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Abstract 7	

Alternative splicing, which generates multiple transcripts from the same gene, is an important 8	
modulator of gene expression that can increase proteome diversity and regulate mRNA levels. 9	
In plants, this posttranscriptional mechanism is markedly induced in response to environmental 10	
stress, with recent studies identifying alternative splicing events that allow quickly adjusting the 11	
abundance and function of key stress-response components. In agreement, plant mutants 12	
defective in splicing factors are severely impaired in their response to abiotic stress. Notably, 13	
mounting evidence indicates that alternative splicing regulates stress responses largely by 14	
targeting the abscisic acid (ABA) pathway. We review here the current understanding of 15	
posttranscriptional control of plant stress tolerance via alternative splicing and discuss research 16	
challenges for the near future. 17	

Pre-mRNA Splicing in Plant Responses to Abiotic Stress 18	

Under both natural and agricultural contexts, plants are constantly subjected to environmental 19	
conditions that adversely affect their growth and development and may threaten their survival. 20	
They have therefore evolved a wide spectrum of molecular programs to rapidly perceive 21	
changes in the environment and adapt accordingly. The phytohormone abscisic acid (ABA) 22	
plays a crucial role in plant responses to major forms of abiotic stress, such as drought, high 23	
salinity and extreme temperatures, all of which induce osmotic stress in plant cells. Although 24	
osmotic stress also triggers ABA-independent pathways, an adequate plant stress response 25	
involves endogenous accumulation of the hormone. Intracellular sensing and signal 26	
transduction of ABA results in the activation of downstream effectors, including transcription 27	
factors and ion channels, that implement important adaptive responses to withstand reduced 28	
water availability, such as stomatal closure, osmoprotectant synthesis and the induction of a 29	
broad range of stress-responsive genes (reviewed in [1,2]).  30	

During the last decade, research has made efficient use of “omics” approaches to identify the 31	
transcriptional and translational changes associated with plant perception and responses to 32	
abiotic stress (reviewed in [3-6]). While the involvement of posttranscriptional mechanisms is 33	
still poorly documented, a new molecular layer regulating these processes has been unfolding. 34	
In this review, we discuss emerging evidence that alternative splicing is of central importance 35	
to plant abiotic stress tolerance, particularly to ABA-mediated responses, and put forward 36	
prospects for future research as well as potential new avenues to improve plant performance 37	
under adverse environments. 38	

The Splicing Process 39	

Precursor-mRNA (pre-mRNA) splicing plays a crucial role in the accurate expression of the 40	
information encoded in eukaryotic genomes. This process is carried out by the spliceosome, a 41	
large molecular complex that recognizes sequences in the pre-mRNA called splice sites to 42	
remove the noncoding introns and join the flanking exons (Figure 1), thus generating a mature 43	
transcript. The spliceosome core consists of five small nuclear ribonucleoprotein (snRNPs) 44	
and numerous spliceosome-associated proteins, which assemble at introns in a precise order 45	
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(reviewed in [7,8]). Splice site selection is determined not only by core spliceosomal 46	
components, but also to a large extent by other RNA-binding proteins, predominantly 47	
serine/arginine-rich (SR) proteins and heterogeneous nuclear ribonucleoproteins 48	
(hnRNPs), which bind cis-regulatory elements located in either introns or exons, thereby 49	
activating or repressing splicing (Figure 1). SR proteins share a multidomain structure 50	
characterized by one or two N-terminal RNA Recognition Motifs (RRMs), which bind the 51	
RNA targets, and a C-terminal arginine/serine-rich (RS) domain involved in protein-protein 52	
interactions that promote recruitment of core spliceosomal components to nearby splice sites. 53	
hnRNPs contain a prominent structure of RRMs or K homology RNA-binding domains and 54	
auxiliary domains, such as glycine-rich motifs and the arginine-glycine-glycine box, and while 55	
frequently described as silencers of splice site selection, their effect appears to depend on the 56	
binding position. Both SR proteins (reviewed in [9-11]) and hnRNPs (reviewed in [12-14]) 57	
have been implicated in various other steps of posttranscriptional regulation apart from splicing. 58	

Alternative splicing occurs when splice sites are differentially recognized and more than one 59	
transcript, and potentially multiple proteins, are generated from the same pre-mRNA. This 60	
greatly enhances the coding capacity of a genome, and indeed alternative splicing in humans is 61	
known to expand the proteome by at least five times when compared to the number of protein-62	
coding genes [15], while in plants the effects of alternative splicing have not yet been widely 63	
addressed at the proteome level. Different types of alternative splicing events can occur in 64	
eukaryotes (Box 1), with intron retention being predominant in plants and exon skipping the 65	
most frequent alternative splicing event in mammals. Protein isoforms arising from alternative 66	
splicing may vary in virtually all aspects of protein function, while specific mRNA splice 67	
variants can be targeted for degradation. Possible consequences of alternative splicing at the 68	
mRNA and protein levels are detailed in Box 1. 69	

Alternative splicing regulation studies have focused primarily on RNA sequence elements and 70	
their associated splicing factors, but extensive work in mammals also points to key roles for 71	
chromatin structure, histone modifications and transcription rates (reviewed in [16-18]). 72	
Mechanisms of epigenetic control of alternative splicing are emerging in plant systems too 73	
([19]). 74	

Alternative Splicing as a Means to Promote Plant Stress Tolerance 75	

The current estimate indicates that around 61% of intron-containing genes in the model plant 76	
arabidopsis (Arabidopsis thaliana) undergo alternative splicing [20]. This number is likely to 77	
increase as more transcriptome data for plants under different developmental and environmental 78	
conditions are evaluated and as more precise tools for identifying splice variants in high-79	
throughput analyses are developed. Notably, RNA-seq data have been confirming previous 80	
indications that abiotic stress markedly alters alternative splicing in plants [21-29]. For 81	
example, recent studies show that salt stress changes the alternative splicing pattern of more 82	
than 6,000 arabidopsis genes [23], while high-temperature stress induces differential splicing of 83	
more than 1,000 genes in grape [27]. Moreover, stress imposed by high salinity or treatment 84	
with the ABA phytohormone was found to substantially promote the use of non-canonical 85	
splice sites [23,29], which could provide a specific means of diversifying the transcriptome in 86	
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response to stress. Although some of these stress-induced changes in plant alternative splicing 87	
patterns could result from alterations in other processes, such as turnover and transport of 88	
specific splice variants, or reflect a decreased ability of the spliceosome to accurately recognize 89	
splice sites under stress conditions, a body of available evidence supports a major role for 90	
alternative splicing in implementing adaptive responses to adverse environments. Indeed, plant 91	
genes encoding known stress response regulators are particularly prone to generating multiple 92	
transcripts via this mechanism [30] and, most importantly, several studies have demonstrated 93	
the functional significance of some of these alternative splicing events, which often act as 94	
modulators of the ratio between active and non-active isoforms, thereby fine-tuning gene 95	
expression in response to abiotic stress. 96	

Tolerance to extreme heat, one of the most detrimental stresses affecting plant productivity, 97	
involves evolutionarily conserved heat shock transcription factors (HSFs), which in arabidopsis 98	
undergo extensive heat-shock induced alternative splicing events [31]. At least one of these 99	
events has been assigned biological impact, as a truncated splice form of HsfA2, but not the 100	
full-length isoform, can bind to the HSFA2 promoter and activate its own transcription in a 101	
positive auto-regulatory loop [31]. Expression of HSF genes is under the control of the 102	
DEHYDRATION-RESPONSIVE ELEMENT BINDING 2 (DREB2) transcription factor, 103	
which is also regulated by alternative splicing in response to stress in many plant species [32-104	
36]. Indeed, while under normal conditions the DREB2B gene predominantly produces a non-105	
functional transcript, the levels of the full-length, functional transcript significantly increase in 106	
response to abiotic stress [35,37]. Interestingly, a putative exonic splicing enhancer that affects 107	
alternative splicing of the sheepgrass DREB2 gene was shown to interact in vitro with several 108	
SR proteins [36]. 109	

High temperatures are also known in plants to enhance endoplasmic reticulum (ER) stress, 110	
which triggers the well-conserved unfolded protein response (UPR). ER stress promotes 111	
splicing of a small intron in bZIP60, encoding a key transcription factor in UPR, by two ER-112	
located stress sensors, IRE1a and IRE1b [38,39]. While under normal conditions bZIP60 113	
localizes mostly in the ER membrane, the splice form accumulated during ER stress lacks the 114	
transmembrane domain and is therefore targeted to the nucleus [38], where it activates 115	
transcription of genes that aid in protein folding and degradation [40,41]. 116	

Alternative splicing events in genes encoding downstream effectors of plant stress tolerance 117	
have also proved important in regulating stress responses. For example, alternative 3' splice site 118	
selection gives rise to two splice forms of the arabidopsis Zinc-Induced Facilitator-Like 1 119	
(ZIFL1) transporter — while the full-length isoform is localized in the tonoplast of root cells 120	
and regulates transport of the auxin phytohormone, a truncated ZIFL1 variant is targeted to the 121	
plasma membrane of leaf stomatal guard cells and mediates drought tolerance [42]. On the 122	
other hand, Zinc-Induced Facilitator 2 (ZIF2) is a vacuolar membrane transporter that confers 123	
tolerance to zinc by promoting immobilization of the heavy metal in root cells [43]. 124	
Remarkably, elevated zinc levels promote an intron retention event in the 5' untranslated region 125	
(5'UTR) of ZIF2 that enhances its own translation [43], thus controlling cellular levels of the 126	
encoded protein and thereby plant zinc tolerance. 127	
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It is interesting to note that the vast majority of arabidopsis SR protein genes, which encode key 128	
splicing regulators and are extensively alternatively spliced themselves, have their splicing 129	
patterns changed by various environmental stresses [21,22,44,45]. Furthermore, Ding et al. [22] 130	
found that salt stress induces alternative 5' and 3' splice site selection and intron retention 131	
events that introduce premature termination codons (PTCs) in SR protein pre-mRNAs, with 132	
these changes being accompanied by alterations in the splicing pattern of 49% of all intron-133	
containing genes. These findings point to an important mode of stress regulation of plant SR 134	
proteins, which could function as central coordinators of responses to environmental changes. 135	

Splicing Regulators as Key Mediators of Plant Stress Responses 136	

In addition to ascribing functional significance to individual alternative splicing events, genetic 137	
studies have uncovered major in vivo roles for splicing regulators in plant responses to abiotic 138	
stress. This is evidenced by the numerous mutations in spliceosomal components that severely 139	
affect plant stress tolerance. Moreover, transcriptome analyses of plants expressing altered 140	
levels of splicing regulators have identified potential functional targets of these RNA-binding 141	
proteins during the response to stress. Apart from stress-specific regulatory genes, gene 142	
ontology enrichment studies of these transcriptomic data have revealed potential alternative 143	
splicing feedback loops through the splicing regulation of various other RNA-binding proteins 144	
genes [24,46]. 145	

Besides the already mentioned posttranscriptional regulation, plant SR protein genes are also 146	
regulated by stress at the transcriptional ([45,47,48] and publicly available transcriptomic data) 147	
as well as translational levels [27,49], with different environmental cues controlling their 148	
phosphorylation status [50,51] and, consequently, subcellular distribution [52-54]. Furthermore, 149	
functional evidence is corroborating a role for SR proteins in plant abiotic stress responses. For 150	
example, loss of function of the SR34b gene, whose expression is upregulated by cadmium 151	
(Cd), causes enhanced accumulation of this metal ion and hypersensitivity to its toxicity in 152	
arabidopsis [48]. Interestingly, the IRT1 gene, which encodes a putative Cd transporter, is 153	
misspliced in the sr34b mutant, providing mechanistic clues on Cd tolerance control by the SR 154	
protein [48]. In another study [55], the arabidopsis RS40 and RS41 were found to interact in 155	
nuclear speckles with HIGH OSMOTIC STRESS GENE EXPRESSION 5 (HOS5), a KH-156	
domain RNA-binding protein, and FIERY2/CTD phosphatase-like 1 (FRY2/CPL1), a major 157	
player in the co-transcriptional processing of nascent transcripts. Knockout mutants for HOS5, 158	
RS40 and RS41, all displayed salt and ABA hypersensitivity as well as significant intron 159	
retention in many stress-related genes, thus implicating two plant SR proteins in the regulation 160	
of alternative splicing under abiotic stress. 161	

Several hnRNPs, particularly glycine-rich RNA-binding proteins (GRPs) whose molecular 162	
roles remain largely unknown in plants, have also been functionally implicated in plant abiotic 163	
stress responses [56-59]. In arabidopsis, the RZ-1a, a zinc finger-containing GRP, negatively 164	
regulates early development under salt and drought stress [56], while heterologous expression 165	
of the arabidopsis GRP2 and GRP7 in rice leads to higher grain yields under drought stress 166	
[59]. In arabidopsis, GRP7 appears to perform opposite functions in response to different 167	
abiotic factors, having a positive effect on stress tolerance under low temperatures and a 168	
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negative effect under salt or dehydration stress conditions, at the seed germination, seedling 169	
growth and stomatal movement levels [57]. Notably, using a high-resolution RT-PCR 170	
alternative splicing panel and RNA immunoprecipitation (RIP) analyses, Staiger and co-171	
workers [60] showed that GRP7 directly binds mRNA, affecting particularly the choice of 172	
alternative 5' splice sites, a function partially shared with its close paralog, GRP8. Future GRP7 173	
studies under abiotic stress conditions should uncover the transcripts targeted by this RNA-174	
binding protein to regulate plant stress tolerance. 175	

The cap-binding proteins CBP20 and CBP80 (also called ABH1 for ABA HYPERSENSITIVE 176	
1) have been reported to modulate plant salt stress responses as well as ABA sensitivity during 177	
seed germination and stomatal closure, and to confer drought tolerance [61-64]. These proteins 178	
constitute the two subunits of the dimeric nuclear cap-binding complex (CBC), which binds the 179	
cap structure of RNA polymerase II transcripts [65] and was found in arabidopsis to influence 180	
alternative splicing of first introns, particularly at the 5' splice site [66]. 181	

Different arabidopsis spliceosomal components also influence the response to stress in planta. 182	
Loss-of-function mutations in the SNW/Ski-interacting protein (SKIP), which physically 183	
interacts with the SR-like protein SR45 and functions in alternative splicing through 184	
modulation of recognition or cleavage of 5' and 3' splice sites [67], led to plant oversensitivity 185	
to salt and osmotic stress [23]. Strikingly, RNA-seq analyses of wild-type and mutant plants 186	
under salt stress showed that SKIP controls over 86% of salt stress-induced alternative splicing 187	
events [23]. A component of the U6 snRNP LSm2-8 heptameric complex, LSm5, named 188	
SUPERSENSITIVE TO ABSCISIC ACID AND DROUGHT 1 (SAD1) as its loss of function 189	
causes exacerbated plant responses to ABA and osmotic stresses [68], also affects the splicing 190	
of transcripts associated with high salinity stress [69]. Indeed, overexpression of SAD1 191	
promotes the splicing accuracy and efficiency of stress-responsive genes and improves salt 192	
tolerance, while mutations in SAD1 result in a global increase in alternative splicing [69]. It is 193	
noteworthy that a protein arginine methyltransferase  (PRMT5, also known as SKB1) also 194	
affects salt stress-driven pre-mRNA splicing through methylation of another LSm protein, 195	
LSm4 [70]. On the other hand, an arabidopsis homolog of the human U5 snRNP-associated 196	
102-kD protein, STABILIZED1 (STA1), is a regulator of plant responses to not only high 197	
salinity, but also extreme temperatures and drought stress, controlling the alternative splicing of 198	
important stress-induced regulatory genes [71,72]. Finally, RDM16, a U4/U6 snRNP-associated 199	
protein as well as a component of the RNA-directed DNA methylation (RdDM) pathway, is 200	
required for an appropriate response to salt and ABA stress [73]. 201	

It is important to note that, because mRNA splicing is an essential cellular process, the 202	
identification of splicing regulators that exert stress-specific functions is rare. In fact, all of the 203	
loss-of-function mutants described above (listed in Table 1) show moderate to severe 204	
developmental defects, reflecting broader functions for the splicing factors in question. For 205	
instance, SKIP antisense transgenic lines show pleiotropic developmental phenotypes, including 206	
reduced inflorescence stems and smaller leaves [74], while a recessive STA1 mutant exhibits 207	
several defects in leaf and inflorescence morphology [71], and mutations in RDM16 result in 208	
dwarf stature as well as smaller leaves and siliques [73]. The identification of RNA-binding 209	
protein mutants displaying conditional stress phenotypes would allow the discovery of splicing 210	
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regulators involved specifically in plant responses to abiotic stress. SR proteins appear as 211	
promising candidates for such a specific role, as several individual knockout mutant lines for 212	
these splicing factors are impaired in the response to various stress cues, while showing no 213	
evident phenotypes when grown under normal conditions (our unpublished data). Larger and 214	
more diverse SR protein families in the plant kingdom (e.g. 18 SR proteins in arabidopsis [75] 215	
versus only 12 in humans [76]), resulting from genome amplification [77], could provide a 216	
plausible explanation for the occurrence of plant-specific functions, such as in the regulation of 217	
stress responses, for a subset of SR protein genes. 218	

An Emerging Link Between Splicing and ABA Signaling 219	

There is mounting evidence that the ABA phytohormone is a crucial mediator in 220	
posttranscriptional regulation of plant stress responses. In fact, most of the splicing regulators 221	
described above were also reported to affect ABA sensitivity [55,56,61,62,64,68,70,71,73], 222	
suggesting requirement of the hormone for control of abiotic stress responses by these RNA-223	
binding proteins. In addition, the SR-like SR45 protein, which interacts with the U1-70K and 224	
U2AF35b to facilitate spliceosome assembly at the 5' and 3' splice sites [78], regulates sugar 225	
responses in arabidopsis by repressing both ABA signaling and glucose-induced accumulation 226	
of the hormone [79]. To achieve this, SR45 promotes proteasomal degradation of SnRK1 [46], 227	
a protein kinase that coordinates sugar and ABA signaling [80]. Importantly, RNA 228	
immunoprecipitation followed by high-throughput sequencing (RIP-seq) revealed that the 229	
SR45-bound transcripts are markedly enriched in ABA-signaling functions [81], providing 230	
mechanistic insight into the stress roles of SR45.  231	

The involvement of pre-mRNA splicing in ABA stress responses is also corroborated by recent 232	
work making use of the splicing inhibitors pladienolide B (PB) and herboxidiene (GEX1a) 233	
known in mammalian cells to target the U2 snRNP component SF3b [82,83]. Two studies by 234	
Mahfouz and co-authors [84,85] have reported that treatment of arabidopsis plants with either 235	
of these compounds partially mimics stress signals, such as high salinity and drought, in a 236	
manner reminiscent of ABA, leading to activation of ABA-inducible promoters and stomatal 237	
closure. This splicing-dependent activation of stress signaling is substantiated by an increase in 238	
intron retention events, also in splice variants previously reported to be pivotal mediators of 239	
abiotic stress responses [85,86]. 240	

Upon its de novo biosynthesis in response to stress, ABA binds intracellular receptors, 241	
inhibiting PP2C phosphatases and thereby derepressing SnRK2 protein kinases [87] that 242	
phosphorylate downstream effectors to activate ABA-signaling (Figure 2). Of the few 243	
alternative-splicing events in main components of the ABA pathway characterized so far 244	
[86,88-90], key relevance in plant adaptation to abiotic stress has been reported for the HAB1 245	
PP2C [24,86], which negatively regulates ABA signaling by binding and dephosphorylating the 246	
SnRK2.6 protein kinase [91]. Remarkably, alternative splicing of the arabidopsis HAB1 gene is 247	
regulated by ABA and appears to be crucial for switching ABA signal transduction on and off. 248	
Although the endogenous relative protein levels of the two HAB1 splice forms were not 249	
determined, results reported by Wang et al. [86] are consistent with an accumulation of the full-250	
length protein under low ABA conditions, which would prevent SnRK2.6 activation, while high 251	
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ABA levels would promote retention of a HAB1 intron and result in the production of a 252	
truncated splice form that binds but does not inhibit SnRK2.6, thereby activating ABA 253	
signaling. 254	

ABA-regulated alternative splicing of the HAB1 PP2C is controlled by one of the sole plant 255	
RNA-binding proteins reported to fulfill stress-specific roles, RBM25 [24,86]. In fact, while 256	
arabidopsis knockout mutants for this human splicing factor homolog are severely affected in 257	
ABA, drought and salt stress responses, they display no obvious phenotypes under normal 258	
growth conditions [24,92]. Importantly, RBM25 is activated by ABA not only at the 259	
transcriptional level, but also posttranslationally through modulation of its phosphorylation 260	
levels [24]. Identification of the protein(s) controlling the phosphorylation of RBM25 would 261	
shed light on the upstream mechanisms underlying posttranscriptional control of the ABA 262	
pathway. Importantly, and consistent with a central role for pre-mRNA splicing in ABA-263	
mediated stress responses, ABA signaling, SnRK2 kinases in particular, has been shown to 264	
regulate the phosphorylation status of several plant splicing factors [50,51,93]. The 265	
involvement of splicing regulators (Table 1) and their putative functional targets in ABA 266	
responses is summarized in Figure 2. 267	

Concluding Remarks and Future Perspectives 268	

Alternative splicing regulation represents an important means of fine-tuning gene expression 269	
that may save the time required for changes in transcriptional activation and pre-mRNA 270	
accumulation, thus allowing rapid plant adaptation to adverse environmental conditions. 271	
Ultimately, the effects of alternative splicing on mRNAs encoding effectors and modulators of 272	
abiotic stress responses are determined by the levels and/or activity of the splicing factors 273	
regulating this process. To date, very few studies have addressed the upstream regulatory 274	
mechanisms dictating the activity of splicing factors during the response to stress. In mammals, 275	
reversible phosphorylation by specific kinases and phosphatases is crucial in the regulation of 276	
splicing factor activity [94,95], while in plants the phosphorylation status of several plant SR 277	
proteins has been shown to promote their subcellular relocalization to specific nuclear 278	
compartments where they are known to control splicing [52-54,96]. Uncovering the upstream 279	
components modulating posttranslational modification of plant splicing factors could provide 280	
key insight into how environmental signals activate alternative splicing to regulate plant stress 281	
tolerance (see Outstanding Questions). Clearly, despite the extensive functional data gathered 282	
so far, elucidation of the precise mode of action of splicing regulators controlling plant stress 283	
responses will require the identification of their direct mRNA targets. The optimization of state-284	
of-the-art techniques still challenging in plants, such as individual-nucleotide resolution 285	
crosslinking and immunoprecipitation (iCLIP, [97]), should help pinpoint the bona fide 286	
physiological targets as well as consensus RNA sequences recognized by these splicing 287	
regulators. Remarkably, strong evidence is emerging that ABA signaling is widely regulated at 288	
the alternative splicing level. Future identification of new splicing factors and their target 289	
mRNAs acting in this pathway should improve our understanding of how alternative splicing 290	
modulates plant abiotic stress responses, thus paving the way for new strategies to improve 291	
plant productivity under unfavorable environments. 292	
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Figure Legends and Boxes 517	

Box 1. Alternative Splicing: Different Types and Molecular Outcomes 518	
Splicing of a nascent pre-mRNA occurs in the nucleus, mostly cotranscriptionally, when the 519	
spliceosome recognizes nucleotide sequences defining exon/intron boundaries called splice 520	
sites to remove the introns, join the exons, and generate a mature mRNA molecule. 521	
Importantly, detection of splice sites by the spliceosome can vary, thereby producing alternative 522	
mature transcripts from the same pre-mRNA. This mechanism, termed alternative splicing, can 523	
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change the structure of transcripts in different ways and have multiple molecular consequences. 524	
For example, intron retention occurs when both the 5’ and 3’ ends of a specific intron are not 525	
recognized, splicing fails, and a mature mRNA that includes the intronic sequence is produced 526	
(see Figure I). Also, depending on the correct recognition of either or both splice sites flanking 527	
an exon, the latter can fail to be included in the final transcript, and selection of alternative 5’ or 528	
3’ splice sites results in the inclusion of different stretches of an exon. The insertion or deletion 529	
of alternative fragments in an mRNA can generate proteins with altered domains, and thereby 530	
affect key aspects of their molecular function, such as enzymatic activity, subcellular 531	
localization, stability, binding properties or posttranslational modifications. By contrast, when 532	
the alternatively-spliced sequence affects noncoding regions such as untranslated regions 533	
(UTRs) or introns, the stability, nuclear export, localization and/or translation of the mRNA 534	
may be affected. Importantly, when alternative splicing causes a change in the open reading 535	
frame (ORF), a premature termination codon (PTC) is often introduced in the mRNA. Specific 536	
proteins in the cell can then recognize this PTC during the first round of translation and target 537	
the transcript for degradation through a cytoplasmic mRNA surveillance system known as 538	
nonsense-mediated decay (NMD). 539	

Figure I. Schematic Representation of Different Alternative Splicing Types 540	

Figure 1. Schematic Representation of the Splicing Process. Canonical sequences in the 541	
precursor mRNA (pre-mRNA) define the splice sites (5′ splice site, branch point, 542	
polypyrimidine tract, and 3′ splice site), while additional cis-regulatory elements in introns 543	
(ISRs) or exons (ESRs) modulate the recognition of splice sites by the spliceosome. This 544	
multimegadalton complex is composed of five snRNPs, named U1, U2, U4, U5 and U6, and a 545	
range of spliceosome-associated non-snRNP proteins, such as the U2 auxiliary factor (U2AF), 546	
required for the binding of snRNPs to the pre-mRNA. In addition, SR proteins and hnRNPs 547	
regulate the efficiency of splice site recognition, with the former generally binding ESRs to 548	
enhance splicing and the latter antagonizing this effect by binding ISRs and repressing splicing, 549	
though several exceptions to these effects have been reported. Variations in the selection of 550	
splice sites result in the production of different mRNA molecules from the same pre-mRNA 551	
through alternative splicing — in the example shown, an hnRNP recognizing an intronic 552	
silencer sequence inhibits splicing of an intron, leading to its retention in one of the two 553	
alternative transcripts produced. Abbreviations: 5’ SS, 5’ splice site; BP, branch point; (Y)n, 554	
polypyrimidine tract; 3’ SS, 3’ splice site; ISR, intronic splicing regulator; ESR, exonic splicing 555	
regulator; snRNP, small nuclear ribonucleoprotein; SR, serine/arginine-rich (SR) protein; 556	
hnRNP, heterogeneous ribonucleoprotein. 557	

Figure 2. Interplay Between Alternative Splicing and ABA Signaling. ABA is a major 558	
mediator of plant responses to abiotic stress. Drought, high salinity and extreme temperatures 559	
all induce osmotic stress in plant cells, triggering ABA biosynthesis. Binding of the hormone to 560	
its intracellular receptors inhibits PP2C phosphatases, thereby derepressing SnRK2 protein 561	
kinases that through phosphorylation activate proteins with different molecular functions, thus 562	
implementing the diverse physiological and developmental responses that allow plants to 563	
withstand environmental stress. An increasing number of splicing factors is being reported to 564	
bind and regulate the processing of mRNAs encoding ABA signaling components. The best-565	
characterized example of a single alternative splicing event impacting ABA physiological 566	
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responses is that of the RBM25 splicing factor [24,86], which under abiotic stress is activated 567	
by ABA and binds the HAB1 PP2C pre-mRNA to ensure it is spliced correctly and generates a 568	
functional protein. In the absence of ABA and therefore RBM25 activation, the last intron of 569	
HAB1 is retained, producing a non-functional protein that is unable to transduce the stress 570	
signal via the ABA pathway. Finally, increased complexity in the interplay between ABA 571	
signaling (shown in green) and pre-mRNA splicing (shown in pink) is underscored by evidence 572	
that ABA or related stresses can regulate splicing factor levels and/or activity. This regulation 573	
includes transcriptional, posttranscriptional and posttranslational mechanisms. Interestingly, 574	
some data also suggest that central players in the ABA signaling pathway could directly affect 575	
the activity of splicing factors by regulating their phosphorylation status [50,51]. Abbreviations: 576	
SF, splicing factor; TF, transcription factor. 577	

Table 1. Splicing Factors Involved In Plant Abiotic Stress Responses 578	

Splicing factor 
Abiotic stress under which in vivo role was reported 

References 
ABA drought salt cold heat cadmium 

SR
 

pr
ot

ei
ns

 SR45 ✓ ✗ ✗ ✗ ✗ ✗ [46,81] 
SR34b ✗ ✗ ✗ ✗ ✗ ✓ [48] 
RS40 ✓ ✗ ✓ ✗ ✗ ✗ [55] 
RS41 ✓ ✗ ✓ ✗ ✗ ✗ [55] 

G
R

Ps
 GRP2 ✗ ✓ ✗ ✗ ✗ ✗ [59] 

GRP7 ✗ ✓ ✓ ✓ ✗ ✗ [57,59] 
RZ-1a ✓ ✓ ✓ ✗ ✗ ✗ [56] 

C
B

Ps
 

CBP20 ✓ ✓ ✓ ✗ ✗ ✗ [62-64] 
CBP80/ABH1 ✓ ✓ ✓ ✗ ✗ ✗ [61,63] 

Sp
lic

eo
so

m
al

 
co

m
po

ne
nt

s SKIP ✗ ✓ ✓ ✗ ✗ ✗ [23] 
SAD1 ✓ ✓ ✓ ✗ ✗ ✗ [68,69] 
LSm4 ✓ ✗ ✓ ✗ ✗ ✗ [70] 
RDM16 ✓ ✗ ✓ ✗ ✗ ✗ [73] 
STA1 ✓ ✓ ✓ ✓ ✓ ✗ [71] 
RBM25 ✓ ✓ ✓ ✗ ✗ ✗ [24,86,92] 

Glossary 579	

Abiotic stress: detrimental effect of environmental (nonliving) factors — e.g. extreme 580	
temperatures, drought, flooding, toxic compounds — on living organisms such as plants. 581	

Abscisic acid (ABA): an isoprenoid plant hormone involved in various developmental 582	
processes — e.g. seed maturation and germination, seed and bud dormancy, floral transition — 583	
and a major player in mediating plant responses to abiotic stress through regulation of stomatal 584	
closure and induction of the expression of stress response genes. 585	

Alternative splicing: occurs when splice sites are differentially recognized and multiple 586	
transcripts are generated from the same pre-mRNA, greatly enhancing the coding capacity of 587	
the genome and providing a means of regulating gene expression. 588	

Heterogeneous nuclear ribonucleoproteins (hnRNPs): a large family of structurally diverse 589	
RNA-binding proteins, usually consisting of several RNA-binding domains connected by linker 590	
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regions of varying length, involved in multiple aspects of nucleic acid metabolism, such as 591	
alternative splicing, mRNA stability, or transcriptional and translational regulation.  592	

Isoform: a version of a protein showing a similar but not identical amino acid sequence that, 593	
when originating from the same pre-mRNA, often results from alternative splicing. 594	

Precursor-mRNA (pre-mRNA): a single strand of messenger RNA (mRNA), produced by 595	
transcription of the genomic DNA, that has yet to be processed or has been processed 596	
incompletely. 597	

Pre-mRNA Splicing: the stepwise process by which introns are excised from the pre-mRNA 598	
and the exons joined to produce a mature mRNA molecule.  599	

Serine/arginine-rich (SR) proteins: a conserved family of RNA-binding proteins involved 600	
mainly in pre-mRNA splicing — but also implicated in other posttranscriptional functions, such 601	
as mRNA export, stability or translation — characterized by the presence of one or two N-602	
terminal RNA-recognition motifs (RRMs) and a C-terminal arginine/serine dipeptide-rich RS 603	
domain involved in protein interactions. 604	

small nuclear ribonucleoproteins (snRNPs): RNA-protein complexes comprising small 605	
nuclear RNAs (snRNAs) and many nuclear proteins — the five snRNPs that form the 606	
spliceosome, called U1, U2, U4, U5, and U6, are all essential for the removal of introns from 607	
pre-mRNAs. 608	

Spliceosome: a large and complex molecular apparatus, composed of five snRNPs and 609	
numerous spliceosome-associated proteins, that carries out the splicing reaction. 610	

Osmotic stress: negative impact of a sudden change in solute concentration, causing a rapid 611	
passage of water or another solvent across a membrane by osmosis, which in living cells can 612	
result in cell lysis (rupture of the plasma membrane). 613	



Trends 1	

Alternative splicing, which generates multiple transcripts and potentially more than one 2	
protein from the same gene, is markedly changed by environmental stresses that 3	
negatively impact plant growth and development. 4	

Plant stress-related genes are particularly prone to alternative splicing events, which often 5	
modulate the ratio between active and non-active isoforms in response to abiotic stress, 6	
thus fine-tuning the expression of key stress regulators. 7	

Recent genetic and transcriptomic analyses identified important roles for numerous 8	
splicing factors in the control of plant abiotic stress responses. 9	

Emerging evidence indicates that splicing factors modulate stress responses by targeting 10	
components of the ABA pathway, unveiling a novel regulatory layer in plant stress 11	
tolerance. 12	



Outstanding Questions 1	

Which are the bona fide physiological targets of splicing factors under abiotic stress? 2	
And which RNA consensus sequences do they bind? Though challenging, the 3	
optimization of techniques such as CLIP or improvements of this protocol in plant 4	
systems holds much promise for the identification of the binding motifs and mRNAs 5	
targeted directly by splicing factors to regulate plant abiotic stress tolerance. 6	

How do splicing factors integrate environmental signals to regulate alternative splicing? 7	
While large-scale transcriptomic data revealing marked splicing changes in response to 8	
stress are accumulating at a fast pace, the upstream regulatory mechanisms dictating the 9	
activity of splicing regulators under stress conditions remain elusive. Unraveling these 10	
mechanisms will require in-depth studies of posttranslational modifications, particularly 11	
phosphorylation, and of the splicing factor protein interactors essential to their function. 12	

How and to what extent does alternative splicing control ABA signaling during the 13	
response to abiotic stress? What are the components of the ABA pathway targeted by 14	
splicing regulators? Is the activity of these splicing factors controlled in an ABA-15	
dependent manner? Answering these questions will provide crucial insight into how 16	
alternative splicing modulates plant stress responses and contribute new approaches to 17	
improve crop tolerance under environmental stress. 18	
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