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Abstract 25 

Serine/arginine-rich (SR) proteins are conserved RNA-binding proteins that play major 26 

roles in RNA metabolism. They function as molecular adaptors, facilitate spliceosome assembly 27 

and modulate constitutive and alternative splicing of pre-mRNAs. Pre-mRNAs encoding SR 28 

proteins and many other proteins involved in stress responses are extensively alternatively spliced 29 

in response to diverse stresses. Hence, it is proposed that stress-induced changes in splice isoforms 30 

contribute to the adaptation of plants to stress responses. However, functions of most SR genes and 31 

their splice isoforms in stress responses are not known.  Lack of easy and robust tools hindered the 32 

progress in this area. Emerging technologies such as CRISPR/Cas9 will facilitate studies of SR 33 

function by enabling the generation of single and multiple knock-out mutants of SR subfamily 34 

members. Moreover, CRISPR/Cas13 allows targeted manipulation of splice isoforms from SR and 35 

other genes in a constitutive or tissue-specific manner to evaluate functions of individual splice 36 

variants. Identification of the in vivo targets of SR proteins and their splice variants using the 37 

recently developed TRIBE (Targets of RNA-binding proteins Identified By Editing) and other 38 

methods will help unravel their mode of action and splicing regulatory elements under various 39 

conditions. These new approaches are expected to provide significant new insights into the roles 40 

of SRs and splice isoforms in plants adaptation to diverse stresses. 41 

 42 

Introduction 43 

RNA binding proteins (RBPs) play essential roles in every aspect of RNA metabolism from 44 

biogenesis, pre-mRNA splicing and polyadenylation to RNA modification, transport, localization, 45 

stability, and translation, ultimately dictating the quantity and functions of RNAs and the proteins 46 

they encode. Moreover, modulation of RNA metabolism by RBPs has important regulatory roles 47 

in plant development and environmental responses. Here, we examine the role of the conserved 48 

serine-arginine (SR) family RBPs in post-transcriptional gene regulation, development, and stress 49 

responses in plants.  We also discuss the utility of emerging technologies aimed at targeted gene 50 

editing, targeted mRNA degradation and identification of in vivo targets of SRs in understanding 51 

the functions of SR proteins and their isoforms in plant growth, development and stress responses. 52 

 53 

 54 

 55 
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SR Proteins in Plants 56 

 57 

The SR proteins containing the arginine- and serine-rich (RS) domain were discovered 58 

nearly 30 years ago in studies that linked RS domain-containing proteins and splicing regulation 59 

[1]. These were among the first regulators of pre-mRNA splicing, identified through genetic 60 

analyses in Drosophila [2]. Animal SR proteins possess one or two N-terminal RNA recognition 61 

motifs (RRMs), which determine RNA-binding properties, and a reversibly phosphorylated C-62 

terminal RS domain, that facilitates protein–protein interactions [3]. Plant SR proteins are defined 63 

as having one or two N-terminal RRM and a C-terminal RS domain of at least 50 amino acids (aa) 64 

with a minimum SR or RS dipeptide content of 20%, as opposed to 40% in Metazoa [3]. 65 

Bioinformatic analyses have revealed that plants in general, and angiosperms in particular, possess 66 

the most diverse set of SR proteins of all eukaryotes [4] (Figure 1). For example, Arabidopsis 67 

thaliana has 18 SR genes, Oryza sativa has 22 but Caenorhabditis elegans has only 7 and humans 68 

have 12 [3, 5, 6]. Plant SR proteins are categorized into six subfamilies [3], three of which (SR, 69 

RSZ, and SC subfamilies) are orthologous to animal SR proteins, while the other three are plant-70 

specific and have structural features that are not observed in the animal kingdom (Figure 1). For 71 

example, members of the SCL subfamily of SR proteins, while structurally related to the SC 72 

subfamily, possess a unique N-terminal domain rich in charged amino acids. RS2Z members 73 

resemble the RSZ subfamily, yet have an additional zinc knuckle and a serine and proline-rich 74 

acidic carboxy-terminal domain [3]. Some studies suggest functional redundancy of SR proteins 75 

[7] but the extent to which SR proteins are functionally diversified or redundant is still not 76 

completely understood.  77 

Although some studies indicate the conservation of splicing regulatory pathways among 78 

higher eukaryotes [8, 9], plant introns are imprecisely spliced in mammalian splicing extracts and 79 

animal pre-mRNAs are not spliced in plant nuclei, indicating the existence of kingdom-specific 80 

splicing regulatory mechanisms. These discrepancies are likely related to structural differences 81 

between plant and animal introns, with plant introns tending to be much shorter with a higher U 82 

content [5, 10, 11]. These differences also may provide an explanation for the expansion of the SR 83 

protein family in plants [5]. Furthermore, the identification of several plant-specific SR protein 84 

subfamilies is indicative of functional diversification, potentially conferring plants additional 85 

responsiveness, intricacy, and precision in the regulation of alternative splicing and helping plants 86 

to produce the right gene expression patterns in response to growth and stress cues.  87 
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SR proteins regulate constitutive and alternative splicing 88 

 89 

The constitutive splicing (CS) pathway uses consensus 3´ and 5´ splice sites (SS), 90 

producing a single mature mRNA that comprises all exons of a given gene. However, alternative 91 

splicing (AS) can generate numerous different isoforms from a single pre-mRNA through the 92 

selection of alternative splice sites, which can lead to intron retention, exon skipping, the inclusion 93 

of cryptic exonic sequences, or various combinations thereof. Alternative splicing is prevalent and 94 

indeed essential within higher eukaryotes [12]. In humans, AS is observed in 95 % of multiexon 95 

genes and its misregulation is implicated in several severe debilitating diseases [13-15]. In plants, 96 

over 60% of intron-containing genes are alternatively spliced, ranging from 32% in Oryza sativa 97 

[13, 16, 17] to 61% in Arabidopsis thaliana [13, 18-20]. It is expected that the observed prevalence 98 

of AS in plants will increase with a more comprehensive analysis of transcriptomes from different 99 

plant tissues under different growth and stress conditions, and developmental stages. AS can 100 

expand proteome complexity and regulate gene expression through multiple mechanisms. It can 101 

produce several mRNA isoforms from a single pre-mRNA, each of which can generate specific 102 

protein products with varying structures, thus influencing downstream functions such as binding 103 

properties, enzymatic activity and intracellular localization. Additionally, AS is coupled to 104 

transcript stability and translation by means of nonsense-mediated decay (NMD) and microRNA-105 

mediated gene regulation [21]. 106 

The prevalence of AS and the breadth of affected functional gene groups highlight it as a 107 

key determinant of plant phenotypes [13]. AS events are extensively regulated and crucially 108 

involved in determining cell- and tissue-types in a developmentally regulated manner, driving 109 

differentiation in response to various cues through the establishment of context-dependent 110 

transcript profiles [22]. Moreover, disproportionately high frequencies of AS in regulatory and 111 

stress-related genes [5, 16, 20, 23, 24] and the susceptibility of AS profiles to environmentally 112 

induced changes support a role for AS in plant adaptation to abiotic stress [5, 19, 25-27].  113 

 Whether CS or AS takes place is determined by various cis-acting regulatory sequences 114 

and trans-acting RBP splicing factors. Cis elements include consensus sequences such as the 5´ 115 

and 3´ SS, and the branch-point sequence, along with facultative motifs termed exonic/intronic 116 

splicing enhancers/silencers (ESE/ESS/ISE/IS), which are collectively called splicing regulatory 117 

elements [SREs]) (Figure 2). SREs are recognized and bound by trans-acting splicing factors, such 118 

as SR proteins and hnRNPs (heterologous nuclear RNPs) (Figure 2), which can accordingly 119 
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promote or disrupt spliceosome assembly or activity, thus enhancing or suppressing the selection 120 

of nearby SS in a concentration-dependent manner [13, 28, 29]. Typically, SR proteins and 121 

hnRNPs have antagonistic functions, favoring and opposing splicing in their vicinity, respectively, 122 

most frequently by interacting with the U1 and U2 snRNP during spliceosomal assembly [30]. 123 

Splicing factors, which are subject to tight spatiotemporal regulation, are responsible for 124 

establishing contextual splicing regulation that governs processes ranging from growth and 125 

development to responses to environmental stimuli [31]. SR proteins, in particular, have been the 126 

focus of substantial interest in recent years for their roles in splicing regulation as well as other 127 

aspects of RNA metabolism. 128 

SR proteins bind short, degenerate SREs on cognate pre-mRNAs via the RRM, and 129 

occasionally the RS domain can bind 5´SS and branch-point motifs on the pre-mRNA, and 130 

subsequently influence spliceosome assembly and splicing through the RS domain [32-35]. SR 131 

proteins can also remain bound to spliced transcripts and influence, by means of the RS domain, 132 

downstream processes such as mRNA nuclear export, mRNA stability, NMD and translational 133 

modulation [3, 31, 36-42]. For instance, the RS domain has been shown to function as a nuclear 134 

localization signal, interacting with the nuclear import receptor, transportin-SR, to regulate 135 

subcellular localization of SR proteins and, eventually, AS of their target genes. SR proteins are 136 

themselves subject to extensive AS that, given their modular domain structure, can lead to 137 

substantial changes if either key functional group is excised from the final transcript [43-45]. AS 138 

of SR protein pre-mRNAs can also function in controlling their expression through the generation 139 

of premature termination codon (PTC+) transcripts that are eliminated via the NMD pathway [46], 140 

thereby affecting the expression and splicing of target genes [13]. As such, SR proteins have 141 

emerged as major players in splicing and AS but also more generally in RNA metabolism and 142 

post-transcriptional gene regulation.  143 

 Regulation of SR proteins can be achieved at the transcriptional level, where even minimal 144 

changes in gene expression can lead to profound effects on AS due to the concentration-dependent 145 

nature of interactions with antagonistic splicing factors [13]. SR proteins are also subject to AS 146 

themselves, frequently as a result of the activity of other SR proteins, or indeed their own [32, 47]. 147 

Finally, SR protein activity can be modulated at the post-translational level by reversible 148 

phosphorylation of numerous sites by protein kinases along the RS domain [31, 48]. The nature of 149 

the interactions between the highly disordered RS domain and protein partners is heavily 150 
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influenced by its phosphorylation state that can generate vast structural rearrangements and thus 151 

functional modulation [31]. SR protein kinase phosphorylates SR proteins and controls splicing in 152 

both constitutive and alternative splicing [49]. Three mammalian SR protein kinases, including 153 

Lammer/CLK kinases, SRPK1, and SPRK2, matched eight homologs in Arabidopsis [50]. 154 

Lammer/CLK kinases phosphorylate SR proteins in vitro in plants [49, 51]. An example of SR 155 

protein kinase regulation of AS is the tobacco Lammer/CLK kinase homolog, PK12, that, when 156 

overexpressed, changes alternative splicing pattern of U1 small nuclear ribonucleoprotein 70 kDa 157 

(U1-70K) and in two SR proteins, atSRp30 and atSR1/atSRp34 pre-mRNAs [49]. 158 

 159 

 160 

SR proteins are implicated in plant responses to stress, growth and developmental signals 161 

 162 

Plant SR proteins are regulated by various developmental and environmental cues, driving 163 

context-dependent AS patterns that likely contribute to adaptation to various conditions. Abiotic 164 

stresses regulate the expression of SR genes. In Arabidopsis, for example, SR30 is up-regulated in 165 

response to salinity and high-light irradiation [45] while SCL33 is down-regulated upon a variety 166 

of stresses including salt, heat, and cold, and by abscisic acid treatment [52]. Nevertheless, these 167 

stress-induced changes in SR gene expression are observed in relatively few members, and appear 168 

to contribute only modestly to stress responses [5].  169 

Stress-induced AS of SR proteins, on the other hand, is widespread, with the AS patterns 170 

of numerous SR proteins in Arabidopsis influenced by high-light irradiation, temperature, salinity 171 

and hormone application [25, 45, 52]. In particular, AS often leads to the production of PTC+ 172 

transcripts that are eliminated via the NMD pathway [44]. In Arabidopsis, AS of SR30 and SR34 173 

is highly light- and heat-sensitive, markedly increasing the concentration of the full-length 174 

productive isoform relative to the unproductive PTC+ isoform [25, 45]. As such, stress-induced 175 

AS of SR proteins influences stress responses by changing the SR domain structure as well as 176 

through changing levels of functional full-length SR protein. Unfortunately, very few functional 177 

studies have elucidated the effects of SR AS, or indeed that of the changes in global AS triggered 178 

by SR splicing variants.  179 

In addition, SR proteins may be subjected to post-translational regulation in response to 180 

abiotic stress through reversible and combinatorial phosphorylation of various phosphosites along 181 

the SR domain. These modifications can have various effects, ranging from changes in RNA-182 
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binding and catalytic properties to modulation of subcellular localization. For example, cold-183 

induced protein phosphorylation drives the redistribution of the noncanonical Arabidopsis SR-like 184 

protein SR45 from nuclear speckles to a diffuse nucleoplasmic arrangement [5, 53]. Similarly, 185 

localization of RSZ22 in the nucleolus upon prolonged periods of stress is linked to the 186 

phosphorylation status of the cell, likely due to depletion of ATP levels [54, 55]. In fact, ATP 187 

levels and phosphorylation have been shown to regulate the mobility of plant SR34 [56]. 188 

Alternatively spliced transcripts are implicated in plant growth and development, signal 189 

transduction and flowering, with regulatory and stress-responsive genes clearly overrepresented 190 

[27, 46, 57-59]. Furthermore, plant SR proteins are regulated by developmental cues at the 191 

transcriptional and post-transcriptional levels, indicating that these proteins are targets of several 192 

signaling pathways and might act in the response to developmental signals. For example, 193 

Arabidopsis plants ectopically expressing a specific SR protein produced elevated protein levels 194 

in all tissues [60, 61]. Overexpression of atSRp30, one of the Arabidopsis SF2/ASF homologs, in 195 

transgenic plants resulted in developmental changes, exhibited predominantly as a late flowering 196 

phenotype, by altering the splicing patterns of various pre-mRNAs [60]. The atSRp30 protein 197 

controlled splicing of its own pre-mRNA, as increasing levels of atSRp30 altered the splicing 198 

pattern in atSRp34/SR1, another Arabidopsis SF2/ASF homolog. This altered splicing decreased 199 

mRNA1, which encodes the full-length protein while greatly increasing mRNA3, which encodes 200 

a protein with a shorter SR domain. Therefore, the level of atSRp34 protein was down-regulated, 201 

as the shorter version of the atSRp34 protein accumulated in plants [60].  A loss-of-function mutant 202 

of SR45, an SR-like protein, showed reduced root and shoot growth and multiple developmental 203 

defects and delayed flowering [62, 63]. This mutant also exhibited hypersensitivity to glucose 204 

(Glc) and abscisic acid (ABA) during early seedling development [64] resistance to plant 205 

pathogens [65]. Regulation of glucose signaling by SR45 is accomplished through the modulation 206 

of degradation of the energy sensor SNF1-related kinase 1 (SnRNK1) in response to sugars [66]. 207 

AS of SR45 pre-mRNA produces two splice variants, SR45.1 (long isoform) and SR45.2 (short 208 

isoform), which encode proteins that differ in eight amino acids. Complementation of sr45 with 209 

each isoform indicated distinct biological functions in development. While SR45.1 functions in 210 

flower development, SR45.2 plays a role in root growth [63]. However, in terms of Glc and ABA 211 

responses, both isoforms are able to complement the mutant phenotypes [64], suggesting distinct 212 

and overlapping functions for SR45 splice isoforms. 213 
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Emerging technologies and the future of plant SR protein research 214 

Despite the prevalence of alternative splicing of pre-mRNAs in plants, little is known about 215 

the functions of splice isoforms generated from a gene. One of the reasons for this paucity is that 216 

there are no simple, robust and easy to use methods to address splice isoform functions. Here we 217 

describe three approaches based on emerging technologies that are likely to elucidate functions of 218 

splice isoforms in plants.   219 

 220 

i) CRISPR/Cas9-mediated genome engineering for functional analysis of SR proteins and 221 

their isoforms. 222 

Recent advances in CRISPR/Cas9-mediated plant genome engineering make it possible to 223 

generate single and multiple functional knock-out mutants in diverse plant species (Figure 3A) 224 

[67-70]. For example, it will be possible to study the function of SR proteins in crop species due 225 

to the unprecedented efficiency of the CRISPR/Cas9 system in many of these species [71]. This 226 

simple and easy system involves the engineering of single guide-RNA molecules capable of 227 

targeting single or multiple genomic targets and generating functional knockouts and different 228 

protein variants. Using the CRISPR/Cas9 system, it is possible to insert or remove splice sites at 229 

will (see Figure 3 legend for details). Therefore, the contribution of certain splice variants could 230 

be studied by controlling the levels at which each isoform is made. Additionally, constitutive and 231 

alternative splice sites can be specifically modified, thereby allowing the study of the effects of 232 

these sequences on splicing and splice isoform levels. Recently Kang et al., 2018 [72]  have used 233 

an adenine base editor fused to dCas9 to edit a 3´ acceptor site to promote mis-splicing of phytoene 234 

desaturase (PDS3) pre-mRNA. Such studies may lead to the engineering of plants with splice 235 

variants that will improve their performance under adverse stress conditions. 236 

 237 

ii) Analysis of SR splice isoform functions by targeted degradation of specific splice variants 238 

using the CRISPR/Cas13 system 239 

The CRISPR/Cas13a system involves an RNA-guided RNA ribonuclease that can be 240 

utilized for RNA engineering, such as RNA interference, control of viral infections, RNA editing, 241 

and to increase transcriptome plasticity [73, 74]. Cas13a contains nucleotide-binding RNase 242 

domains that mediate target RNA cleavage. We recently determined the catalytic activity of 243 

CRISPR/Cas13a in plants, where we demonstrated interference against an RNA virus, Turnip 244 
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Mosaic Virus [75]. Using the LwaCas13a system, mRNA levels of specific genes in rice 245 

protoplasts could be reduced by over 50% [76]. Although the targeted interference was modest, 246 

Cas13a has many variants (Cas13b, Cas13d), some of which have enhanced activity in mammalian 247 

cells [76-78] and could be further utilized in other eukaryotic systems, including plants. 248 

As discussed earlier, the pre-mRNAs of SR proteins themselves undergo alternative 249 

splicing and produce multiple isoforms. Each of these isoforms has the potential to be expressed 250 

under specific stress and developmental conditions. It is important to study the effect of each splice 251 

isoform of an SR protein on plant growth and development and in stress responses. One possible 252 

way to address the function of individual splice variants is to target and degrade one specific 253 

isoform without affecting other splice variants. This can be achieved by CRISPR/Cas13a or other 254 

variants of Cas13 [77, 78] in which a crRNA is designed to target a specific isoform (Figure 3B). 255 

We can use a crRNA against an intron sequence to target intron retention events under certain 256 

growth and developmental conditions (Figure 3B). Extensive research efforts are underway to use 257 

CRISPR/Cas13 systems for various RNA engineering applications. The CRISPR/Cas13 system 258 

can also be used for manipulation of alternative splicing by fusing the dCas13 (dead Cas13) to a 259 

particular SR protein [74]. In this case, CRISPR/Cas13 is used as an RNA-targeting complex 260 

carrying a functional domain (SR protein) to effect specific splicing outcomes (Figure 3C). 261 

Although alteration of specific splice isoforms using the CRISPR/cas13 system is yet to be 262 

demonstrated in plants, recently Konermann et al., 2018 [78] in a proof-of-concept study, have 263 

demonstrated that dCas13d can be used for targeted perturbation of splice isoform. 264 

 265 

iii) Identification of targets of SR proteins and their isoforms 266 

The identification of RNA targets globally is the key for a complete functional 267 

understanding of SR proteins and their isoforms. However, global analysis of RNA targets of SR 268 

proteins in plants has been challenging due to limitations associated with widely used tools.  269 

Recently, key technologies have been developed that will advance the study of AS in plants, 270 

specifically in regard to SR proteins. For example, it is now possible to determine the targets of 271 

the SR proteins and other RBPs associated with splicing machinery using RNA 272 

immunoprecipitation sequencing (RIP-seq) (Figure 4A). In this method, RNAs bound to a specific 273 

RBP are immunoprecipitated using a specific antibody [79] The RNA from immunoprecipitation 274 

is converted into a cDNA library and sequenced using high-throughput sequencing technology 275 
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[80, 81]. The use of antibodies requires the generation of specific high-quality antibodies for each 276 

SR protein.  This poses a problem as SRs in plants are encoded by gene families and also many 277 

subfamilies of RBPs share considerable sequence similarity at the amino acid level in the RNA-278 

binding domain and other domains, leading to cross-reactivity of antibodies with other members 279 

of the RBP family.  To circumvent this problem, SR proteins fused to a tag (GFP or other tags) are 280 

expressed in a mutant background and antibodies to the tag are used for RIP. Other problems 281 

associated with RIP are the loss of true RNAs due to weak/unstable interactions. Post-lysis in vitro 282 

association of RBPs with non-specific RNA targets is also an issue in RIP-seq. Furthermore, RIP-283 

seq does not provide binding site information. RIP-seq has recently been used in Arabidopsis 284 

seedlings [82] and inflorescences [65] and the RNA associated with the SR45 (SARs) have been 285 

isolated and functionally annotated. About 4000 and 18000 transcripts associated with SR45 have 286 

been identified in seedlings and inflorescences, respectively. Gene Ontology (GO) analysis 287 

revealed them to be enriched for hormone and stress signaling pathways [82] 288 

CLIP-seq, crosslinking immunoprecipitation followed by sequencing, is a modification of 289 

RIP-seq where an RBP is crosslinked with its bound cognate RNA by exposure to ultraviolet (UV) 290 

light (254 nm), which creates covalent links between protein and RNA [83]. An RBP-specific 291 

antibody is required to precipitate RNA bound to RBP and further treated with RNase to degrade 292 

non-bound RNAs. The extracted RNA is used for library preparation and high-throughput 293 

sequencing (Figure 4A). iCLIP (individual nucleotide resolution crosslinking 294 

immunoprecipitation)  [84] and PAR-CLIP [85]  are variants of CLIP.  CLIP and iCLIP differ in 295 

library preparation methods whereas in PAR-CLIP cells/tissues are labeled with 4-thiouridine prior 296 

to UV (365 nm) crosslinking. With PAR-CLIP UV cross-linking efficiency is increased.  The 297 

advantages of CLIP and its variants is that the RNA-RBP interactions are stabilized, hence 298 

stringent washing conditions can be used to remove spurious targets.  Furthermore, these CLIP-299 

based methods provide the binding site sequence information in target RNAs.  As in RIP-seq, all 300 

CLIP methods require RBP-specific antibodies [86-88]. Also, the UV cross-linking is not very 301 

efficient but can also permanently capture transient interactions, which are difficult to separate at 302 

a later stage from biologically relevant interactions. False positives is another issue, as transcripts 303 

unaffected by RBP expression are identified as targets.  CLIP is still technically challenging as the 304 

choice of RNase and fragmentation conditions can greatly affect target detection. Although CLIP 305 

and its variants have been widely used in animals, it has not been used to identify targets of any 306 



 11 

plant SR or SR-like proteins. So far, CLIP and iCLIP have been used to identify RNA targets of 307 

only two RBPs [89] in plants [90].  308 

To overcome many of the issues with RIP and CLIP, an RNA tagging approach has recently 309 

been developed to probe protein-RNA interactions in vivo [91] (Figure 4B). In this method, an 310 

RBP is fused to the C. elegans poly (U) polymerase, PUP-2 [92]. Once the RBP binds an RNA in 311 

vivo, PUP leaves a covalent mark on the RNA, which is then detected by high-throughput 312 

sequencing. These covalent marks are a varied number of uridines (U-tag) on the 3´ end of the 313 

target RNAs. Before sequencing a reverse-transcription step is needed for library preparation that 314 

is selective for uridylated RNAs. However, as RNA tagging recognizes RNAs by their U tails it 315 

cannot identify the region bound by the RBP. Very recently another method was developed to 316 

identify RBP targets called TRIBE (Targets of RNA-binding proteins Identified By Editing) [93-317 

97] (Figure 4B). In its simplest application, an RBP is fused to the catalytic domain of the RNA-318 

editing enzyme ADAR (Adenosine Deaminase Acting on RNA). This catalytic domain 319 

deaminases adenosine to inosine (A to I) [98]. Inosine is recognized as guanosine (G) both in vitro 320 

and in vivo. Once the RBP interacts with the target RNA, the RBP-fused ADAR catalytic domain 321 

irreversibly converts A to I and permanently marks the RNA. Subsequently, RNA is extracted and 322 

sequenced using high-throughput sequencing. The editing of A to I (G) identifies the RNA targets. 323 

In addition, TRIBE can be performed with a small number of cells by expressing RBP-ADAR 324 

fusion protein using cell/tissue-specific promoter, hence capable of identifying cell/tissue-specific 325 

RNA targets. Disadvantages of this method are that it can’t identify binding sites on RNA targets 326 

and the editing efficiency is low. A slightly modified version of TRIBE is HyperTRIBE in which 327 

the editing enzyme (ADAR) used has a single point mutation (E488Q) in the catalytic domain, 328 

which confers enhanced editing activity and significantly increases the sensitivity without 329 

sacrificing specificity [97].  330 

Future outlook 331 

Plants have a large number of SR proteins, nearly twice that of mammalian cells, with 332 

distinct structural features in plant-specific subfamilies. Understanding the molecular basis of their 333 

regulation with special emphasis on the plant-specific subfamilies remains an important subject 334 

for future research. Overall, dissecting the detailed molecular functions of the SR proteins in plants 335 

has been hampered by the lack of tools and in vitro and in vivo splicing systems amenable to testing 336 
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the function of single and multiple SR proteins. The emerging technologies described above will 337 

make it possible to generate functional knockouts of single and multiple genes of each plant-338 

specific subfamily and determine the RNA targets and their regulation (Figure 5). The SR-target 339 

RNAs can be identified by RBP-dependent editing of target RNAs or TRIBE. For this purpose, 340 

the SR proteins will be fused with PUP or ADAR domains and expressed in plants. The targeted 341 

RNAs will be identified by high-throughput RNA sequencing. This information is the key to 342 

enhancing our understanding of the molecular roles of SR proteins in splicing regulation in 343 

response to various cellular and environmental cues. Subsequently, detailed molecular and 344 

physiological phenotyping will reveal the molecular roles of SR proteins in plant stress responses, 345 

growth, and development. Using these emerging technologies, it will be possible to tease apart the 346 

molecular function of single and multiple SR proteins and their splice isoforms in crop species. 347 

These studies will enhance our understanding of the molecular basis of plant adaptation to adverse 348 

environmental conditions and may help engineer plants with improved tolerance to biotic or abiotic 349 

stresses. 350 
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Figure Legends 613 

Figure 1 614 

Schematic representation of domain structures of the distinct SR protein subfamilies with members 615 

in several plant species. A) Highly conserved eukaryotic SR protein subfamilies. B) Plant-specific 616 

SR protein subfamilies. 617 

Figure 2 618 

A typical pre-mRNA sequence with exons (represented as boxes) and introns (represented as lines). 619 

The cis-regulatoty elements are represented at the top including 5´splice site, branch point, 620 

polypyrimidine tract, 3´splice site, ESS, ESE, ISS and ISE. These cis-elements are recognized by 621 

trans-acting factors, which consist of small nuclear ribonucleoproteins (snRNPs) and numerous 622 

additional proteins. Binding of SR proteins and hnRNPs (heterogeneous ribonucleoproteins) to 623 

SREs and their effect on splicing (promotion/inhibition) is shown. The splicing reaction is 624 

regulated by multiple environmental and developmental signals, which ultimately leads to various 625 

splicing outcomes. 626 

Figure 3 627 

A) CRISPR/Cas9-mediated genome engineering. Recognition of target genomic DNA sequence 628 

by Cas9 (CRISPR-associated protein 9) RNA-guided DNA endonuclease enzyme is mediated by 629 

complementary binding to the guide RNA, guided by the detection of PAM (protospacer adjacent 630 

motif) sequences. Cas9 then catalyzes the double-stranded cleavage of genomic DNA near the 631 

PAM sequence, producing a double-stranded nick. The cleaved genomic DNA is then repaired, 632 

either via the non-homologous end-joining pathway (NHEJ) that yields a genomic DNA containing 633 

an indel, or via the homology-directed repair mechanism (HDR) which uses homologous donor 634 

DNA to guide repair, leading to the introduction of a novel sequence into genomic DNA. Both 635 

mechanisms can lead to a shift in the open reading frame of the target gene, frequently leading to 636 

a premature stop codon and subsequent gene silencing. 637 
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B) The CRISPR/Cas13 system is used for RNA targeting in eukaryotes. The spacer sequence 638 

targets the mRNA near the PFS (protospacer flanking site). The spacer sequence can be designed 639 

to target a specific isoform of SR mRNAs to identify the biological role of that isoform. 640 

C) Pre-mRNA splicing could be altered by fusing dCas13a (dead Cas13a) with SR proteins. 641 

dCas13a can be programmed to recruit an SR protein to a specific splicing regulatory signal, which 642 

would allow manipulation of specific isoform levels. 643 

Figure 4 644 

A) In RIP-seq, after lysis of cells of interest, RNPs (ribonucleoproteins, i.e. RNA molecules bound 645 

with RBPs) are extracted and purified before being immunoprecipitated using bead-bound 646 

antibodies raised against the RBPs of interest. Bound RNA fragments are eluted and used to 647 

prepare cDNA libraries, which are then sequenced to identify the binding targets of the RBPs of 648 

interest. CLIP-seq has several modifications. The RBPs are covalently crosslinked to their bound 649 

cognate RNAs using UV irradiation before cells are lysed and RNPs extracted and purified. The 650 

resulting RNPs are immunoprecipitated using bead-bound antibodies raised against the RBPs of 651 

interest. The resulting samples are subjected to RNase degradation that eliminates unbound RNAs 652 

as well as fragments of RNAs that are not involved in RBP binding. After elution, the remaining 653 

RNA sample, which is enriched in binding sites of the RBPs of interest, is used to make cDNA 654 

libraries that are sequenced for identification and quantification. 655 

B) For the in vivo identification of RNA targets, SR proteins are fused with other enzymes that add 656 

a tag or marks an editing event. In RNA tagging, the SR protein is fused with the C. elegans PUP 657 

(poly (U) polymerase) domain. The chimeric protein covalently adds several uridines (U-tag) to 658 

the tail of RNAs bound with RBP, i.e. to SR. cDNA library preparation involves tagging of 659 

modified U tails with guanosines (G) and inosines (I) and later RNA sequencing. In another method 660 

known as TRIBE, the SR protein is fused with the catalytic domain of Drosophila ADAR. The 661 

ADAR converts adenosine (A) to inosine (I) which is recognized as guanosine. The SR protein 662 

RNA targets are marked by an irreversible editing event at the binding site which is later identified 663 

by library preparation and RNA sequencing. 664 

 665 
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Figure 5 666 

An experimental platform for molecular and physiological phenotyping of SR proteins. The role 667 

of SR proteins in determining tolerance and sensitivity to environmental stress can be achieved by 668 

characterizing plant varieties subject to different stresses. 1) Single or multiple SR proteins within 669 

given subfamilies can be knocked out using the CRISPR/Cas9 system. We can use the 670 

CRISPR/Cas13 system to target SR protein transcripts for a specific RNA isoform or can fuse 671 

dCas13 with SR protein to promote specific splicing event. 2) The resulting lines can then be 672 

characterized at the molecular level using RNA-seq, and CLIP-seq to determine the variety-673 

specific effects of SR protein knockout in terms of AS profiles, SR protein targets and binding 674 

sites. For more precise molecular analysis RNA tagging approach/ TRIBE method can be 675 

employed. In parallel, these lines can be phenotyped to determine the effect of each mutant on 676 

stress tolerance, measuring key traits such as biomass, growth, yield and survival. 3) Finally, 677 

correlation analyses can be utilized to determine the role of each SR protein/subfamily in stress 678 

tolerance. Genes shown to be alternatively spliced in an SR protein-dependent manner, with effects 679 

on stress tolerance, can be subjected to further functional characterization. 680 
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