs that splice
a small fraction of pre-mRNAs with so-called U12 type introns.
These introns are characterized by a more conserved 59SS and
BP sequence and have both canonical (GT-AG) and noncanonical
splice sites (Friend et al., 2008; Steitz et al., 2008). They are not
very abundant with ;800 in human and mice and 300 in plants
(Alioto, 2007); however, a recent deep-sequencing analysis re-
sulted in identification of;2000 introns with U12-type signatures
in Arabidopsis thaliana (Marquez et al., 2012). These introns,
which occur usually only once in a transcript, are spliced mainly
cotranscriptionally with a slower kinetics. Furthermore, these are
often evolutionary conserved and important for developmental
processes (recently reviewed in Turunen et al., 2013). In-
terestingly, 20 U12-type introns are conserved in orthologous
positions between human and Arabidopsis (Zhu and Brendel,
2003; Basu et al., 2008). Analysis of the large pool of newly dis-
covered U12-type introns might change this number (Zhu and
Brendel, 2003; Basu et al., 2008). Based on the presence of most
of the RNA and protein homologs of mammalian spliceosomes
(see Supplemental Table 1 online), it appears that plants, like
animals, have both major and minor spliceosomes (Shukla and
Padgett, 1999; Reddy, 2001; Wang and Brendel, 2004; Lorkovic
et al., 2005;Ru et al., 2008; SimpsonandBrown, 2008;Barta et al.,
2012; Koncz et al., 2012).

CONSTITUTIVE SPLICING AND AS

A multiexon gene can produce a single mature mRNA by con-
stitutive splicing (CS), where only one set of splice sites is used.
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Failure to select or differential usage of some of these splice sites
can lead to intron retention (IR) or exon skipping events. In addi-
tion, alternative splice sites (59SS, 39SS, or both) can be em-
ployed, and all these events generate multiple mRNA isoforms
from the same gene (Figure 1) (reviewed in Reddy, 2007; Syed
et al., 2012). A given splice variant may show more than one of
these events. The long-standing question of how higher organ-
isms achieve their complexity despite having similar gene num-
bers is at least partly explainable by the complexity of RNA
transcripts created by AS. Deep sequencing of human tran-
scriptomes from different organs, tissues, and cell lines indicates
that almost every intron-containing gene generates multiple
splice variants under certain conditions, and many AS events are
regulated in a cell-, tissue-, or condition-specific manner (Pan
et al., 2008; Wang et al., 2008; Merkin et al., 2012). Furthermore,
recent studies indicate that the extent of AS increases as the
complexity of tissues and species increases (Barbosa-Morais
et al., 2012; Merkin et al., 2012).

The discovery of alternative transcripts in many organisms,
including plant species, has been accomplished mainly using
ESTs. The estimations of AS based on ESTs suggested that 11 to
30% of the multiexonic genes were alternatively spliced in Arab-
idopsis (Iida et al., 2004; Campbell et al., 2006; Barbazuk et al.,
2008). Nevertheless, the discovery of new isoforms depended
highly on the depth of the EST and cDNA libraries. Innovations in
sequencing RNA (RNA-seq) led to the generation of millions of
short sequence reads of cDNAs derived from poly(A)-enriched
mRNA from different tissues or conditions in a cost effective
manner, which were then mapped onto unique locations on the
genome to predict AS events (Wang et al., 2009a; Filichkin et al.,
2010; Hallegger et al., 2010; Marquez et al., 2012). This has been
used to analyze the extent of AS and to identify novel introns and
splice variants inArabidopsis (Filichkin et al., 2010;Marquez et al.,
2012; Syed et al., 2012), rice (Oryza sativa; Zhang et al., 2010b),

cucumber (Cucumis sativus; Guo et al., 2010), grape (Vitis vinifera;
Zenoni et al., 2010), andBrachypodium distachyon (Walters et al.,
2013). These studies have revealed that up to 60% of intron-
containing genes are alternatively spliced.
Analysis of different AS events inArabidopsis and several other

plants indicated that IR is the predominant mode of AS in land
plants (Ner-Gaon et al., 2004;Wang andBrendel, 2006; Baek et al.,
2008; Filichkin et al., 2010; Marquez et al., 2012; Syed et al., 2012).
Inmetazoans, the predominant AS event is exon skipping and IR is
least prevalent (Figure 1), suggesting differences in regulation of
splice site recognition in metazoans and plants. Although IR is the
most prevalent AS event in Arabidopsis, more than 51% of genes
producing AS transcripts do not show IR events (Marquez et al.,
2012). This indicates that the significance of IR for AS in plants has
beenoverestimated. The analysis also showed thatmany IR events
have very low sequence coverage and some annotated IRmay not
exist. A recent study has indicated that most of the IR events in
Arabidopsis that are predicted targets of nonsense-mediated de-
cay (NMD) escape this mechanism, provoking the question as to
the fate of these transcripts and the function of gene expression
regulationby IRevents (seebelow) (Kalynaetal., 2012).Oneanswer
comes from investigations into gametophyte development in the
fern Marsilea vestia, where it was shown that IR transcripts are
stored in the spore until their splicing and translation are initiated
upon spermatogenesis in a regulated temporal pattern (Boothby
et al., 2013). In mammals, regulated IR in neuron-specific genes
was shown to inhibit the export of partially spliced mRNAs to the
cytoplasm and trigger their degradation in the nucleus in-
dependently of the NMDmachinery and to play an important role
during neurogenesis (Yap et al., 2012). It is possible that regulated
retention of introns in the nucleus is widespread and serves to
store precursor RNAs. These results are exciting as they indicate
that IR might be used to regulate other developmental processes
or to enhance the response to environmental signals.

Figure 1. Frequency of Common Types of AS Events in Humans and Arabidopsis.

Proportion of common types of AS events in human (Keren et al., 2010; Reddy et al., 2012b) and Arabidopsis (Barta et al., 2012; Marquez et al., 2012).
[See online article for color version of this figure.]
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Cell-, tissue-, and condition-specific AS is highly prevalent in
animals, and the physiological significance of many such events
has been confirmed (Pan et al., 2008; Kalsotra andCooper, 2011).
So far, only limited global studies on AS with different cell types
and tissues and under different conditions have been performed
in plants that show regulated AS in different tissues or in response
to stresses (Jiao and Meyerowitz, 2010; Loraine et al., 2013; re-
viewed inStaiger andBrown, 2013). AsmoreRNA-seq studies are
now being performed with different tissues and individual cell
types and under different biotic and abiotic stresses, our knowl-
edge of AS in plants is likely to further increase in the near future.

AS at Tandem Acceptor Sites

Numerous intron-containing genes in animals and land plants
have tandem acceptor sites (39SS) that are separated by three nu-
cleotides (NAGNAG;N isanynucleotide) (Hiller et al., 2004; Iidaet al.,
2008; Schindler et al., 2008; Sinha et al., 2010). AS at theseacceptor
sites that preserve the reading framegeneratesmRNA isoforms that
includeorexcludea triplet therebycontributing to transcriptomeand
proteomediversity.AmajorityofNAGNAGsplicingevents lead toan
insertion or a deletion of a single amino acid, mostly polar amino
acids (Hiller et al., 2004; Iida et al., 2008; Bradley et al., 2012). Global
RNA-seq studies in humans and mouse in 24 tissues have shown
that;20%of reading frame–preserving AS events are due to AS of
tandem acceptors. Furthermore, about one-quarter of alternatively
splicedNAGNAGsites show tissue-specific regulation inmammals,
suggesting that NAGNAG AS contributes to differences in pro-
teomes of different cell types. Furthermore, tissue-specific NAG-
NAG AS is highly conserved (Bradley et al., 2012). In Arabidopsis,
close to 7000 introns in over 5000 genes contain tandem acceptors
and occur predominantly in DNA binding proteins and splicing
regulators such as SR and SR-like proteins (Iida et al., 2008;
Schindler et al., 2008). There is evidence for bothmRNA isoforms for
several hundred genes that contained tandem acceptor sites in
Arabidopsis, rice, and moss (Iida et al., 2008; Schindler et al., 2008;
Sinha et al., 2010). Interestingly, NAGNAG AS in pre-mRNAs of
Arabidopsis splicing regulators is regulated in an organ- and stress-
specific manner (Schindler et al., 2008). The two isoforms of Arabi-
dopsisU1-35Kgeneratedbyalternativeusageofa tandemacceptor
differ in the presence or absence of Gln at position 124. The isoform
lacking Gln showed altered binding affinity for SR proteins and U11
snRNA (Lorkovic et al., 2005). AS at a tandemacceptor site of ZINC-
INDUCED FACILITATOR-LIKE1 produces twomRNA isoforms that
differ in two nucleotides. One of these codes for a full-length protein
that localizes to the plasma membrane and functions in auxin-
regulated processes, whereas the second isoform codes for
a truncatedprotein that localizes to the tonoplastmembrane and
functions in drought tolerance (Remy et al., 2013). These studies
suggest the functional significance of AS as a result of tandem
acceptor in plants.

EXPERIMENTAL AND COMPUTATIONAL APPROACHES
FOR THE ANALYSIS OF AS

Mechanisms that regulate AS represent a complete black box in
plants, as do the roles of the diverse set of RNA binding proteins
(RBPs) in regulated AS. Numerous studies with metazoans and

a few studies from plants suggest that multiple regulatory mech-
anisms determine the splicing outcome. Growing evidence points
to elaborate crosstalk among multiple layers of posttranscriptional
regulation and between transcription and chromatin. Chromatin
landscape changes, such as nucleosome positioning, histone
marks, andDNAmethylation, togetherwith RNAstructural features
and splicing regulatory elements (SREs) are important regulators of
splicing. How important are RNA secondary and tertiary structural
features in regulating CS and AS? There are a few examples in
plants, but global studies of pre-mRNA/mRNA structures and
correlating the information into AS should shed some light on this.
Hence, to understand regulation of AS, it is necessary to integrate
the impact of chromatin landscapes changes such as DNA meth-
ylation, nucleosome positioning, histone marks, RNA structural
features, and SREs with AS. Genome-wide high-throughput tools
to address these aspects have been developed recently (Figure 2,
Table1). Applicationof these tools toplant splicing research should
provide novel insights into regulatory mechanisms and contribute
to decoding of the plant splicing code. Performing such analyses
with a single cell type or tissue would be ideal for such integrative
studies. This would also require new computational tools to in-
tegrate data from these different sets of experiments.
The consequence of AS is the production of multiple mRNA

isoforms from a single gene, which could be regulated by cell and
tissue type, various developmental stages, and/or environmental
conditions. However, as AS events cannot be easily predicted
computationally from the genome sequence, a complete picture
of all the possible mRNA isoforms generated from different genes
of an organism requires a full exploration of AS in different tissues
and diverse conditions and the availability of an accurately an-
notated genome. Since the first genome-wide analysis of AS, the
estimates ofAShave increasedconsiderably (e.g., in humans, 5 to
35% [Lander et al., 2001] to nowmore than 95% [Mortazavi et al.,
2008; Pan et al., 2008; Wang et al., 2008; Barbosa-Morais et al.,
2012;Merkin et al., 2012]; inArabidopsis, 1.2% (Zhuet al., 2003) to
now 61% [Marquez et al., 2012]), indicating that estimates of AS
mainly rely on the amount and diversity of the transcriptome data
that are available from an organism.
The advent of high-throughput sequencing of RNA (RNA-seq)

and large-scale microarray technologies (splice junction arrays
and the tiling arrays) have allowed us to obtain a better picture of
an organism’s transcriptome complexity in tissues and under cer-
tain conditions (Johnson et al., 2003; Mortazavi et al., 2008; Pan
et al., 2008; Sultan et al., 2008; Wang et al., 2008). The main dif-
ference of these two approaches is that with the arrays, it is nec-
essary to have prior knowledge of the alternatively spliced variants,
whereas RNA-seq allows de novo identification of transcripts at
a single-base resolution (Figure 3). Despite the obvious advantages
of these technologies in transcriptome analysis, several obstacles
must be overcome, including the storage of the huge amount of
data that is being generated (especially in the case of high-
throughput sequencing) and, most importantly, a reliable pipeline
for theanalysisof thedataandaccuratepredictionofASeventsand
splice variants (Reddy et al., 2012b). Sequencing a plant tran-
scriptome poses another challenge: Just 10 highly expressed
genes encoding proteins mainly involved in photosynthesis can
generate about a quarter of all transcripts in a cell (Weber, 2007),
tremendously compromising the representation of less abundant
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transcripts in RNA-seq analysis. Thus, deeper sequencing with
more reads is required to achieve good gene coverage throughout
the genome. Using a normalized Arabidopsis cDNA library allowed
reducing the abundance of highly expressed transcripts to ;1%
and improved gene representation and discovery of AS events by
RNA-seq (Marquez et al., 2012).

An RNA-seq experiment starts with the preparation of a cDNA
library from mRNA extracted under certain conditions and/or
tissue of interest followed by high-throughput sequencing, read
alignment, transcript assembly, and transcript quantification
(Figure 3). Sequencing results in thegenerationofmillionsof reads
in the range of 36 to 400 bp, and they can be single-end (only one
end of the mRNA fragment is sequenced) or paired-end (both
endsof themRNA fragment are sequenced) reads. The advantage
of obtaining hundreds of millions of reads in one run is that it al-
lows ahigh-resolution viewof the transcriptomeand thedetection
of low-abundance transcripts, but the disadvantage lies in the
length of the sequenced fragments and the considerable error
rateswhencomparedwith former sequencingmethods. Theshort
length of the sequencing reads is a critical difference in compar-
ison to Sanger sequencing of ESTs or cDNAs that were used
previously for predicting AS. The features of high-throughput
sequencing (i.e., huge amounts of data and the high error rates
and the short reads) created a computational challenge in termsof
the alignment and prediction of full-length transcripts, especially
when multiple AS events can co-occur in the same transcript or
when highly similar paralogs are present in the genome, both of
which are common in plant genomes.

Several computational tools have been developed in recent
years for the prediction of splice junctions, which perform gapped
alignment and detect exon-intron boundaries. These include

QPALMA (Jean et al., 2010), Tophat (Trapnell et al., 2009), Ge-
nomic Short-Read Nucleotide Alignment Program (Wu and Nacu,
2010), MapSplice (Wang et al., 2010a), RNA-seq Unified Mapper
(Grant et al., 2011), and SpliceMap (Au et al., 2010). Most of the
programs available are based on splice junction prediction using
a reference genome or gene annotation, and only a few tools are
available that allow transcriptome predictionwithout relying on an
annotated genome (e.g., TransABySS [Robertson et al., 2010],
Trinity [Haas et al., 2013], and Rnnotator [Martin et al., 2010]). For
those programs that use the genome as a scaffold, one of two
main strategies is used. One is the exon-first approach, and the
second one is called seed-extend approach (Garber et al., 2011).
The exon-first approach starts with aligning reads to the genome,
and then the remaining unaligned reads are chopped and real-
igned (e.g., Tophat [Trapnell et al., 2009], MapSplice [Wang et al.,
2010a], RNA-seq Unified Mapper [Grant et al., 2011], and Spli-
ceMap [Auet al., 2010]). Theseed-extendmethodstartsbysplitting
the reads followedby their alignment andseedextension (Genomic
Short-Read Nucleotide Alignment Program and QPALMA). Both
methods assume that most of the gaps that separate the spliced
readswhen aligned to thegenome represent introns.At thispoint, it
is easy to imagine that chopping of the reads into smaller pieces for
their alignment represents a challenge in terms of uniqueness of
their genomic location, especially when the reads are coming from
paralogs with high sequence identity. For this reason, the use of
shorter readswhen sequencing a very complex transcriptomewith
a highly repeated genome can result in a very high level of false-
positive splice junctions and/or make it impossible to detect splice
junctions at certain genomic loci. Recent improvements in obtain-
ing longer reads using high-throughput platforms will improve
the spliced alignment reliability. Nevertheless, the use of the

Figure 2. Integration of Chromatin Landscape, RNA Structure, and RBP-RNA Interactome into AS to Obtain a Comprehensive View of AS Regulation in
Plants.

Genome-wide high-throughput sequencing tools that can provide insightful information on chromatin landscape, RNA structure, and RBP-RNA
interactome are indicated. Integration of these results into AS will allow understanding of crosstalk between AS and other layers of gene regulation and
mechanisms of AS. BS-seq, bisulphite sequencing; MNase-seq, micrococcal-nuclease sequencing; ChIP-seq, chromatin-immunoprecipitation se-
quencing; SHAPE-seq, selective 29-hydroxyl acylation analyzed by primer-extension sequencing; dsRNA-seq, double-stranded RNA sequencing;
ssRNA-seq, single-stranded RNA sequencing; Frag-seq, fragmentation sequencing; RIP-seq, RNA-immunoprecipitation sequencing; PAR-CLIP,
photoactivatable-ribonucleoside-enhanced cross-linking and immunoprecipitation; iCLIP, individual-nucleotide resolution cross-linking and immuno-
precipitation; iCLAP, individual-nucleotide resolution UV-cross-linking and affinity purification. Table 1 provides a brief description of these tools.
[See online article for color version of this figure.]
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Table 1. Next-Generation Sequencing Tools to Analyze Global Changes in Chromatin Landscape, AS, RNA Structure, and Targets of RBPs

Method Description

A. AS
RNA-seq cDNA generated from polyadenylated mRNA is fragmented and sequenced by next-generation sequencing.

Alignment of reads to the genome allows quantitative analysis of gene expression, AS, and relative
quantification of mRNA isoforms (Wang et al., 2008).This tool is also used to sequence other types of RNA.

B. Chromatin landscape
Bisulphite sequencing Genomic DNA treated with bisulphite, which converts unmethylated cytosines to uracils, is amplified and

sequenced using high-throughput methods. In the sequenced reads, unmethylated cytosines appear as
thymines and methylated cytosines appear as cytosines (Cokus et al., 2008). Provides a genome-wide
cytosine methylation map at single-base-pair resolution.

DNAseI-seq Nuclei are treated with DNase I, and short sequence tags are obtained, size selected, and sequenced using
next-generation sequencing. The short reads are then mapped to the genome and clustered computationally
to identify DNAase I hypersensitive sites (Boyle et al., 2008; Hesselberth et al., 2009). Allows genome-wide
mapping of open chromatin, which is hypersensitive to DNAase I.

Micrococcal-nuclease sequencing Isolated chromatin is digested with MNase to remove DNA that is not wrapped around nucleosomes, and DNA
from the nucleosomes is extracted and subjected to deep sequencing. Alignment of reads to the genome
provides global nucleosome occupancy (Barski et al., 2007; Chodavarapu et al., 2010).

Chromatin-immunoprecipitation
sequencing

Chromatin is immunoprecipitated with an antibody specific to a histone modification or a DNA binding protein, and the
DNA from the precipitate is extracted, amplified, sequenced on a next-generation sequencing platform, and mapped
to the genome (Furey, 2012). Used to analyze genome-wide protein–DNA interactions and histone modifications.

C. Pre-mRNA/mRNA structure*
Selective 29-hydroxyl acylation
analyzed by primer extension
(SHAPE) sequencing

RNA is treated with a SHAPE reagent (e.g., 1-methyl-7-nitroisatoic anhydride, IM) that forms 2’-O-adducts with
unpaired nucleotides and blocks the extension of cDNA during reverse transcription, resulting in termination of
synthesis. All generated fragments are sequenced and mapped to RNA to determine its structure (Lucks et al.,
2011). Allows simultaneous measurement of secondary and tertiary structures of large numbers of RNAs in vitro.

PARS sequencing Isolated mRNAs are renatured in vitro, treated with structure-specific enzymes (RNAse V1, which preferentially
cleaves phosphodiester bonds 39 double-stranded RNA or RNAase S1 that cleaves single-stranded RNA) in
parallel, and the resulting RNA fragments are sequenced using next-generation sequencing (Kertesz et al., 2010;
Wan et al., 2013). Allows in vitro profiling of the secondary structures of RNA at single-nucleotide resolution
globally.

Double-stranded RNA sequencing RNAs are treated with single-strand- specific RNAases (RNAse ONE) to remove single-stranded regions and
select for double-stranded RNA, which is then converted into cDNA for deep sequencing (Zheng et al., 2010).
Reads are then used to obtain structural information.

Single-stranded RNA sequencing RNAs are treated with double-strand–specific RNAases (RNAseV1) to remove double-stranded regions in RNA
and select for single-stranded regions of RNA. These are then converted into cDNA for deep sequencing.
These reads together with double-stranded RNA sequencing are then used to identify structural elements in
RNA (Li et al., 2012).

Fragmentation sequencing RNA mixture is treated with nuclease P1, which specifically cleaves single-stranded RNA followed by RNA-seq
to deduce transcriptome-wide RNA structure (Underwood et al., 2010).

D. Targets of RBPs
RIP sequencing RNAs bound to a specific RBP are immunoprecipitated, and the RNA from IP is converted into cDNA

and sequenced using a high-throughput sequencing platform (Zhao et al., 2010). The reads are then used to
identify direct and indirect targets of that RBP.

HITS-CLIP RBP–RNA interactions are first covalently cross-linked by exposing cells/tissues to UV (254 nm). An RBP-
specific antibody is used to precipitate RNA bound to RBP, which is then treated with RNAse and used for
RNA-seq. iCLIP (individual-nucleotide-resolution UV cross-linking and immunoprecipitation) is a variation of
HITS-CLIP that exploits premature termination of reverse transcriptase at the cross-link site, thereby
providing better resolution of binding sites (König et al., 2010). Allows genome-wide mapping of direct
binding sites of an RBP on RNA (Licatalosi et al., 2008).

Individual-nucleotide-
resolution UV-cross-linking and
affinity purification

Double-tagged RBP is expressed in cells. Following UV cross-linking and RNAase digestion, the RBP-RNA
complex is purified by a two-step affinity purification. RNA from these complexes is then deep sequenced
(Wang et al., 2010b). Allows purification of RBP-RNA complexes.

Photoactivatable-ribonucleoside-
enhanced CLIP

Similar to HITS-CLIP except that RNA is labeled with 4-thiouridine and cross-linking is done using UV light of 365
nm (Hafner et al., 2010b). This allows efficient cross-linking of RBPs with RNA, and identification of nucleotides
involved in binding can be identified as the cross-linked regions show T-to-C mutations in the reads. A similar
approach (photoactivatable-ribonucleoside-enhanced cross-linking and immunoprecipitation) is also used to
identify all RBPs bound to mRNAs and to create binding maps of multiple RBPs. In this case, mRNAs cross-
linked with RBPs are isolated using oligo(dT) affinity purification and digested with RNAse followed by
identification of proteins by mass spectrometry and RNA by RNA-seq (Baltz et al., 2012).

*These in vitro methods are based on high-throughput RNA-seq and can be applied to all types of RNAs.
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pair-end sequencing platform adds additional information about
themRNA fragment, as it alsoprovides the sequenceof both ends
of a fragment. Based on the fragmentation pattern of the RNA or
cDNA prior to sequencing, it is possible to estimate the minimum
and maximum distance between the paired reads, which in turn
limits the separation of both reads when they are aligned to the
genome. This distance restriction improves the accuracy of the
read alignment, especially when one of the matched reads is
coming from a repetitive sequence.

After aligning the reads, genes that are expressed in the sample
and thepossible transcripts that canbeexplainedby theRNA-seq
data are identified. Initially, few studies attempted to predict novel
transcripts and most focused on quantifying the expression of
known genes and isoforms and measuring specific types of AS
events. Several programs were designed for quantifying only
exon-skipping events, as this is the most predominant type of AS
in mammalian systems (Keren et al., 2010). In the case of plants,
such tools for AS quantification are not ideal because the distri-
bution of AS events is completely different and exon skipping is
rare (Figure 1). Nevertheless, using RNA-seq (Marquez et al.,
2012) andhigh-resolutionRT-PCR (Kalyna et al., 2012), numerous
AS events have been identified and confirmed inArabidopsis. The
main problem with the approaches that focus on measuring
specific types of AS events is the limitation in quantifying the
complete set of AS events under certain condition(s), limiting the
biological conclusions of AS regulation.

It is well established that the number of reads that align to
a genomic sequence directly correlates to its expression. Three
main problems arise when quantifying transcript levels: the exis-
tence of reads that do not align uniquely, the presence of alterna-
tively spliced transcripts, and the determination of the functional
outcome of the different isoforms. For the first problem, programs
such as Cufflinks (Trapnell et al., 2010) and Scripture (Guttman
et al., 2010) consider the multiple locations of different isoforms.
However, a major difficulty is that most of the features can be
shared between different transcripts (e.g., constitutive exons) and
often very subtle differencesarenot shared (e.g., a three-nucleotide
difference due to the presence of NAGNAG sites), which limits
considerably the assembly of possible transcripts and their quan-
tification. The use of paired end reads can alleviate to some extent
the problem of exon connectivity, as there is additional information
about the distance between the matched pairs. Moreover, as-
semblers likeCufflinks (Trapnell etal., 2010) andScripturehavealso
implemented the prediction of novel isoforms based on known
gene models, which considerably improves transcript assembly.
Recently, Rogers et al. (2012) developed SpliceGrapher, a method
that can combine genemodels, EST, and RNA-seq data to predict
AS events and visualize splicing graphs in Arabidopsis, thereby
improving the detection of novel splicing variants. Finally, a reliable
determination of transcripts can considerably improve the pre-
diction of isoforms’ contribution to proteome diversity and to the
regulation of mRNA levels. The combination of RNA-seq together
with large-scale proteomic technologies will be valuable in ad-
dressing this question.

The ultimate goal is accurate detection and quantification of
different mRNA isoforms and the investigation of the impact on
the biological system in different conditions or developmental
stages. The advent of high-throughput sequencing has provided

the ability to detect novel and lowly expressed transcript isoforms
and to explore transcriptome regulation across different samples.
In mammals, the use of RNA-seq has been applied multiple times
revealing tissue-specific AS (Mortazavi et al., 2008; Pan et al.,
2008;Wanget al., 2008;Barbosa-Morais et al., 2012;Merkin et al.,
2012), but only a few studies are available for plant systems (Jiao
andMeyerowitz, 2010; Loraine et al., 2013). In the near future, the
lowsequencingcostswill not only improve theexplorationofplant
transcriptomes and AS but also help in understanding the still
unknown plant splicing code.

CONSEQUENCES OF AS

AS changes the sequence of an RNA transcript, which can in-
fluence gene expression on several levels. It either generates dis-
tinct protein isoforms with altered (related, distinct, or opposing)
functions or determines the fate of the RNA transcript by regulation
ofmRNAstability throughNMD-andmicroRNA (miRNA)–mediated
mechanisms, or by influencing mRNA transport, localization, and
translational efficiency. In plants, there are several examples where
protein isoforms fromalternatively splicedpre-mRNAsare targeted
to different cellular locations (Dixon et al., 2009; Lamberto et al.,
2010; Remy et al., 2013). mRNA isoforms may differ in the un-
translated regions (UTRs) with functional implications in transcript
localization, stability, or translation.

Creating Protein Isoforms

Even though increasing proteomediversity is one of the important
postulated roles of AS, the extent of its impact is far from being
settled (Severing et al., 2009). The consequences of producing
protein isoforms are manifold depending on the AS event. In some
instances, AS events can be in frame. It is interesting to note that
gene ontology enrichment analysis of alternatively spliced genes
with NAGNAG splice sites indicates that members of some func-
tional groups, such as RNA binding splicing regulators and tran-
scriptional factors, are overrepresented (Iida et al., 2008; Severing
et al., 2012). Other AS events can introduce frame shifts and result
in truncated protein isoforms. These protein isoforms might still
have functional modules, might lack certain functional domains, or
lack and gain sites of posttranslational modifications. As most
transcriptional factors and splicing regulators aremodular proteins
withmultiple functionalmodules (e.g., nucleic acid binding domain,
protein–protein interaction domain, and transcription activation
domain), it is likely that mRNA isoforms that produce truncated
proteins containing some, but not all, modules may still perform
part of their function and hence may act as dominant-negative
regulators. Several recent studies provide evidence in support of
such adominant regulatory role for truncated proteins produced by
splice variants in plants (Gagete et al., 2009; Penfield et al., 2010;
James et al., 2012; Seo et al., 2012; Wang et al., 2012; Liu et al.,
2013). For instance, in several cases where proteins form homo- or
heteromers, splice variants produce small interfering peptides that
participate in dimerization but lack other functional domains, which
leads to formation of nonfunctional dimers that can compete with
functional dimers resulting in dominant-negative regulation (Staudt
and Wenkel, 2011; Seo et al., 2013).
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Although in-depth analyses of the consequences of AS iso-
forms as well as alternative transcription initiation or poly-
adenylation in plants are lacking, their potential is highlighted by
recent global analyses in S. cerevisiae and animals. Global tran-
script isoform profiling in yeast revealed extensive transcriptional
heterogeneity primarily due to alternative transcript initiation or
polyadenylation with more than 26 major transcript isoforms per
protein-coding gene (Pelechano et al., 2013). This study un-
covered many short coding RNAs with a cap and poly(A) tail that
may encode short peptides (Pelechano et al., 2013). Small bio-
active peptides have been shown to perform important functions
in morphogenesis by controlling the activity of a transcription
factor (Kondo et al., 2010). Global studies in metazoans using
computational and experimental methods investigating tissue-
specific splice variants suggest that their protein products may
rewire protein–protein interaction networks and impact signaling
pathways (Buljan et al., 2012; Ellis et al., 2012; Weatheritt et al.,
2012; Weatheritt and Gibson, 2012). It was found that alternative
exons encode conserved intrinsically disordered regions that
generally reside on protein surfaces and participate in protein–
protein interaction, leading to rewiring of the protein–protein in-
teraction network and signaling pathways (Buljan et al., 2012; Ellis
et al., 2012; Weatheritt and Gibson, 2012). Furthermore, proteins
frommRNA isoforms often gain or lose potential phosphorylation
sites; hence, AS impacts protein kinase–mediated signaling
pathways (Merkin et al., 2012). In Arabidopsis, SR and SR-like
proteins RS41, CypRS64, and SR45a were found to have phos-
phorylation sites specific for single splice variants (de la Fuente
van Bentem et al., 2006).

Coupling of AS to mRNA Stability through NMD

AS can affect transcript abundance by subjecting it to NMD. NMD
is a cytoplasmic RNA degradation system, which occurs on

ribosomes on the first round of translation. According to current
models (Figure 4), NMD triggers transcript decaywhen translation
termination is perturbed. UPF1, UPF2, and UPF3 are conserved
core proteins of the NMD pathway, and their depletion results in
the inactivation of NMD. They recruit mRNA decay enzymes to
prematurely terminating mRNAs. For a detailed description and
discussion of the NMD pathway, we direct readers to a number of
excellent recent reviews (Behm-Ansmant et al., 2007; Isken and
Maquat, 2007; Stalder and Mühlemann, 2008; Nicholson et al.,
2010; Kervestin and Jacobson, 2012). The NMD machinery is
largely conserved in plants, which have orthologs of the key NMD
factors, including UPF1, UPF2, UPF3, and SMG-7, but not
SMG-1, SMG-5, or SMG-6 (Hori andWatanabe, 2005; Arciga-Reyes
et al., 2006; Yoine et al., 2006; Kerényi et al., 2008; Riehs et al.,
2008). Though the rules of NMD in plants have been established
mostly using artificial constructs and a handful of individual genes
(Kertész et al., 2006; Schwartz et al., 2006; Hori and Watanabe,
2007; Kerényi et al., 2008; Nyikó et al., 2009), recent analysis of
multiple endogenous NMD sensitive transcripts has shown that
the majority comply with existing NMD rules (Kalyna et al., 2012).
The classical features of NMD substrates include both long
39UTRs and introns in 39UTRs (Kertész et al., 2006; Schwartz
et al., 2006; Hori and Watanabe, 2007; Wu et al., 2007), a pre-
mature termination codon (PTC) more than 50 to 55 nucleotides
upstream of a splice junction (Kerényi et al., 2008), and upstream
open reading frames (uORFs) (Nyikó et al., 2009) (Figure 5). All
these features can be introduced or changed by AS, thereby al-
tering the stability of a transcript. Therefore, AS transcripts that are
subjected to NMD are often barely detectable. However, in mu-
tants affectingNMDor in the presence translation inhibitors, there
can be a considerable increase in these transcripts. The existence
of PTC-containing transcripts might therefore significantly in-
fluence the level of gene expression by reducing fully spliced
mRNA levels.

Figure 3. General Pipeline for the Analysis of AS Using High-Throughput Sequencing.
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It is not commonly acknowledged that AS in the UTRs of a gene
(which does not create a PTC) may trigger NMD. Recent data
show that ASof introns in either the 39UTRor 59UTR can determine
whether transcripts are targets of NMD (Figure 5). Examples of AS-
NMD in 39UTRs include NF-YB1/HAP3A transcription factor and
PAUSED/Exportin-t genes, where it has been shown that only the
splice variants with a distance >50 to 55 nucleotides from the au-
thentic stop codon to the downstream splice junction were sub-
jected to NMD (Kalyna et al., 2012). AS in 59UTRs may affect the
presence, size, and positions of uORFs, which may then trigger
NMDof endogenous splice variants (Kalyna et al., 2012). Generally,
stop codons of uORFs might be recognized as PTCs (additionally,
a long 39UTR is created and the downstream splice junctions exist
in the case of intron-containing genes) and, thereby, targeting the
transcript to the NMD pathway (Figure 5B). A novel feature of
uORFs triggering NMD in plants has been identified recently where
AS events in 59UTRs can result in uORFs overlapping the authentic
start codon, and such transcripts are NMD sensitive (Kalyna et al.,
2012). By contrast, AS transcripts of the same genes with other
uORFs are NMD resistant. Since ;20% of Arabidopsis genes
contain uORFs (Nyikó et al., 2009) and AS frequently occurs in
59UTRs, it is likely that AS-coupled NMD involving uORFs may
emerge as an important mechanism for gene regulation.

A common presumption about NMD is to label an AS variant as
an NMDcandidate when AS introduces a PTC at a position$50 to
55nucleotidesupstreamofasplice junction.Accordingly,basedon
EST and RNA-seq analyses of wild-type plants, 36 to 78% of
Arabidopsis AS transcripts have been estimated to be potential
candidates for NMD (Wang and Brendel, 2006; Filichkin et al.,
2010). However, tiling and expression microarrays found that only
;1% of plant protein-coding genes were upregulated in NMD-
deficient plants (Yoine et al., 2006; Kurihara et al., 2009). These
arrays have a limited ability to distinguish AS transcripts, and the
usual cutoff (>1.5-fold to twofold) puts a further limitation on the
detection of AS-NMD transcripts. An attempt to overcome the
limitations of the above methods using a high-resolution AS RT-
PCR panel with 950 transcripts of 270 alternatively spliced genes
showed that in the NMD-impaired backgrounds 11 to 18% of all
transcriptsand16 to25%of theAS transcriptsanalyzedwereNMD
sensitive (Kalyna et al., 2012). Extrapolating from this analysis
around 13 to 18% of intron-containing genes in the Arabidopsis
genome are potentially regulated by AS-NMD. These values were
confirmedbya recent comprehensivegenome-widestudyonAS in
NMD mutants in Arabidopsis (Drechsel et al., 2013). Taken to-
gether, these estimates correlate well with those reported for flies,
worms,andhuman (Rehwinkel et al., 2005;Panetal., 2006;Ramani
et al., 2009; Weischenfeldt et al., 2012). Importantly, Kalyna et al.
(2012) identified AS transcripts that contained NMD features but
were immune to NMD. Unexpectedly, the majority of IR transcripts
were not sensitive to NMD despite containing PTCs, downstream
splice junctions, and long39UTRs.By contrast, transcripts from the
same gene with other types of AS events in the same or nearby
intron were NMD sensitive. In line with this, another study has
shown that cold-regulated Arabidopsis IR transcripts containing
PTC and predicted to be the targets of NMD are not affected in
UPF3mutant background (Leviatan et al., 2013). Finding that PTC+
IR transcripts escape the NMD machinery may explain the high
frequency of IR events identified in plants.

Interestingly, splicing factors use AS-NMD to autoregulate their
expression through a negative feedback loop. Metazoan SR
proteins have been shown to activate the inclusion of a PTC+
exon using ultraconserved sequences in their own pre-mRNA,
thus resulting in NMD (Morrison et al., 1997; Lareau et al., 2007; Ni
et al., 2007; Saltzman et al., 2008). Conservation of AS events to
produce PTC-containing transcripts has also been demonstrated
for SR protein genes in lower and higher plants (Kalyna et al.,
2006), and plant SR proteins are also subjected to AS-NMD reg-
ulation (Palusa and Reddy, 2010; Kalyna et al., 2012). An evalu-
ation of all the splice products of 13 alternatively spliced
Arabidopsis SR genes in a UPF3 mutant revealed that about half
of the 53 variants with a PTC are degraded by NMD (Palusa and
Reddy, 2010). Interestingly, At-SR34a, anArabidopsishomologof
human SFRS1/ASF/SF2, is regulated by AS-NMD in the 59UTR,
involving a uORF, which overlaps the AUG of the main ORF
(Kalyna et al., 2012). Other plant splicing regulators and RBPs have
beendemonstrated to auto- andcross-regulate theirmRNA levels
using AS-NMD. An autoregulation feedback loop of Arabidopsis
RBPsGRP8 andGRP7, components of a slave oscillator coupled
to the circadian clock, is tied to NMD of alternatively spliced
transcripts (Staiger et al., 2003; Schöning et al., 2008). AS in two
splicing regulators, polypyrimidine tract bindingprotein (PTB)–like
homologs, in Arabidopsis is also autoregulated; an increase in
protein levels of the PTB-like proteins results in an increase of
a PTC-containing alternatively spliced transcript (Stauffer et al.,
2010; Wachter et al., 2012). A further level of AS-NMD complexity
in Arabidopsis is evidenced by extensive AS coupled NMD in
AFC2, encoding a highly conserved LAMMER kinase, which
phosphorylates splicing factors, thus establishing a complex
regulatory loop (Marquez et al., 2012). It appears that AS-NMD
regulation occurs at multiple levels of RNA biology as multiple
RBPs, splicing factors, RNA helicases, spliceosome, and exon
junction complex proteins are subjected to this regulation (Kalyna
et al., 2012).
Alternative polyadenylation, which results in differing 39UTRs,

is prevalent in plants and is thought to play an important role in
regulating gene expression at multiple levels, especially mRNA
stability through NMD (Simpson, 2004; Hunt, 2011; Wu et al.,
2011). A genome-wide study indicates a link between AS with
selection of polyadenylation sites, as over 4000 genes in Arab-
idopsis are predicted to be polyadenylated within introns (Wu
et al., 2011). The extent of coupling of AS to alternative poly-
adenylation globally and its impact on gene regulation needs
further investigations.

Coupling AS to mRNA Stability and Translation through
MiRNA Regulation

miRNAs, a class of trans-acting short (20 to 24 nucleotides long)
RNAs, are important regulators of gene expression at the post-
transcriptional level. They bind to complementary sequences in
mRNA targets and attenuate gene expression either by cleaving
the mRNA or repressing its translation (Aukerman and Sakai,
2003; Bartel, 2009; Voinnet, 2009). In plants, transcripts of many
transcription factors and other regulatory proteins that perform
critical roles in plant growth, development, and stress responses
are targets of miRNAs (Rogers and Chen, 2013b). Generation of
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short mature miRNAs from primary transcripts of miRNAs (pri-
miRNAs), which are much longer (up to 3000 nucleotides), in-
volves two sequential site-specific endonucleolytic events. The
first event crops pri-miRNAs to produce pre-miRNAs with shorter
stem-loop structure, and the second event results in release of an
miRNA:miRNA* duplex (Rogers and Chen, 2013b, 2013a)

Recent studies suggest that AS canmodulatemiRNA-mediated
regulation of gene expression in multiple ways. These include the
generationofmRNAornoncodingRNA isoforms that either contain
or lack target sites for miRNA (Figure 6A) and regulation of splicing
of pri-miRNAs thereby modulating the levels of miRNAs, which in
turn regulates the stability or translation of target mRNAs. Modu-
lation of miRNA levels is also accomplished by regulating the
splicing pattern of pri-miRNAs or pre-mRNAs encoding enzymes,
such as dicer-like proteins, involved in miRNA biogenesis (Figure
6B). In plants, emerging studies are providing evidence in support
of all of these mechanisms.

The presence of an miRNA target in some splice isoforms but
not in others from a given gene links regulated AS to miRNA-
mediated regulation of gene expression. In plants,miRNAbinding
sites (MBSs) in mRNAs are found in both the coding as well as
UTRs. In Arabidopsis, using bioinformatic analysis, it was found
that over 12% of identified MBSs (44 out of 354 mRNAs with
MBSs) are affected by AS (Yang et al., 2012b), suggesting cou-
pling of AS to miRNA-mediated gene regulation. Removal of

introns in pre-mRNAs of some transacting small interfering RNA
(TAS) genes (TAS1A and TAS2) results in a loss of MBSs and the
levels of RNA isoforms of TAS1A and TAS2 that do not contain
MBSare predominant, suggesting a role of ASofTASpre-mRNAs
in regulating their transcript isoforms (Yang et al., 2012b). Mem-
bers of Squamosa-promoter binding protein like (SPL3, 4, and 5)
are key regulators of transition from vegetative to reproductive
phase and contain an MBS for miR156 (Wu and Poethig, 2006).
Expression of these SPLs is strongly inversely correlated with
expression ofmiR156.SPL4 generates threemRNA isoforms, but
only one isoform (SPL4-1) contains an MBS for mIR156. Over-
expression studies with miR156 have shown that the level of
SPL4-1 transcript but not other isoforms is regulated by this
miRNA, suggesting a strong coupling of AS to miRNA-mediated
gene regulation. Recently, it was found that introns in rice and
Arabidopsis are targeted bymiRNAs, suggesting that pre-mRNAs
or spliced intron-containing transcripts could be cleaved by
miRNAs (Meng et al., 2013).
Some studies show direct coupling of AS to miRNA biogenesis

at the splicing of pre-miRNA level (Hirsch et al., 2006; Yan et al.,
2012). A number of miRNA genes in plants reside within an intron
of protein coding genes and are coexpressed and processedwith
the host protein-coding gene (Brown et al., 2008; Yan et al., 2012;
Yang et al., 2012a). AS of primary transcripts due to IR and exon
skipping of several plant miRNAs has been reported (Aukerman
and Sakai, 2003; Kurihara and Watanabe, 2004; Hirsch et al.,
2006; Szarzynska et al., 2009). In some cases, the secondary
structure needed for miRNA biogenesis is affected (Hirsch et al.,
2006) and hence may affect miRNA biogenesis. Arabidopsis
MIR400 resides within the intron of a protein-coding gene
(At1g32853) and is cotranscribedwith its host gene. Interestingly,
heat regulates AS of this intron, resulting in an increased level of
miR400 primary transcripts but a decreased level of mature
miR400 (Yan et al., 2012). This coupling of regulated AS to bio-
genesis of miR400 appears to be important for heat stress tol-
erance as overexpression of miR400 resulted in decreased
germination and seedling growth under heat stress (Yan et al.,
2012). Interestingly, two recent studies have shown that introns in
plant miRNA genes (MIR161, MIR163, and MIR172a) enhance
miRNA production in a position-dependent manner (Bielewicz
et al., 2013; Schwab et al., 2013). Removal of introns from these
genes reduced the level of miRNAs. In addition to regulated
splicing of pri-miRNAs and splicing-independent intron en-
hancement of miRNA production described above, AS is also
coupled to miRNA biogenesis indirectly by regulating the splicing
of pre-mRNAs that encode miRNA processing enzymes. Dicer-
like1 (DCL1), a key endonuclease in biogenesis ofmiRNA frompri-
miRNA (Rogers and Chen, 2013b), has 20 exons and contains an
MBS for miR162 that is interrupted by intron 12. AS in this intron
generates four isoforms (DCL1-1 to DCL1-4), and one of these
four isoform contains an MBS (Yang et al., 2012a). Hence, regu-
lated AS of DCL1 pre-mRNAs would affect regulation of DCL1
protein levels.

How Much of the Observed AS Is Biologically Meaningful?

How much of the observed AS is due to regulated splicing with
biological consequences, and how much is due to splicing

Figure 4. Current NMD Models.

Both authentic and premature stop codons are recognized by translation
termination factors eRF1 and eRF3. In the course of canonical termina-
tion, interaction of eRF3 with poly(A) binding protein (PABP) leads to the
efficient release of a peptide (top). According to the long 39UTR model
(middle), this interaction does not occur when the distance between
a stop codon (PTC) and poly(A) is extended. eRF3 then interacts with
UPF1, which competes with poly(A) binding protein for binding sites. This
perturbs translation termination and results in NMD. In the exon junction
complex (EJC) model (bottom), EJC is deposited 20 to 24 nucleotides
(nt) 59 of an exon-exon junction during pre-mRNA splicing (Singh et al.,
2012). The EJCs are stripped off from mRNA during the first round of
translation. In PTC-containing transcripts, termination of translation more
than 50 to 55 nucleotides upstream of an EJC triggers RNA decay
through NMD by recruiting UPF3 and its cofactors UPF1 and UPF2
(Schoenberg and Maquat, 2012).
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errors is not known. Some studies argue that much of the AS
represents splicing noise and is not physiologically relevant
(Melamud and Moult, 2009; Severing et al., 2009; English et al.,
2010; Pickrell et al., 2010). English et al. (2010) analyzed the AS
events for genes that have ESTs and found that for most AS
events, one major splicing choice was supported by a majority of
the ESTs, with <10% of ESTs supporting the minor form. How-
ever, there was a subset of genes for which mRNA isoforms ap-
peared about equally, but most (>80%) of these equal forms were
affected in UTRs or the changes in the protein were small. An
animal study found that a majority of all alternative isoforms re-
sulted in unstable protein conformations, but only a subset of
isoforms maintained protein structural integrity (Melamud and
Moult, 2009). These studies suggest that AS represents splicing
noise asmost of it is not conserved, the level ofminor isoforms are
low, and many mRNA isoforms are predicted to produce trun-
cated proteins (Melamud and Moult, 2009; Severing et al., 2009;
English et al., 2010). The lack of conservation of an AS event
across phylogenetically divergent species is not inconsistent with
a biological role for AS, as global studies from a number of
vertebrates suggest that lineage-specific AS is important for
divergence of their organs’ phenotype and functions (Barbosa-
Morais et al., 2012; Merkin et al., 2012). Conservation of AS pat-
terns in orthologous genes is not high in animals (Barbosa-Morais
et al., 2012). Between human and mouse, only 10% of AS events
are conserved in orthologous genes (Pan et al., 2005). However,
a recent study in unicellular fungusSchizosaccharomyces pombe
resulted in a striking finding of identical exon skipping events in

plants, animals, and fungi, species that diverged more than one
billion years ago (Awan et al., 2013). Some recent studies suggest
that rapid divergence in AS may have contributed to organo-
genesis and speciation (Barbosa-Morais et al., 2012;Merkin et al.,
2012). Unlike conserved ASevents,mRNA isoforms generated by
lineage-specific AS tend not to code for functional proteins due to
disruption of reading frame (Merkin et al., 2012). Hence, these AS
events are thought to be important for regulatinggeneexpression.
Furthermore, studies suggest that truncated proteins perform
functions and a low level of some mRNA isoforms is likely due to
AS-coupled regulation of levels of those isoforms. Although it is
perhaps likely that most regulated AS has a biological role, future
studies on functional significance of splice variants are needed to
address this.

Evolution of AS Complexity

Soon after the discovery that eukaryotic genes are split, it was
speculated that split geneorganization could accelerate evolution
(Gilbert, 1978). Recent AS studies in phylogenetically divergent
organisms are lending support to this hypothesis. Analysis of AS
in seven organs from 10 vertebrates ranging from frog to human
and spanning;350million years of evolution revealed the highest
AS complexity in human, and decreasing complexity as the evo-
lutionary distance increased from primates (Barbosa-Morais
et al., 2012). Based on this study, it was proposed that divergence
in AS may have contributed to speciation. In another study,
comparing gene expression in several tissues frommammals and

Figure 5. Coupling of AS to NMD.

(A) AS can result in both PTC2 and PTC+ transcripts. Both PTC+ and PTC2 transcripts can be subjected to NMD (NMD+). Not every PTC+ transcript is
targeted by NMD (NMD2).
(B) Features of NMD sensitive transcripts: 39UTRs longer than 350 nucleotides; introns in the 39UTR with a distance >50 to 55 nucleotides (nt) from the
authentic stop codon to the downstream splice junction (ds SJ); PTC more than 50 to 55 nucleotides upstream of a splice junction; uORFs in 59UTR,
including uORFs overlapping with authentic start codon (AUG) of the main ORF. PTCs are shown by yellow stop signs. Blue arrows above transcripts
indicate long 39UTRs that can serve as NMD signals.
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a bird it was found that tissue-specific gene expression is mostly
conserved, whereas AS is highly diverged with many lineage-
specific differences (Merkin et al., 2012). Phenotypic divergence
in organs in different vertebrates is attributed to lineage-specific
AS (Barbosa-Morais et al., 2012). Such in-depth comprehensive
AS studies in land plants that diverged about ;450 million years
ago should provide information on conservation of AS and evo-
lution of AS over time.

AS REGULATION: DECODING THE SPLICING CODE
IN PLANTS

Cis-Regulatory Elements

The basis for CS and regulated AS is differential usage of splice
sites. Elucidating the mechanisms of CS and AS is of central
importance to understanding how various signals influence AS
(Chasin, 2007; Chen and Manley, 2009; Roca et al., 2013).
Decoding of the splicing code requires comprehensive un-
derstanding of rules that dictate splice site choices to combine
separate parts of a transcript and generate different genetic
messages. The canonical splice site consensus sequences in
introns are very short and degenerate; hence, they do not provide
enough information for distinguishing correct pairs of splice sites
from alternative splice sites. Research using various strategies
has identified cis-acting sequence elements in exons and introns
that are important for thecorrect recognition of pairs of splice sites
(Blencowe, 2006; Chasin, 2007; Chen and Manley, 2009). These
SREs are referred to as exonic splicing enhancers (ESEs)/
silencers and intronic splicing enhancers/silencers (Chen and
Manley, 2009; Huelga et al., 2012). The mechanisms that control
the differential usage of splice sites have not been elucidated in
plants. Studies on AS regulation in animals have uncovered that

features in RNA sequences (predominantly cis-elements and in
somecasesRNAstructures) and theRBPs (trans-factors that bind
cis-elements), including SR proteins and hnRNPs, are important
regulators of splice site choice and AS. This regulatory code of
splicing is complex and involves numerous loosely conservedcis-
elements, a plethora of RBPs, and an elaborate network of inter-
actions among them.

SREs

SREs are short (5 to 10 nucleotides) conserved sequences that
often occur in clusters (Chen and Manley, 2009; McManus and
Graveley, 2011). Interactions between these cis-elements in pre-
mRNA and RBPs either promote or suppress the use of a splice
site. Studies with individual genes and several transcriptome-
wide maps for cis-elements for different RNA binding splicing
regulators in animals have identified numerous cis-elements and
their effect on AS (Licatalosi et al., 2008; Chen and Manley,
2009; Barash et al., 2010; Hafner et al., 2010a). In fact, extensive
analysis of such elements involved in exon skipping in animals
has led to deciphering of the splicing code that is now used to
predict exon skipping in animals (Barash et al., 2010). The fact
that sequence motifs can be used to predict splicing outcomes
in some cases suggest that they are the predominant cis-
elements in regulated splicing (Barash et al., 2010; Zhang et al.,
2010a). Splicing regulatory proteins bind to SREs and regulate
CS and AS by recruiting/stabilizing spliceosomal components
and/or antagonizing other splicing inhibitory proteins. Protein–
protein interactions between SR proteins and proteins involved
in both 59SS and 39SS aid in finding correct splice sites. Al-
though numerous binding proteins have been identified in plants
based on the presence of different types of RBPs (Lorkovi�c,
2009), the sequences that bind to these proteins are not known
in most cases (see trans-factors below).

Figure 6. AS Can Modulate miRNA-Mediated Regulation of Gene Expression.

(A) Generation of RNA splice variants that either contain or lack target sites for miRNA. SJ, splice junction; ES/CE, exon skipping/cassette exon.
(B)Modulation of miRNA levels by regulating the splicing pattern of pre-mRNAs encoding enzymes, such as DCL1, involved in miRNA biogenesis. MBS
for miR162 (shown in violet) is split between E12 and E13 of DCL1 pre-mRNA. Only one of the four isoforms generated by AS contains a miRNA target
site. In addition, miR838A is encoded in the intron 14 of DCL1. AS events and regions are marked red. DCL1 gene structure is not to scale.
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In animals, selective evolution of ligands through exponential
enrichment (SELEX) (Coulter et al., 1997) and its variations
(functional SELEX and genomic SELEX), RNA immunoprecipita-
tion (RIP) (Barkan, 2009; Zhao et al., 2010), cross-linking and
immunoprecipitation (CLIP) (Wang et al., 2009b) and its variations,
high-throughput sequencing of RNA isolated by cross-linking
immunoprecipitation (HITS-CLIP) (Licatalosi and Darnell, 2010)
and photoactivatable-ribonucleoside-enhanced CLIP (Hafner
et al., 2010a) have been used to identify targets of RBPs (Figure 2,
Table 1). The binding regions ofmany tissue-specificRNAbinding
splicing regulators in animals have been identified using these
tools. The wealth of experimentally obtained information on se-
quences in RNA that bind to splicing regulators and the vast
repertoire of mRNA isoforms with various AS events has paved
the way to develop computational tools to predict cis-elements
and AS events, especially exon skipping, in animals (Barash et al.,
2010; Zhang et al., 2013a). In animals, at least 70 bases in introns
flanking some of the alternative exons are conserved across or-
ganisms, suggesting intronic splice regulatory elements. Fur-
thermore, analysis of intronic sequences downstream of broadly
conserved alternative exons for 5mers identified sequences that
match perfectly with consensus sequences of many tissue-
specific splicing regulators (Merkin et al., 2012), suggesting
the importance of intronic splicing regulatory elements in AS
of broadly conserved exons.

Highly conserved intronic sequences flanking alternative splice
sites have been found in plant-specific SR genes in mosses,
monocots, and dicots, taxa separated by more than 400 million
years of evolution implicating an ancient regulatory function
(Kalyna et al., 2006). In plants, very little is known about the SREs
that regulate AS. Genomic SELEX has been used to identify the
sequences that bind to AtCyp59, which is known to interact with
components of transcription and splicing (Bannikova et al., 2013).
Using computational tools, Pertea et al. (2007) have identifiedover
80ESEs inArabidopsis, someofwhich are similar to humanESEs.
Several of these were experimentally validated. In addition to
these, only few other SREs have been identified experimentally in
plants (Yoshimura et al., 2002; Lopato et al., 2006; Schöning et al.,
2007, 2008; Reddy et al., 2012b; Thomas et al., 2012). The lack of
information on experimentally identified SREs in plants is a major
limitation in developing computational tools to predict RNA
binding elements, AS, and the plant splicing code. However, ac-
cumulating data on various types of AS events and empirical
identification of cis-elements in plants, as in animals, should pave
the way for the development of computational tools to predict
conserved patterns (motifs) associated with an AS event.

Regulation of AS by Secondary Structures

Regulatory information for splicing in RNAs can also be present in
its secondary and tertiary structures that involve base pairing and
structural conformations. Structural elements within the pre-
mRNA can suppress splicing by masking splice cites or promote
splicing either byunmasking splice sites or bybringing sequences
that bind to splicing regulatory proteins to close proximity
(Donahue et al., 2006;Warf andBerglund, 2010; Jin et al., 2011). In
the Down Syndrome Cell Adhesion Molecule gene in Drosophila
melanogaster, an extreme example of AS with 95 alternatively

spliced exons, competing RNA structures were found to be re-
quired for mutual exclusion exons (May et al., 2011). In nonplant
systems, there are well-documented examples demonstrating
the rolesRNAstructures play in regulated splicing (Donahue et al.,
2006; Warf and Berglund, 2010; Jin et al., 2011; Wan et al., 2011).
In plants, it hasbeen shown that insertion of anartificial secondary
structure (stem-loop) in an intron strongly inhibits splicing in vivo
in tobacco (Nicotiana tabacum) protoplasts (Goodall and
Filipowicz, 1991). Furthermore, the inhibitory effect was observed
onlywhen thestem-loopwasplacedat the 59SSor in themiddle of
an intron but not at the 39SS (Liu et al., 1995), suggesting a regu-
latory role for secondary structures in pre-mRNA splicing in
plants. So far, there are at least twowell-characterized secondary
structures (a riboswitch and a 5S rRNA mimic) in plants that are
known to regulate splicing in vivo.
Secondary and tertiary structures in RNAs serve as a binding

site for a metabolite (in the case of riboswitches) or an RBP (5S
RNA mimic) and regulate AS. Riboswitches, which are widely
used in prokaryotes, are metabolite binding structures in mRNA
that function as genetic switches to turn on or off gene expression
at the transcription or translation level in response to metabolites
(Breaker, 2011; Serganov and Nudler, 2013). In bacteria, ri-
boswitches regulate the biosynthesis of essential metabolites,
including vitamins and amino acids. Riboswitches that regulate
pre-mRNA splicing have recently been identified in land plants,
algae, and fungi where a small molecule regulates splicing by
modulating RNA structure. In these organisms, AS of pre-mRNAs
encoding proteins involved in thiamine metabolism is modulated
byametabolite (thiamin-pyrophosphate [TPP]) binding riboswitch
(Bocobza andAharoni, 2008;Wachter, 2010). Three TPPswitches
were identified in the fungus Neurospora crassa (Cheah et al.,
2007). Interestingly, it was found that one activates and two re-
press gene expression by controlling pre-mRNA splicing. The
location of a TPP binding aptamer within the pre-mRNA can be in
the 59UTR, 39UTR, or coding region (Wachter, 2010). In Arabi-
dopsis and other plants, conserved TPP riboswitches in the
39UTR of the THIAMINE C SYNTHASE (THIC) gene regulate thi-
amine metabolism (Bocobza et al., 2007; Wachter et al., 2007).
The binding of TPP to an aptamer changes the splicing pattern of
pre-mRNA by masking a splice site resulting in a splice variant
with a retained intron, which is less stable. Therefore, an increase
in TPP would lead to its binding to the aptamer, resulting in pro-
duction of the less stable intron-retained variant of THIC and in
a decrease in TTP production. This negative feedback regulation
of thiamine biosynthesis at the AS level ensures a high level of
transcripts under low cellular TPP concentrations. Plants ex-
pressing THIC with a disrupted TPP riboswitch in a thic mutant
showed growth retardation, chlorosis, and delayed flowering,
indicating the physiological significance of riboswitch-mediated
regulation of THIC (Bocobza et al., 2013). It is not known to what
extent riboswitches regulate AS of other pre-mRNAs in plants.
There are speculations that riboswitch-mediated AS regulation
may exist for other genes (Grojean and Downes, 2010). Synthesis
of 5S rRNA (5S rRNA) byRNApolymerase III requires transcription
factor IIIA (TFIIIA). In the case of plant TFIIIA pre-mRNA, a struc-
tural element that mimics 5S rRNA in its third exon regulates AS
(Fu et al., 2009; Hammond et al., 2009). This exon is highly con-
served in land plants. Skipping of this exon produces a functional
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transcript, whereas its inclusion results in a nonfunctional PTC-
containing transcript that is targeted for degradation; hence, it is
referred to as a suicide exon. Interestingly, skipping of this exon is
induced by ribosomal protein L5 that binds to the 5S rRNAmimic.
These studies indicate that ribosomal protein L5 controls the
synthesis of 5S rRNA by regulating AS of TFIIIA pre-mRNA via an
exonicmimic of 5S rRNAbinding site. It is likely thatmore of these
will be discovered as global RNA secondary structure analyses
are performed and those structures are integrated with AS data.

Recently, several novel in vitro high-throughput sequencing
approaches to obtain genome-wide maps of mRNA secondary
structures, referred to as the RNA structurome or RNA foldome
have been developed (Wan et al., 2013). These include selective
2’-hydroxyl acylation analyzed by primer extension sequencing,
fragmentation sequencing, parallel analysis of RNA structures
(PARS) (Kertesz et al., 2010), double-stranded RNA-seq, and
single-stranded RNA-seq (Table 1, Figure 2). These tools have
been applied to yeast and animals systems (Kertesz et al., 2010;
Warf and Berglund, 2010; Wan et al., 2011, 2013), while only two
such global RNA structure analyses have been reported recently
in plants (Zheng et al., 2010; Li et al., 2012). A recent in vivo
genome-wide RNA structure study revealed secondary structure
patterns at sites of AS (Ding et al., 2013). All of these are based
on high-throughput sequencing of cDNAs prepared from RNAs
that are either modified with specific chemicals or digested with
specific types of nucleases. The data can be integrated into
programs like SeqFold, which predicts structures, to obtain
accurate RNA structure (Wan et al., 2013). Correlating the
structural information obtained with these methods with AS in
plants will likely uncover additional RNA structural elements in-
volved in regulated splicing in plants (Figure 2). Understanding
the roles of regulatory cis-elements in mRNA translation and
identification of these in splice variants may also provide clues
to roles of AS in translational regulation. Coupling of RIP
methods with PARS should provide insights into the roles of
RNA secondary structures in regulated splicing.

Modulation of splicing by secondary (e.g., hairpins and stem
loops) and tertiary structural features in RNA that are responsive
to ligands or altered cellular environments (e.g., osmolytes, ion
concentration, and temperature) is appealing as it is rapid and
may or may not require RBPs. RNA structures are highly sensitive
to concentration and types of ions and osmolytes (Draper, 2004;
Lambert and Draper, 2007; Mullen et al., 2012). Osmolytes have
both stabilizing and destabilizing effects on RNA tertiary structure
(Lambert and Draper, 2007). It is known that many abiotic
stresses, such as high salinity, heat, and drought, impact cellular
concentrations of ions and osmolytes in plants (Seki et al., 2007;
Mullen et al., 2012; Chan et al., 2013), which might impact RNA
secondary structure and regulate splicing and other aspects of
posttranscriptional gene regulation. Hence, structural elements in
pre-mRNAmight function as sensors of abiotic stresses, such as
temperature, drought, and salinity. Castiglioni et al. (2008) have
shown that bacterial RNA chaperones (CspA or CspB) in maize
(Zeamays) promote stress tolerance, indicating the importance of
RNA secondary structures during stress responses. Recruitment
of SR proteins by RNA secondary structure has also been re-
ported (Buratti andBaralle, 2004; Buratti et al., 2004; Shepard and
Hertel, 2008; McManus and Graveley, 2011). In prokaryotes,

structures in mRNAs often referred to as RNA thermometers
function as temperatures sensors, which occlude the ribosome
binding site at normal temperature. High temperature unfolds
these structures to enable translation (Kortmann andNarberhaus,
2012; Wan et al., 2012). In theory, temperature-sensitive struc-
tures in pre-mRNAs in eukaryotes may also mask or unmask
binding sites for splicing factors and modulate splicing rapidly in
response to temperature changes. Forty percent of introns in
budding yeast (S. cerevisiae) contain a predicted secondary
structure between the branch site and 39SS (Meyer et al., 2011).
Furthermore, a secondary structure at the 39SS in an intron of
APE2 pre-mRNAwas shown to function as anRNA thermosensor
by detecting changes in temperature and modulating AS (Meyer
et al., 2011). Since pre-mRNA splicing occurs cotranscriptionally,
the rate of transcription can also have a significant effect on RNA
structure-mediated splicing as slow folding structures may form
only if the rate of transcription is low.

Trans-Acting Factors

There are over 800 proteins with different types of RNA binding
domains in Arabidopsis (Silverman et al., 2013), and a vast ma-
jority of these contain one or more, or a combination of, RNA
binding domains, such as an RNA recognition motif (RRM), a K
homologydomain, or a pentatricopeptide repeat domain that bind
RNA. Many plant RRM-type RBPs have no orthologs in animals
(Lorkovi�c, 2009). Of the non-snRNP proteins, there are many SR
proteins or hnRNPs that regulate splice site selection by binding
to RNAmotifs (see Supplemental Table 1 online). The SR family of
splicing regulators contains one or two RRMs in the N terminus
and a Arg/Ser-rich (RS) domain at the C terminus and function in
CS and AS (Barta et al., 2010). Pre-mRNAs of most SR proteins
andseveral hnRNPsare alternatively spliced (Lopato et al., 1999b;
Lazar and Goodman, 2000; Kalyna et al., 2003; Kalyna and Barta,
2004; Isshiki et al., 2006; Palusa et al., 2007; Schöning et al., 2007;
Wachter et al., 2012). In plants, SR proteins have been in-
vestigated for their function in splicing (Lopato et al., 1999a,
1999b). In animal systems, SR proteins, apart from their role in
pre-mRNAsplicing, function indiverse processesassociatedwith
RNA metabolism and gene regulation, including mRNA export,
stability and translation, chromatin binding, transcription elon-
gation, subcellular localization of transcripts, genome stability
and formation of cellular RNA granules, and miRNA processing
structures (stress granules and processing bodies) (Long and
Caceres, 2009; Shepard andHertel, 2009;Rissoet al., 2012; Yoon
et al., 2013). Whether plant SR proteins, like their animal coun-
terparts, have wide-ranging roles in other aspects of RNA me-
tabolism remains to be seen.
The SR proteins interact with RNA through their RRM, which

provides RNA binding specificity, and with other spliceosomal
proteins through their RS domain, which aids in spliceosome
assembly. In some instances, the RS domain interacts directly
with pre-mRNA either at the BP or 59SS (Shen et al., 2004). Some
plant SR and SR-like proteins have been shown to bind alterna-
tively spliced introns (Day et al., 2012; Thomas et al., 2012).
Complex interaction networks amongSRproteins and interaction
with many other snRNP and non-snRNP proteins (Golovkin and
Reddy, 1998; Golovkin and Reddy, 1999; Lopato et al., 2002;
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Gullerova et al., 2006; Reddy, 2007; Barta et al., 2008) suggest an
important role for this family of proteins in regulated splicing.
Expression levels and AS patterns of SR proteins in plants vary in
different tissues, implying their target specificity (Lopato et al.,
1996, 1999a, 1999b, 2002; Golovkin and Reddy, 1998, 1999;
Lazar and Goodman, 2000; Kalyna et al., 2003; Kalyna and Barta,
2004). The fact that someSRproteinshavebeenshown to interact
with components of the U12-dependent minor spliceosome
suggests a role in splicing catalyzed by the minor spliceosome
(Reddy, 2007; Barta et al., 2008).

The hnRNPs are a heterogeneous group of proteins involved in
diverse functions in mRNA metabolism, mainly characterized by
their ability to bind RNA due to the presence of RRM domains or
other domains like K homology domains and additional Gly-rich
domains that add versatility to binding to RNA and/or that can
extend their functions (Martinez-Contreras et al., 2007; Han et al.,
2010;Wachter et al., 2012).Many of the hnRNPsare located in the
nucleus and nuclear compartments, but some of them exhibit
nucleus-cytoplasm shuttling that is regulated by posttranslational
modifications, indicating a broader set of functions of these pro-
teins besides nuclear mRNA processing (Wachter et al., 2012).
Themost extensively studied hnRNPs are the PTBproteinswhere
their role in AS was first described in mammals (Mulligan et al.,
1992; Wagner and Garcia-Blanco, 2001; Izquierdo et al., 2005).
They act through their binding to pyrimidine-rich sequences in the
pre-mRNA by competition and/or interaction with other hnRNPs
and splicing factors exerting a positive or negative effect in the
selection of specific splice sites that define the AS outcome in the
transcript. InArabidopsis, threegeneshavebeen identified (PTB1,
PTB2, and PTB3; see Supplemental Table 1 online), all of them
generating two alternatively spliced variants where in all the cases
one of the two transcripts is targeted by NMD (Stauffer et al.,
2010). TheAS variants in PTB1 andPTB2 are derived fromamode
of negative auto- and cross-regulation by these PTB proteins,
a regulatory mechanism that is consistent with the human PTB
orthologs (Grabowski, 2007; Stauffer et al., 2010). The analogies
found in the mode of action of the PTBs in plants and human
suggested that the plant proteins might also influence the AS of
a considerable number of genes. A recent genome-wide study by
Rühl et al. (2012) using overexpression and artificial miRNA lines
of the different PTB proteins showed that mainly PTB1 and PTB2,
but not PTB3, influence the AS outcome of at least 300 genes that
comprise important factors involved in diverse developmental
processes, including flowering and seed germination. In-
terestingly, in contrast with what has been found in mammals
where principally exon skipping events are altered, diverse types
of AS were affected by PTB1 and PTB2, including 59 alternative
splice site, IR, and exon inclusion events. Nevertheless, the
mechanisms of action and the evidence for binding of PTB1
and PTB2 to generate the observed AS patterns remain to be
elucidated.

Small Gly-rich hnRNPs-like GRP7 and GRP8 in Arabidopsis
have also been shown to have a role in AS. These two proteins are
controlled by the circadian clock, and their protein levels are
regulated similarly to PTBs by AS and the production of NMD-
sensitive transcripts (Carpenter et al., 1994; Heintzen et al., 1994;
Staiger, 2001; Staiger et al., 2003). Using a high-resolution RT-
PCR panel, it was shown that GRP7 affects 59 events from a total

of 288 AS events tested (Streitner et al., 2012). RIP experiments
confirmed binding of GRP7 to seven targets that was dependent
on the RRM domain. Interestingly, some of the splicing events
affected by GRP7 are also influenced by other RBPs, like SR
proteins and the cap binding complex proteins (CBC), suggesting
that the splicing profiles observed in Arabidopsis are the result
of a complex interplay between RBPs and/or splicing factors
(Streitner et al., 2012).
Despite the evident expansion in plants of plant-specific

members of hnRNPs and hnRNP-like proteins, little is known
about their actual role inAS. Fewstudieshave identified functional
features of plant specific hnRNPs-like proteins. The oligour-
idynilate binding protein (UBP1) in Nicotiana plumbaginifolia was
found to have binding affinity to uridine-rich sequences and in-
crease the efficiency of poorly spliced introns (Lambermon et al.,
2000). Nevertheless, the UBP1-related proteins RBP45 and
RBP47 did not affect splicing efficiency (Lorkovi�c et al., 2000).
Similar results were found for Arabidopsis UBA1a and UBA2a
where no stimulation of splicing was detected, suggesting a role
of UBP1 and their associated proteins in mRNA stabilization
(Lambermon et al., 2002). The prevalence of AS in plants (Syed
et al., 2012) implies that the presence of multiple factors involved
in splicing play important roles in the production of alternative
spliced transcripts and that crosstalk and tight regulation be-
tween these factors exist to produce, in a very orchestrated
manner, transcripts relevant in important biological aspects like
development and response to the environmental cues.
In addition to SR and hnRNP proteins, the involvement of

nuclear CBC in AS regulation has been shown by analyzing the
AS events in single/double Arabidopsis mutants of the CBC
components, cbp20 and cbp80/abh1. Changes in AS isoforms
were shown for 101 genes, with 41% of them common to all
mutants and 15% arise only in double mutants. The authors
propose a direct involvement of CBC in plant AS of the first
intron, particularly at the 59SS (Raczynska et al., 2010).

Subcellular Localization and Dynamics of
Trans-Acting Factors

Speckles (also called interchromatin granule clusters) are a typeof
nonmembranous structure enriched in snRNPs, SR proteins, and
other splicing factors (Spector and Lamond, 2011). Using SR
proteins tagged to fluorescent reporters, it was shown that plant
SR proteins localize to the nucleoplasm and nuclear speckles
(reviewed in Reddy et al., 2012a). The number, size, and shape of
speckles vary depending on the cell type and in response to ex-
ternal signals. Using fluorescence recovery after photobleaching
and fluorescence loss in photobleaching, it was shown that plant
SR proteins show high mobility within the nucleus. SR proteins
shuttle between thenucleoplasmandspeckles, and thismovement
is regulated by protein phosphorylation and dephosphorylation.
Localization and dynamics of plant SR proteins has been recently
reviewed and hence is not discussed in detail here (Reddy et al.,
2012a). Until recently, speckles were thought to be storage sites of
splicing factors (Spector and Lamond, 2011). However, a recent
demonstrationof thepresenceof aprotein that is part of catalytically
active spliceosomes in speckles and the presence of spliceosomes
near or within the speckles indicate that posttranscriptional splicing
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may occur in speckles (Girard et al., 2012). Little is known about the
biogenesis of nonmembranous bodies containing RNA and pro-
teins. Recent studies show that lowcomplex-disordered regions
present in many of the splicing and RNA processing proteins are
necessary and sufficient for formationof thesebodies. Furthermore,
phosphorylation of these regions contributes to the dynamic nature
of these bodies (Han et al., 2012; Kato et al., 2012).

AS REGULATION BY EPIGENETIC MARKS ON DNA
AND HISTONES

Splicing occurs mostly cotranscriptionally, but removal of some
introns, especially alternatively spliced introns, takes place
posttranscriptionally (Khodor et al., 2011; Braunschweig et al.,
2013). Evidence is accumulating that chromatin modifications,
transcription, and splicing are highly integrated, each influencing
the other (Braunschweig et al., 2013; Dujardin et al., 2013; Gómez
Acuña et al., 2013). Multiple aspects associated with transcrip-
tion, such as promoter strength, transcription factor occupancy,
rate of transcription, speed of RNA polymerase, and chromatin
modifications, are known tochangeAS (Braunschweigetal., 2013).
Although the means by which chromatin modifications affect
splicing remain to be elucidated, there are indications that these
modifications may directly or indirectly recruit spliceosomal pro-
teins (Luco et al., 2010; Pradeepa et al., 2012; Schor et al., 2012;
Tolstorukov et al., 2012; Braunschweig et al., 2013). Phosphory-
lation of the catalytic subunit of polymerase II at its C-terminal
domain recruits many splicing factors, such as SRs and hnRNPs,
that function in AS (Hsin and Manley, 2012). Some studies show
that spliceosomal proteins bound to nascent transcripts may
impact chromatin architecture and polymerase II elongation
(Braunschweig et al., 2013). An emerging theme is that polymerase
II elongation rate affects AS through kinetic coupling (Luco et al.,
2011). Fast elongation rates favor exon skipping, whereas slow
elongation favors spliceosome assembly and exon inclusion.

Recent studies in animals indicate that chromatin remodeling,
which in turn affects the rate of transcription as well as nucleo-
some positioning, can alter the AS pattern (Alló et al., 2009;
Kolasinska-Zwierz et al., 2009; Schwartz et al., 2009; Tilgner et al.,
2009). Global studies in plants and animals indicate that DNA
modifications, such as cytosine methylation, and chromatin
changes, such as histone modifications and nucleosome occu-
pancy, mark exon-intron boundaries (Braunschweig et al., 2013).
Increased methylation is found in exons compared with introns.
Further, exon–intron boundaries showed sharp transitions in
methylation (Chodavarapu et al., 2010; Laurent et al., 2010). In
Arabidopsis and human, using MNase-seq, it was found that
nucleosomes are enriched in exons, especially at the boundaries
(Schwartz et al., 2009; Chodavarapu et al., 2010). Furthermore,
specific posttranslational modifications of histones are also en-
riched in exons (Schwartz et al., 2009). Differential nucleosome
occupancy on exons that differ in splice site strength and a cor-
relation between nucleosome occupancy and exon inclusion in
metazoans suggest a role for chromatin architecture and regu-
lated splicing (Tilgner et al., 2009; Braunschweig et al., 2013).

In plants, environmental signals are known to alter chromatin
modifications in a gene-specific manner (Kim et al., 2010; Dowen

et al., 2012; Gutzat and Mittelsten Scheid, 2012). Since stresses
have a dramatic affect on pre-mRNA splicing, including those that
are stress induced (Ali and Reddy, 2008b; Duque, 2011), it is likely
that some of these changes in AS are regulated through stress-
induced modification of chromatin. Nucleotide composition is
different between exons and introns, with high GC content in
exons and high AU in plant introns (Goodall and Filipowicz, 1989).
Experimental evidence supports a role for differential nucleotide
composition in pre-mRNA splicing. RNA polymerase II elongation
rates are impacted by nucleotide sequence composition with
a slow rate in adenine-thymine–rich regions.
A report in S. pombe implicates a role for splicing factors in

RNA-induced chromatin silencing that is uncoupled from splicing
(Bayne et al., 2008). In plants, recent reports indicate a role of
splicingmachinery and splicing factors in regulating transcription.
Introduction of an intron into an intronless gene was shown to
suppress RNA silencing that is dependent on efficient splicing of
the intron, suggesting a role for splicing and transcriptional reg-
ulation (Christie et al., 2011). Some studies suggest a role for
splicing machinery in RNA-directed methylation (RdDM). A mu-
tant screen aimed at identifying proteins involved in transcrip-
tional silencing through RdDM identified a splicing factor (ZINC
FINGER AND OCRE DOMAIN-CONTAINING PROTEIN1) as one
of the key regulators of RdDM (Zhang et al., 2013b). SR45, an SR-
like splicing regulator, was isolated in a screen for mutants that
affect the establishment of RNA-directed DNAmethylation (Ausin
et al., 2012). The loss-of-function mutant of SR45 displayed re-
duced methylation, suggesting a role of this splicing factor in
RdDM, but an indirect role through splicing regulation of pre-
mRNAs of genes involved in RdDM is not excluded (Ausin et al.,
2012).

ELUCIDATING PATHWAYS THAT CONNECT SIGNALS TO
AS REGULATION

Rapid alteration of transcription complexity in response to
stresses is a simple mechanism for rapid reprogramming of the
transcriptome and alteration of proteome complexity. Several
studies in plants indicate that splicing of pre-mRNAs is regulated
by external signals (Ali and Reddy, 2008b; Duque, 2011;
Mastrangelo et al., 2012; Leviatan et al., 2013). Themechanisms by
which signals regulate pre-mRNA splicing are not known in plants.
Figure 7 shows potential mechanisms through which signals
regulate AS. Posttranslational modification of splicing factors
and spliceosomal components, especially phosphorylation, are
known to regulate splicing in animals. Several protein kinases that
phosphorylate splicing regulators have been identified in plants
(reviewed in Ali and Reddy, 2008a), and phosphoproteomic
analysis revealed that several plant SR proteins and other splicing
factors are phosphoproteins (de la Fuente van Bentem et al.,
2006). It is possible that signals through second messengers,
such ascalcium, and reactive oxygenspeciesmodulate the activity
of kinases and phosphatases that regulate the phosphorylation
status of splicing regulators (de la Fuente van Bentem et al., 2006).
Although second messengers are known to regulate transcription
of many genes by modulating the activity of transcription factors
(Reddy et al., 2011;Mittler et al., 2012; Smékalová et al., 2013), little
is known about their role in posttranscriptional gene regulation.
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Complex regulatory feedback loops linking AS, NMD, and kinase
signaling may exist as exemplified by AFC2, a highly conserved
LAMMER kinase, which phosphorylates splicing factors (Marquez
et al., 2012). Other posttranslational modifications of splicing reg-
ulators, such as sumoylation,may also impactAS, as several RBPs
including splicing regulators are found to be sumoylated in global
proteomic studies (Miller et al., 2013). It is also likely that stresses
may change the cellular environment (change in ion concentration
and other molecules) that might have an impact on RNA structure
leading to changes in splicing patterns. It has been documented
thatRNAstructureschange in response toconcentrationand types
of ions and osmolytes (Draper, 2004; Lambert and Draper, 2007;
Mullen et al., 2012) and temperature (Meyer et al., 2011). Stress
signals in plants are known to alter cellular concentration of ions
and osmolytes (Seki et al., 2007; Mullen et al., 2012; Chan et al.,
2013). Hence, RNA structures may serve as sensors to detect
changes in cellular environment or temperatures. The expression
andASof splicing regulatorsmayalsobe regulatedby thesesignals
thereby impacting splicing. AS of master regulators of splicing,
such as SRs and hnRNPs, is changed in response to stresses
(Lazar and Goodman, 2000; Palusa et al., 2007; Reddy and Ali,
2011). Such changes will have global impacts on AS of other pre-
mRNAs leading to reprogramming of gene expression.

GENOME DUPLICATION AND AS

Genome duplication and AS are two major mechanisms that lead
to expansion and diversification of the proteome. Three models
have been proposed to explain the relationship between genome
duplication and AS. The independent model predicts no re-
lationship betweengene family size and the amount of AS, and the
function-sharing model predicts a reverse correlation between
gene family size and the extent of AS (Su et al., 2006; Jin et al.,
2008). A studyof genomeduplication andASevents inmouse and
humans by Jin et al. (2008) led to a third model called accelerated
AS. They found that as predictedwith the function-sharingmodel,
AS decreased in large families but that AS increased in small
families compared with singletons. The accelerated AS model
suggests that singletons are likely to be duplicated, relaxing
functional constraints allowing for more AS. Jin et al. (2008) argue
that large families preclude the possibility for newuseful functions
to be created by AS, as different members in a large gene family
could acquire new functions throughsub-or neofunctionalization.
In this respect, it is interesting that the family of 18ArabidopsisSR
genes,which partially originated from several genomeduplication
events (Kalyna and Barta, 2004), shows a remarkably high level of
AS where 14 SR genes create at least 95 splice isoforms (Palusa
et al., 2007).

Some plant studies have looked at duplication and AS in in-
dividual genes. Zhang et al. (2010c) used RT-PCR to look at 104
whole-genome gene duplicates in six organ types and in plants
grown under abiotic stress. In a large majority of the duplicated
pairs, they found differences in splicing patterns between the
genes in one ormore organs or under stress conditions, indicating
AS divergence after genome duplication. Some plant genomes
are polyploids as a result of hybridization rather than genome
duplication. AS patterns in the wheat (Triticum aestivum) DREB2
homolog, WDREB2, were compared for polyploid wheat and for

their diploid progenitors (Terashima and Takumi, 2009). Three
variants ofWDREB2 (a, b, and g) result fromAS, and the b-form is
nonfunctional. In response to stresses, the WDREB2a and g in-
crease, butWDREB2g remains constant in hexaploidwheat,while
in the diploid progenitors the WDREB2g decreased rapidly. The
functional formswerenot producedas rapidly in thehexaploids as
in the diploid progenitors, suggesting that allopolyploidization
inhibits the efficient splicing of the WDREB2 gene.

POTENTIAL BIOTECHNOLOGICAL APPLICATIONS OF AS

Transcriptional activation of transgenes has been widely used in
plants to manipulate gene expression and to introduce desired
traits into plants. Understanding the mechanisms involved in
regulation of AS and the functions of splice variants will lead to
novel ways to regulate gene expression and to develop crop
plants with novel traits. For instance, expression of individual
splice variants may have a different outcome compared with ex-
pression of all isoforms from a gene. Insertions of the first intron
from the UBQ10 gene into intronless genes markedly increased
mRNA accumulation over 150-fold (Emami et al., 2013). Recently,
plant 5S RNA mimic (discussed above), a naturally occurring al-
ternatively spliced suicide exon (Hammondet al., 2009;Barbazuk,
2010), has been used to regulate gene expression at the pre-
mRNA splicing level (Hickey et al., 2012). In this case, skipping of
a suicide exonproduces a functional transcript,whereas inclusion
of this exon generates a transcript that is a target for NMD. With
the optimized version of this suicide exon, ;100-fold gene acti-
vation was achieved by regulating AS. This work opens new
avenues for the conditional expression of multiple genes at the
splicing level by incorporating the same suicide exon into the
transgenes. In another case, addition of the TPP riboswitch in
THIC to a reporter construct resulted in metabolite-dependent
regulation of reporter gene expression, with decreased expres-
sion under high TPP levels (Bocobza et al., 2007), suggesting
a potential use of riboswitches for conditional expression of trans-
genes. Expression of a bacterial RNA chaperone that modulates
RNA structure has also been shown to confer abiotic stress toler-
ance in maize under field conditions and increase yield (Castiglioni
et al., 2008). A thorough understanding of AS regulatory elements
and proteins that bind to these elements will offer novel ways to
manipulate splicing in vivo and manipulate gene expression.

KEY FUTURE CHALLENGES

From limited transcriptome-wide studies in plants, it is clear that
AS is much more prevalent in plants than previously thought.
The true extent of AS from multiexon genes in plants is expected
to be greater than now known when more information is gained
from in-depth AS studies with different tissues/cell types and in
response to developmental cues and diverse environmental and
stress signals. Indeed, from recent studies, it is now becoming
clear that AS is regulated developmentally and in response to
diverse stress signals. These studies underscore the importance
of understanding the functions of splice variants and mecha-
nisms that regulate AS. Some important unanswered questions
that need to be addressed are discussed below.
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It is hypothesized that splice variants generated by AS have the
potential to increase the number of proteins produced. However,
currently, it is not known, both in plants and animals, what fraction
of splice variants contributes to proteomediversitywith functional
consequences. In addition to contributing to proteome diversity,
AS can be an important factor in fine-tuning gene expression at
the transcript level by regulating the amount of stable and un-
stable transcripts. The percentage of mRNA isoforms that con-
tributes to gene regulation at the mRNA stability through NMD,
small noncoding RNAs, and other mechanisms (e.g., translation
efficiency) is not known. Although a few recent studies point to an
important role for AS in plant development and stress responses,
functional analysis of individual mRNA isoforms is necessary to
understand the importance of AS in plant growth, development,
and, especially, stress responses. As there are thousands of
mRNA isoforms, it is a daunting task to study the functions of each
and every isoform. Initial focus should be on AS events that are
conserved among all land plants, as such events are likely to have
functional consequences as shown for the plant-specific SR
protein families (Iida and Go, 2006; Kalyna et al., 2006). There is
evidence that AS remodels protein–protein interactions in regu-
lating cellular processes (Buljan et al., 2012; Ellis et al., 2012).
Pairwise interaction of proteins coded by all AS forms using yeast
two-hybrid could shed light on the functions of mRNA isoforms. It
has been shown that tissue-specific regulated AS of exons

modifies surface loops and unstructured binding regions of en-
coded proteins and rewires the protein–protein interaction net-
works (Buljan et al., 2012; Ellis et al., 2012).
The regulation of AS and the roles of the diverse set of RBPs

(SRs and hnRNPs) are almost completely unknown. The avail-
ability of an in vitro spicing system in animals has contributed to
enormous progress in understanding steps in spliceosome as-
sembly, spliceosome composition, and cis-elements in RNA
that regulate constitutive and regulated splicing. The Holy Grail
in plant splicing research is a plant-derived in vitro splicing
system. With new technological advances to isolate pure nuclei
using tagged nuclei from plant cells (Deal and Henikoff, 2010,
2011) it is worth revisiting this. The accumulating data on AS in
different plants across the phylogenetic spectrum will allow the
development of computational tools to identify conserved, lin-
eage-specific AS and predict regulatory elements (enhancers
and suppressors) that determine the outcomes of splicing. The
ultimate lofty goal in using computational tools to analyze AS is
to develop algorithms that can predict if a pre-mRNA is alter-
natively spliced in a cell-specific manner and/or under certain
cellular environments based on nucleotide sequence. To de-
velop such algorithms requires a vast amount of empirical data
on sequence elements that bind to splicing regulators and on
the complexity of AS and splicing factor expression in diverse
plants.

Figure 7. Potential Mechanisms through Which Developmental Cues and Environmental Signals Regulate AS.

Signal-induced changes in messengers such as calcium and reactive oxygen species, which are known regulate transcription of numerous genes
(Reddy et al., 2011; Mittler et al., 2012; Smékalová et al., 2013), may also regulate AS through protein kinases and protein phosphatases as the activity
of many splicing regulators is modulated by protein phosphorylation and dephosphorylation. In addition, the impact of signal-induced changes in
cellular milieu, which are known to occur in plants (Seki et al., 2007; Mullen et al., 2012; Chan et al., 2013), on RNA structure and AS is unexplored in
plants. See text under Elucidating Pathways That Connect Signals to AS Regulation for details pertinent to this figure. SRPK, Serine/arginine-rich
protein-specific kinase; AFC2, Arabidopsis fus3-complementing cDNA 1 (AFC1) homolog (a LAMMER kinase).
[See online article for color version of this figure.]
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Understanding how developmental and environmental signals
are transduced into AS regulation and elucidating the role of AS
in reprogramming gene expression in response to biotic and
abiotic stresses will have implications in crop improvement. This
will open new avenues to enhance and/or fine-tune gene regu-
lation for biotechnological applications.
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