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Alternative splicing (AS) is a major mechanism for gene expression in eukaryotes, increasing proteome diversity but also regulating transcriptome abundance. High temperatures have a strong impact on the splicing profile of many genes and therefore AS is considered as an integral part of heat stress response. While many studies have established a detailed description of the diversity of the RNAome under heat stress in different plant species and stress regimes, little is known on the underlying mechanisms that control this temperature-sensitive process. AS is mainly regulated by the activity of splicing regulators. Changes in the abundance of these proteins through transcription and AS, post-translational modifications and interactions with exonic and intronic cis-elements and core elements of the spliceosomes modulate the outcome of pre-mRNA splicing. As a major part of pre-mRNAs are spliced co-transcriptionally, the chromatin environment along with the RNA polymerase II elongation play a major role in the regulation of pre-mRNA splicing under heat stress conditions. Despite its importance, our understanding on the regulation of heat stress sensitive AS in plants is scarce. In this review, we summarize the current status of knowledge on the regulation of AS in plants under heat stress conditions. We discuss possible implications of different pathways based on results from non-plant systems to provide a perspective for researchers who aim to elucidate the molecular basis of AS under high temperatures.
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THE BASIS OF HEAT STRESS RESPONSE IN PLANTS

Exposure of a plant to temperatures that exceed a threshold can cause heat stress (HS) which can negatively affect growth and alter developmental transitions such as flowering time (Wahid et al., 2007). HS is caused either by short acute exposure to high temperatures, typically >15°C above the optimum, or for a prolonged period to mild temperature increases (~10°C) (Yeh et al., 2012). The temperature regimes that cause HS and the intensity of the effects of HS are dependent on the species, developmental stage and even tissue or cell type (Bokszczanin and Fragkostefanakis, 2013).

The survival from heat stress is based on the ability of the plant to activate the “heat stress response” (HSR), a set of molecular pathways that aim to direct cellular metabolism primarily toward the synthesis of end products with protective functions for heat sensitive cellular structures and macromolecules (Parsell and Lindquist, 1993; Baniwal et al., 2004; Ohama et al., 2017). The massive changes in cellular activities are manifested by the effect of heat stress on transcription. Hundreds of genes are induced upon exposure to HS (Schramm et al., 2006; Larkindale and Vierling, 2007; Liu and Charng, 2013; Hu et al., 2020a). The vast numbers compared to other abiotic stress responses reflect the acute nature of HS and its severity, but also the re-adjustment of molecular activities that are required for thermotolerance. Several transcription factors belonging to different protein families are involved in the upregulation of these genes (Baniwal et al., 2004; Liu et al., 2011; Fragkostefanakis et al., 2015a; Ohama et al., 2015). Among them, heat stress transcription factors (HSF) are considered as indispensable as they control the expression of the majority of cellular heat shock proteins, the chaperone/guardians of protein homeostasis (Scharf et al., 2012). Other factors play important roles as well, e.g., by regulating sets of HSPs, such as bZIP28, bZIP60 and DREB2A to name a few (Howell, 2013; Ohama et al., 2017). Beyond HSPs, genes coding for proteins involved in post-translational modifications, hormone signaling, and various metabolic pathways have been reported to be induced by HS (Busch et al., 2005; Larkindale and Vierling, 2007; Fragkostefanakis et al., 2015b; Keller et al., 2018; Hu et al., 2020a). Therefore, many of these changes are mirrored both at protein and metabolite levels (Majoul et al., 2004; Keller et al., 2018; Fragkostefanakis et al., 2019; Serrano et al., 2019; Paupière et al., 2020).

Many temperate plants reach the maximum of transcriptional induction after 1 h at 38–40°C, which is therefore considered as the optimum time and temperature window to monitor HSR regarding transcription (Scharf and Nover, 1982). However, other cellular processes such as translation follow different dynamics (Hahn et al., 2011). For example, protein translation is by and large stalled during HS, and is re-initiated when plants return to physiological temperatures (Shalgi et al., 2013; Zhang et al., 2017).

The ability of plants to activate HSR and survive an acute stress treatment is called basal thermotolerance (BTT), and typically under laboratory conditions is determined by an approximately 1 h exposure of, e.g., young seedlings at 40–50°C (Hong and Vierling, 2000; Yeh et al., 2012; Mesihovic et al., 2016). The limits of BTT can be extended if plants are pre-acclimated to a non-lethal stress regime (e.g., 38°C/30 min) which allows the induction of HSR and the accumulation of important transcription factors and chaperones which support HSR under an otherwise lethal stress treatment. This type is called acquired thermotolerance (ATT) and it can last up to 2 days, the period that cells typically can maintain pre-synthesized HSFs and HSPs after the conclusion of the pre-acclimation step (Burke et al., 2000). ATT resembles the acclimation achieved by a gradual temperature increase in temperature as occurs in nature (Larkindale and Vierling, 2007). Recent studies shown that acclimated plants develop a type of somatic memory which can be maintained for a period of approximately 7–14 days (Lämke et al., 2016). This type of memory is dependent on changes in chromatin structure and associated with histone modifications on memory related loci (Brzezinka et al., 2016; Lämke and Bäurle, 2017; Liu et al., 2019).



CONSTITUTIVE AND ALTERNATIVE PRE-mRNA SPLICING

Pre-mRNA splicing is a central mechanism for regulation of gene expression in eukaryotes. The process is carried out by the spliceosome, a large RNA-protein-complex consisting of five small nuclear RNAs (snRNAs: U1, U2, U4, U5, and U6) and hundreds of non-snRNP proteins (Reddy et al., 2013; Staiger and Brown, 2013). The early spliceosome assembles by recognition of the 5′ and 3′ splice sites by U1 and U2 snRNP, respectively, followed by assembly with the U4/U6/U5- tri-snRNP to form the full spliceosome (Wilkinson and Charenton, 2020). Four consensus core cis-elements are considered central for constitutive pre-mRNA splicing: 5′splice site (5′SS), 3′splice site (3′SS), the branch point (BP) and the polypyrimidine tract (PPT) (Lorković et al., 2000; Reddy, 2007). Compared to yeast and mammals, pre-mRNA splicing is less understood in plants. While the core process is considered to be similar, the presence of a higher number of orthologs of spliceosome components in plant genomes indicate differences as well (Wang and Brendel, 2004; Barta et al., 2010; Richardson et al., 2011). Another fact that supports a divergence in splicing process between plants and other eukaryotes is the gene structure, as in general plant gene introns are shorter than mammalian introns (Reddy et al., 2013). Interestingly, plants, as shown from Arabidopsis thaliana, make use of AS for regulation at higher rate than animals do (Martín et al., 2021).

The selection of alternative splice sites allows the production of multiple mRNAs variants from a single gene. There are several modes of AS: Alternative 3′SS, alternative 5′SS, intron retention (IR), exon skipping (cassette exons), and mutually exclusive exons (Figure 1). On the one hand, many transcript variants encode for protein isoforms with distinct properties, function, localization, or stability. On the other hand, non-productive AS regulates the abundance of gene products by coupling transcription to nonsense-mediated decay (NMD) (Simpson et al., 2007; Ohtani and Wachter, 2019). Therefore, AS expands proteomic diversity and regulates gene expression at the post-transcriptional level.
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FIGURE 1. Main types of alternative splicing events. Exons are shown as boxes and black line represent introns. Constitutively expressed exons are exhibited in gray and alternatively spliced intorns are black, red or blue.


Alternative splicing is regulated by the activity of trans-acting factors binding to cis-regulatory elements within the pre-mRNA (Reddy et al., 2013; Staiger and Brown, 2013). Depending on the outcome and location, these sequences are called intronic splicing enhancers (ISE), intronic splicing silencers (ISS), exonic splicing silencers (ESS) or exonic splicing enhancers (ESE) (Reddy, 2007). Binding of trans-acting factors to these elements can favor the usage of an otherwise suboptimal/weak splice site, change the RNA structure or cause masking of binding sites for the U1 or U2 snRNP complexes. Among the trans-acting factors, the families of serine/arginine-rich proteins (SR proteins), heterogeneous nuclear ribonucleoproteins (hnRNPs) and polypyrimidine tract-binding proteins (PTB) are considered as core players of AS (Lambermon et al., 2000; Lorković et al., 2000). Splicing regulators can direct the spliceosome by various ways: (a) by blocking splicing through direct competition, e.g., by interfering with snRNP binding to RNA; (b) be directing binding to snRNPs; and (c) by facilitating splicing through bridging 5′SS and 3′SS (Robberson et al., 1990).

The majority of splicing events are co-transcriptional, and thereby splicing profiles can be affected by RNA polymerase II elongation rate and chromatin structure, including histone and DNA modifications (Jabre et al., 2019). Therefore, the selection of splicing sites and generation of the final mRNA is a complex process which includes the concomitant action of many factors.



THE GLOBAL EFFECT OF HIGH TEMPERATURE ON ALTERNATIVE SPLICING

Alternative splicing is considered as an important regulatory mechanism for plant survival and acclimation to stress conditions. Several studies have shown the impact of high temperatures on the splicing profiles of a major fraction of the transcriptome (Walters et al., 2013; Chang et al., 2014; Jiang et al., 2017; Keller et al., 2017; Ling et al., 2018; Lee and Adams, 2020). In the majority of studies, there is an enrichment of IR events under high temperatures. Interestingly, IR is repressed in Physcomitrella patens but alternative donor/acceptor site and exon skipping are induced, indicating possible differences between vascular and non-vascular plants (Chang et al., 2014). Repression of intron splicing is temperature-dependent for many genes, as increased temperatures are associated with a higher number of genes undergoing IR (Jiang et al., 2017).

Interestingly, variations in the global AS have been observed among closely related species, as in the example of Arabidopsis thaliana and Boechera depauperata, or even among cultivars of the same species such as tomato (Solanum lycopersicum) cultivars Moneymaker and Red Setter (Keller et al., 2017; Kannan et al., 2018). Such differences might be due to variations in cis-elements, or variations in the activity of splicing regulators.

Intron retention is more commonly associated with frame shifts in the coding sequence and generation of premature termination codons (PTC) (Drechsel et al., 2013). The presence of an unspliced intron and the extended 3′-untranslated region (UTR) are quality control signals for the cytosolic mRNA surveillance system NMD (Ner-Gaon et al., 2004). Consequently, IR but other AS types as well are considered to reduce transcriptome abundance and protein synthesis under proteotoxic conditions (Ling et al., 2017). This mechanism can potentially reduce the burden of the otherwise overloaded chaperone and proteasome systems under HS conditions. Worth noticing is that the more thermosensitive pollen from the tomato cultivar Red Setter shows increased IR already under non-stress conditions (Keller et al., 2017). However, in contrast to humans where genes with a pivotal role in stress response and thermotolerance such as HSFs and HSPs are more likely to undergo AS (Shalgi et al., 2014), in plants, AS seems to have a wide range of target pre-mRNAs, including abiotic stress stimuli related genes, RNA processing, transcription factors including HSFs and protein folding, including HSPs (Walters et al., 2013; Chang et al., 2014; Jiang et al., 2017; Keller et al., 2017; Ling et al., 2018; Lee and Adams, 2020). Therefore, whether AS is as beneficial as assumed based on the maintenance of proteostasis model, or detrimental due to the reduced capacity of the cell to synthesize proteins with protective functions for survival is not clear. Interestingly, pre-acclimated plants show reduced activation of AS events in response to a severe HS incident compared to non-acclimated plants (Ling et al., 2018; Sanyal et al., 2018). Regardless of which is the prevailing effect, these results highlight the importance of AS for heat stress response and thermotolerance.



GENE-SPECIFIC STUDIES SHOWCASING THE SIGNIFICANCE OF ALTERNATIVE SPLICING FOR PLANT THERMOTOLERANCE

Undoubtedly, the regulation of AS under elevated temperatures plays a significant role in the stress acclimation of plants. While the global effect of AS on the transcriptome is documented, currently the relevance of only a handful of cases have linked these events to stress response and thermotolerance (Ling et al., 2021). Here, we present four cases in which IR, A5′SS or A3′SS lead to protein isoforms with distinct functions (Figure 2).
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FIGURE 2. Relevance of alternative splicing for thermotolerance. Four examples for the effect of AS on the generation of protein isoforms with distinct functions. The presence of the isoform under control (–), mild (+) and strong (++) heat stress conditions is shown on the left. CTE, C-terminal extension; NES, nuclear export signal; bZIP-C, C-terminal basic leucine zipper; ZnF, Zinc finger. The black arrow in AtRCA1 indicates protection of the thermosensitive isoform. The red line indicates inhibition. Details for each case can be found in see section “Gene-Specific Studies Showcasing the Significance of Alternative Splicing for Plant Thermotolerance”.


Alternative splicing regulates the photosynthetic capacity of many plants under HS. Elevated temperatures reduce the activity of Rubisco activase (RCA) which leads to the deactivation of ribulose-1,5-bis-phosphate carboxylase/oxygenase (Rubisco) (Salvucci et al., 2006). In many plant species such as Arabidopsis, spinach and rice, AS of RCA produces multiple isoforms (Werneke et al., 1989; To et al., 1999). The long isoform (RCA-L or AtRCA1α) is more thermostable than the short as shown in in vitro studies, and it is hypothesized that it protects the thermolabile shorter RCA-S (or AtRCA1β1) under heat stress (Crafts-Brandner et al., 1997). In rice, only plants overexpressing the RCA-L are more thermotolerant while plants overexpressing RCA-S have an enhanced net photosynthetic rate under control conditions (Wang et al., 2010). A third shorter isoform in Arabidopsis (AtRCA1β2) which accumulates under HS shows increased stability over the other two mRNAs (DeRidder et al., 2012). Therefore, AS contributes to photosynthesis capacity in some plants by regulating the activity of RCA under high temperatures (Figure 2).

Emphasis has also been given to the regulation of HSFs by AS. All eukaryotic HSFs have a conserved intron in the DNA binding domain (DBD) coding region (Scharf et al., 2012). For many HSFs, AS in this region results in the generation of aberrant transcripts that are targeted for NMD, as shown for Arabidopsis and tomato HsfA2 (Sugio et al., 2009; Liu et al., 2013; Hu et al., 2020b). Interestingly for Arabidopsis HsfA2, under severe stress conditions, AS in this region leads to the synthesis of an mRNA that can be translated despite the long 3′UTR that classifies it as an NMD target (Liu et al., 2013). The retention of the part of the intron downstream of the miniexon creates an mRNA that codes for a truncated HsfA2 isoform that is missing a major portion of the DBD but has a hydrophobic tail, rich in phenylalanine residues. Ectopic expression of this variant in Arabidopsis plants results in an induced accumulation of endogenous HsfA2 and enhanced thermotolerance (Liu et al., 2013). The authors proposed that other HSFs, but also other TFs involved in stress response might undergo the same regulation. However, this needs to be experimentally corroborated. At least in tomato, HsfA2-IIIα and HsfA2-IIIγ produced due to full or partial retention of this intron do not produce a similar hydrophobic tail and therefore are most likely targeted for degradation (Figure 2).

Interestingly, HSFs have additional introns in some species. AS of a second intron of tomato HsfA2 leads to the generation of two protein isoforms with distinct properties: HsfA2-I is maintained in the cytosol in pre-acclimated plants due to the presence of a nuclear localization signal (NES) at the C-terminus, and is activated in case of an upcoming HS incident, contributing to ATT and probably thermomemory (Hu et al., 2020b; Figure 2). HsfA2-Iα produced by intron retention is present under a wide range of temperatures; HsfA2-II is produced only under mild HS conditions, when splicing efficiency is high. Due to the lack of an NES, HsfA2-II has a high nuclear retention, which is associated with an enhanced turnover by nuclear proteasomal degradation. Therefore, the acclimation of tomato to HS is dependent on the AS of HsfA2 (Hu et al., 2020b). Worth mentioning, tomato HsfA7 is subjected to the same regulatory control like HsfA2, further highlighting the important of AS for thermotolerance (Mesihovic et al., 2022).

In lily, LlHsfA3A-I induces LlHsfA3B under HS. In turn, AS in LlHsfA3B produces the isoform LlHsfA3B-III which interferes with the oligomerization of LlHsfA3A-I and thereby acts as a repressor of LlHsfA3-A activity through a negative feedback regulatory loop (Wu et al., 2019).

OsbZIP58 is a key factor for the regulation of storage material in rice grains during HS (Xu et al., 2020). Under HS, AS of OsbZIP58 results in two protein isoforms, the full length OsbZIP58a and the shorter one OsbZIP58b (Figure 2). The truncated isoform has lower activity. The efficiency of OsbZIP58 pre-mRNA splicing is higher in more thermotolerant rice varieties, suggesting a direct link between pre-mRNA splicing and HS seed resilience (Xu et al., 2020).

SHOOTGRAVITROPISM 5 (SGR5) is involved in the early events of gravitropic response in inflorescence stems of Arabidopsis (Morita et al., 2006). AS in SGR5 produces two protein isoforms, SGR5a and SGR5b (Kim et al., 2016; Figure 2). Under high temperatures, AS of SGR5 favors the synthesis of SGR5b, which in turn inhibits SGR5a function by forming non-functional heterodimers. By this strategy, plants can modulate negative gravitropism under high temperatures to protect the shoots from hot air (Kim et al., 2016).



REGULATION OF HEAT STRESS SENSITIVE ALTERNATIVE SPLICING


Role of Splicing Regulators in Heat Stress Responsive Alternative Splicing

Proteins involved in splicing are classified into protein components of the spliceosome, termed snRNPS, and spliceosome-associated proteins, termed non-snRNP proteins. Among the non-snRNP proteins, hnRNPs and SR proteins are the most extensively studied splicing regulators (Reddy, 2007). SRs and hnRNPs are modular proteins which exert their function by direct binding to intronic and exonic cis-elements and can therefore act as enhancers or silencers of splicing, but also by direct interactions with the core snRNPs of the spliceosome (Reddy, 2007).

Plant SR protein can interact with U1-70k and U2AF65a, the subunits of U1 and U2 snRNPs, respectively (Golovkin and Reddy, 1998, 1999; Tanabe et al., 2007, 2009; Yan et al., 2017). No report on the functional relevance of a plant SR on heat stress response and thermotolerance has been reported so far to the best of our knowledge. However, in mammalian cells, SRp38 (SRSF10) is involved in the regulation of splicing repression upon heat stress (Shin et al., 2004). Phosphorylated SRp38 is a splicing activator under control conditions. Under heat stress, the serine/threonine phosphatase PP1 dephosphorylates SRp38, leading to splicing inhibition by interaction of SRp38 with the U1 snRNP (Shin et al., 2004). The recovery of splicing is mediated by the rephosphorylation of SRp38 which is facilitated by HSP27 (Marin-Vinader et al., 2006). In mammalian cells, the CDC-Like Kinase is considered to act as thermosensor by modulating the phosphorylation of SRs under different temperatures and thereby linking changes in ambient temperatures to pre-mRNA splicing regulation (Haltenhof et al., 2020). Furthermore, hnRNP K is involved in splicing of HSP105 pre-mRNA, highlighting the importance of both hnRNP and SR proteins for the regulation of splicing under high temperatures (Yamamoto et al., 2016).

In plants, neither a function of SRs nor of hnRNPs in heat stress sensitive AS has been shown. Nevertheless, Arabidopsis RS40, RSZ22, and SCL30 are involved in cold acclimation and acquisition of freezing tolerance (Dikaya et al., 2021). However, the induction of several SR coding genes and particularly the accumulation of protein coding transcript variants supports a putative implication of some SRs in heat stress responsive AS (Palusa et al., 2007; Rosenkranz et al., 2021). In addition, a priming heat stress treatment induces specific SR protein isoforms, which is assumed to contribute to the splicing thermomemory of plants (Ling et al., 2018; Sanyal et al., 2018). Interestingly, the induction of some tomato SR genes is dependent on the activity of HSFs, highlighting the possibility for a feedback mechanism between transcriptional and pre-mRNA splicing regulation (Rosenkranz et al., 2021).

Although the role of SRs and hnRNPs on AS under heat stress conditions is yet to be uncovered, several other proteins involved in pre-mRNA splicing have been shown to be important in this process. The splicing factor 1/branchpoint binding protein (SF1/BBP) recognizes and binds to the branchpoint sequence, and interacts with U2AF proteins, recruiting the U2 snRNP (Zhu et al., 2020). SF1 is involved in both flowering and thermotolerance by taking part in the AS of FLOWERING LOCUS M (FLM) and HsfA2 pre-mRNAs (Lee et al., 2017).

The multifunctional Sm-like snRNP proteins make the core of the U6 snRNP (Achsel et al., 1999). A. thaliana LSM5, along with LSM2-LSM8 rings, regulate pre-mRNA splicing (Golisz et al., 2013). An lsm5 mutant enhances AS by promoting the inaccurate selection of splice sites and causes a higher abundance of IR transcripts. lsm5 is thermosensitive, a phenotype that can be in part attributed to the missplicing of AtHsfA3 but also of a DnaJ-domain chaperone protein (Cui et al., 2014; Okamoto et al., 2016).

The splicing of AtHsfA3 and of several HSPs under heat stress is also regulated by STABILIZED1 (STA1) (Kim et al., 2017, 2018). Consequently, sta1-1 mutants are defective in thermotolerance acquisition (Kim et al., 2017, 2018). STA1 is a plant ortholog of yeast PRP6, which is involved in the assembly of U4/U6-U5 snRNP complex by interacting with U5-snRNP and therefore has a direct role in splicing (Lee et al., 2006; Ben Chaabane et al., 2013; Dou et al., 2013).

The ski-interacting protein (SKIP) is involved in both transcription and pre-mRNA splicing (Simpson et al., 2019). The ortholog of SKIP in Glycine max, GAMYB, is heat stress induced and its overexpression in A. thaliana increases thermotolerance (Zhang et al., 2013). The knockdown of the Arabidopsis SKIP increases the thermosensitivity, highlighting the importance of SKIP for stress response, but it is not clear whether its role can be attributed to the involvement in transcription or pre-mRNA splicing.

Considering the high impact of high temperatures on AS both on qualitative (splicing type) and quantitative levels (number of genes, effect on splicing profile change), we assume that the repertoire of factors involved in heat stress sensitive AS will be enriched in the future.



Regulation of Splicing Regulators Under Heat Stress

Alternative splicing is considered to be regulated by the abundance and post-translational modification of splicing factors. Particularly considering that with few exceptions, direct evidence for the implication of specific factors in pre-splicing under heat stress is missing, knowledge on the regulation of such factors under high temperatures can provide insights into the modulation of heat stress sensitive AS.

Heat stress affects several SR genes, both on transcript and AS levels. In Arabidopsis, a comparative analysis of the splicing patterns of SR genes among different abiotic stresses showed that heat has a more dramatic effect than other stresses (Palusa et al., 2007). In tomato, five SR genes and one non-canonical SR protein, the Arabidopsis ortholog of SR45a, are induced by HS (Rosenkranz et al., 2021). Interestingly, SR subfamilies contain both stress-induced as well as non-induced members, suggesting functional diversification (Rosenkranz et al., 2021). AS in maize SR45a leads to the preferential synthesis of isoforms with greater RNA splicing potential, however, the role of SR45a in heat stress sensitive AS remains to be established (Li et al., 2021). Beyond SRs, other genes coding for pre-mRNA splicing proteins are HS-induced, both in response to mild and severe HS as shown in tomato (Figure 3 and Supplementary Table 1).
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FIGURE 3. Relative transcript levels of tomato orthologs of genes involved in pre-mRNA splicing. Tomato orthologous genes of splicing related proteins were obtained by ASRG database (Wang and Brendel, 2004) using InParanoid (Sonnhammer and Östlund, 2015; Simm et al., 2016). The transcript levels were obtained from Hu et al. (2020a) on seedlings from four cultivars exposed to (A) 39°C or (B) 45°C for 1 h and are presented as relative to 25°C values.


The presence of heat stress elements (HSE) in the promoters of HS-induced SRs as well as their weaker induction in an HsfA1a-knockdown transgenic line show dependency on transcriptional regulation by the HSF system (Rosenkranz et al., 2021). The presence of additional predicted cis-elements that can putatively be recognized by (HS-induced) transcription factors other than HSFs, as well as their only partial suppression in the HSFA1a suppression line, indicates that SRs are regulated by additional factors (Rosenkranz et al., 2021). In support of this, many SRs are induced by various abiotic stresses and hormone treatments, including ABA (Cruz et al., 2014).

Heat stress causes the accumulation of specific variants, and in some cases, the accumulation of protein coding transcripts is favored over NMD targets (Palusa and Reddy, 2010). In few cases, more than one putative SR protein isoforms have been predicted (Isshiki, 2006; Palusa et al., 2007; Chen et al., 2019b; Rosenkranz et al., 2021). Therefore, along with transcriptional regulation, AS controls the abundance of SR proteins. Furthermore, under heat stress conditions, there is a preferential recruitment of specific variants to polysomes, suggesting selective translation under high temperatures as another level of regulation (Palusa and Reddy, 2015).

Remarkably, elevated temperatures even for a relatively short time affected protein levels of many transiently expressed SRs under a CaMV 35S promoter in tomato mesophyll protoplasts (Rosenkranz et al., 2021). Some SRs showed a hypersensitivity with reduced protein levels even under mild heat stress conditions, while others were resistant and remained unaffected even under stronger HS. Interestingly, the protein stability levels of SR proteins do not correlate with their transcript profiles in response to HS (Rosenkranz et al., 2021). It can be envisioned that for some SRs, a transcriptional upregulation and/or accumulation of protein coding transcripts can at least compensate the effect of reduced protein stability.

Many splicing regulators undergo AS generating transcripts that are targeted for NMD, including SR and PTB genes (Kalyna et al., 2012). The existence of conserved alternative splice sites in many of these genes in lower and higher plants demonstrates the importance of this mechanism for gene expression of central regulators (Kalyna et al., 2006). Interestingly, some IR splice variants are NMD resilient, albeit having features assumed to be required for degradation, such as a PTC (Kalyna et al., 2012). Such intron-containing transcripts escape NMD by remaining in the nucleus and might be processed post-transcriptionally when stress has been concluded (Gohring et al., 2014).

Nuclear speckles, also termed splicing speckles or interchromatin granule clusters, have been described as sites for splicing factor storage and modification (Galganski et al., 2017). They represent a type of membraneless subnuclear organelle and reside in the interchromatin space. In both humans and plants, they are often found in close proximity to active transcription sites. They change in size and dynamics depending on transcriptional activity, likely providing splicing factors to sites of active transcription for efficient splicing of nascent transcripts (Reddy et al., 2012).

SR proteins shuttle between the nucleoplasm and speckles, whereby their nuclear localization and subnuclear distribution is determined by the phosphorylation status of their C-terminal RS domain (Ali et al., 2003; Fang et al., 2004; Tillemans et al., 2005, 2006; Rausin et al., 2010). Arabidopsis GFP-SR45 containing speckles increased in size upon prolonged heat stress, while pharmacological inhibition of transcription also had a similar effect (Ali et al., 2003). The sequestration of splicing factors such as SRs into nuclear bodies may affect splicing and in turn redirect the transcriptome landscape, for example toward the synthesis of molecules involved in the cell defense to thermal stress.

SR protein are phosphorylated in speckles which leads to their release and redirection to nascent pre-mRNAs (Ngo et al., 2005). Conformational changes caused by phosphorylation influences the interaction of the RS domain with proteins and RNA (Xiang et al., 2013). During splicing, SRs are dephosphorylated and re-enter speckles in a hypophosphorylated state (Long et al., 2019).

The phosphorylation of SR proteins in plants is mediated by Clk/LAMMER type kinases, mitogen activated kinases (MAPK) as well as SR-protein kinases (SRPK) (Savaldi-Goldstein et al., 2003). In Arabidopsis, the CDKC2 kinase accumulates in enlarged nuclear speckles which further increase in size upon heat stress treatment (Kitsios et al., 2008). Arabidopsis CDCK2 colocalizes with spliceosomal proteins such as SRs and thus is assumed to regulate components of the pre-mRNA processing apparatus (Kitsios et al., 2008). In human cells, SR proteins are dephosphorylated under HS and re-phosphorylated after stress removal. CLK1 phosphorylates SRSF9 and is required for stress body dependent IR (Shi and Manley, 2007). During recovery, the phosphorylation rate of SRSF9, but also SRSF1, is accelerated by the recruitment of CLK1, leading to IR. Interestingly, body temperature cycles drive the rhythmic phosphorylation of SR proteins as a means of AS control (Preußner et al., 2017) through a process that involves CLK kinases which are therefore considered as thermo-sensors of the circadian clock (Haltenhof et al., 2020).

Splicing factors and regulators are subjected to various post-translational modifications, including SUMOylation (Pozzi et al., 2018). SUMOylation of SR proteins has been suggested to affect both protein fate and complex assembly (Pozzi et al., 2017). SUMOylated rice OsFKBP20-1b accumulates under heat stress and the protein modification was shown to be crucial for sustaining RNA processing under high temperatures (Park et al., 2021). Interestingly, OsFKBP20-1b interacts with OsSR45 and increases its stability, thereby influencing the abundance of a major splicing regulator under stress conditions (Park et al., 2020, 2021).



Co-transcriptional Regulation of the Heat Stress-Induced Alternative Splicing

Pre-mRNA splicing mainly occurs co-transcriptionally (Li et al., 2020), and at large is determined by RNAPII elongation, therefore the process of transcription and pre-mRNA splicing are temporally and mechanistically coupled (reviewed by Jabre et al., 2019). Consequently, factors that affect RNAPII processivity such as DNA methylation, histone chaperones and nucleosome remodelers, as well as DNA topology and histone marks contribute to pre-mRNA splicing regulation.

Currently, two models support the RNAPII and pre-mRNA splicing interplay. Elongating RNAPII with a Ser 5P CTD associates with spliceosomes, supporting a recruitment coupling model, in which (Zhu et al., 2018) the elongating RNAPII can recruit RNA processing enzymes, including splicing factors, through direct interaction with its phosphorylated carboxyl-terminal domain (CTD) repeats of its largest subunit (Bentley, 2002; Muñoz et al., 2010; Dujardin et al., 2014). In support of this model, transcription elongation factors have also been co-purified with splicing factors and spliceosomal components like U1, U2, and U5 among others (Antosz et al., 2017).

In addition to the direct interaction of RNAPII with splicing factors, the elongation rate can affect AS as well, described as kinetic coupling model (Naftelberg et al., 2015; Godoy Herz and Kornblihtt, 2019). A mutated human RNAPII with slower elongation rate favors exon inclusion compared to wild-type RNAPII in vivo in some genes, as a weak splice site is presented upstream of a strong splice site (De La Mata et al., 2003). The kinetic coupling model has been exemplified on the light dependent regulation of pre-mRNA splicing in Arabidopsis (Godoy Herz et al., 2019). For a set of genes, RNAPII elongation is slower in darkness but faster under light conditions (Petrillo et al., 2014) and in agreement with the kinetic coupling model, a TFIIS mutant with defected RNAPII elongation shows altered splicing profile of several genes (Dolata et al., 2015). The Arabidopsis TFIIS gene is induced during the early stages of heat stress response in an HSF-dependent manner and tfIIs mutants are hypersensitive to heat stress compared to wild type plants (Szádeczky-Kardoss et al., 2022). The absence of TFIIS causes changes in the AS profile of many genes under heat stress conditions, highlighting the importance of kinetic coupling with transcription for regulation of pre-mRNA under high temperatures.

Nucleosome remodeling mediates chromatin accessibility and thus, is an important integral part of heat stress response contributing to stress acclimation (Brzezinka et al., 2016). Heat stress causes a dramatic genome wide reduction in the number of nucleosomes that are associated with DNA, including heterochromatic regions (Pecinka et al., 2010). The restoration of the transcriptome landscape and the re-silencing of stress induced genes is accompanied by the reloading of nucleosomes. The regulation of gene stress responsiveness on the chromatin level requires the activity of remodeling complexes such as the SWI/SNF remodeler BMR and the associated helicase FGT1, both being essential for heat stress memory (Brzezinka et al., 2016).

Nucleosome occupancy also affects AS by mediating RNAPII elongation (Naftelberg et al., 2015). Nucleosome occupancy is higher in exons, which is assumed to contribute to the definition of exon/intron to coordinate RNAPII (Tilgner et al., 2009). The elongation speed of RNAPII is reduced in nucleosome-rich exons which is assumed to provide more time for the recruitment of splicing factors to weaker splicing sites (Muniz et al., 2021). Interestingly, the nucleosome occupancy and density also differ in constitutive and alternative exons, highlighting the role of nucleosome in AS (Wang et al., 2018).

HSF-mediated induction is dependent on the eviction of H2A.Z, a conserved variant of the canonical H2A histone, whereby the presence of H2A.Z in gene bodies restricts the transcription of heat stress induced genes under control conditions (Cortijo et al., 2017). In Saccharomyces cerevisiae, a relation of H2A.Z and splicing regulation is indicated by pre-mRNA splicing defects along with impairment of transcriptional regulation in cells lacking H2A.Z (Neves et al., 2017). Moreover, H2A.Z was shown to be associated with U2 snRNP-associated proteins (Neves et al., 2017). Interestingly, the depletion of Prp43, a factor that is involved in the disassembly of the spliceosome after the release of mature mRNA, leads to the suppression of the H2A.Z-mediated effects on splicing (Arenas and Abelson, 1997). Therefore, the eviction of H2A.Z in heat stress responsive genes might contribute to the AS of genes coding for essential proteins for thermotolerance, such as HSFs and HSPs.

Histone modifications are tightly related to gene expression regulation and maintenance of memory capacity through the chromatin (Lämke and Bäurle, 2017) and are associated with AS. For example, the mammalian Bromodomain protein 4 (BRD4) binds acetylated histones and can interact with pTEFb (positive transcription elongation factor b) to mediate the transition from abortive to productive elongation of RNAPII (Yang et al., 2005). BRD4 is also involved in splicing regulation, as it interacts with the JmjC domain-containing protein 6 (JMJD6), which mediates the 5-hydroxylation of U2AF65 (U2 small nuclear RNA auxiliary factor 65) (Webby et al., 2009). Consequently, BRD4-depleted cells showed increased splicing inhibition, while Saccharomyces cerevisiae mutants of the ortholog BDF1 exhibit a reduced recruitment of U1 snRNP in intron containing genes (Albulescu et al., 2012). Interestingly, knockdown of human BRD4 caused increased IR under HS, suggesting that BRD4 prevents cells from heat stress-induced splicing inhibition (Hussong et al., 2017).

Another example is the change in splicing profiles of genes related to flowering such as FLOWERING LOCUS M (FLM) in mutants of the H3K36 methyltransferases SET DOMAIN-CONTAINING GROUP 8 (SDG8) and SDG26 in Arabidopsis (Pajoro et al., 2017). While this has been shown for mild temperature increases, it is not known whether this hold true for conditions that cause heat stress. Yet another example is the Arabidopsis PROTEIN ARGININE METHYL TRANSFERASE 5 (PRMT5) that methylates arginine residues in histones and Sm spliceosomal proteins, with the latter being related to the modulation of 5′-splice-site recognition, thereby linking the circadian clock to the regulation of AS in plants (Sanchez et al., 2010).

Not only modification of histones, but also modification of the DNA itself has been suggested to influence AS. DNA methylation, the result of the addition of a methyl group on cytosine bases to form 5-methylcytosine, is an important epigenetic modification in plants. Since differential DNA methylation patterns are strongly correlated with nucleosome occupancy, they may influence RNAPII elongation speed and splicing factor recruitment, resulting in alterations of splicing profiles (Maor et al., 2015). CG methylation is more abundant in exons than in introns, and mutation of the CG methyltransferase OsMet1-2 resulted in altered splicing profiles of several genes, providing evidence for a link between DNA methylation and pre-mRNA splicing (Yamauchi et al., 2008). This is further supported by differences in the methylation levels between constitutive and alternative introns in cotton (Wang et al., 2018).

In mammals, three factors have been identified so far to directly link DNA methylation and pre-mRNA splicing (Maor et al., 2015). In mammalian cells, the CCCTC-binding factor (CTCF) binds unmethylated DNA to reduce the RNAPII velocity and thereby regulate splicing through kinetic coupling (Shukla et al., 2011). The methyl-CpG binding protein 2 (MeCP2) has the opposite function; it recruits histone deacetylase (HDAC) to stimulate histone hypoacetylation and thereby reduce RNAPII elongation (Young et al., 2005). Thereby, DNA methylation in exons causes exon skipping through activity of MeCP2 (Maunakea et al., 2013). While CTCF and MeCP2 affect splicing via modulating the speed of RNAPII, Drosophila heterochromatin protein 1 (HP1) binds to methylated DNA and recruits splicing factors onto the pre-mRNA, including SRs and hnRNPs (Loomis et al., 2009; Piacentini et al., 2009). Although plants do not possess CTCF, a similar effect of other methylation-dependent DNA-binding factors on either RNAPII activity or splicing factor recruitment cannot be excluded (Dong et al., 2020). Supporting this notion, DNA methylation at splice sites, as for example CHG in splice acceptor sites, has been proposed to contribute to splicing efficiency and/or AS in a process that might involve small RNA and histone K3K9 methylation (Regulski et al., 2013).



Regulation of Heat Stress Sensitive Splicing by Pre-mRNA Structure

Alternative splicing is mediated by the binding of regulatory proteins to motifs acting as silencers or enhancers. Furthermore, the secondary structure of the pre-mRNA can influence the binding of these proteins and therefore affect the splicing outcome (Hiller et al., 2007; Shepard and Hertel, 2008; Liu et al., 2021). Regulatory proteins preferentially bind single-stranded RNA, and therefore changes that cause the formation of double strands might prevent their binding (Auweter et al., 2006). For example, the formation of loop structures out of the alternative spliced exons has been proposed to prevent exon recognition (Miriami et al., 2003; Zhang et al., 2005).

In prokaryotes, the role of changes of RNA structure in response to temperature is a major regulatory mechanism for translation control, typically by blocking the binding of the ribosome under control temperatures, and then exposing them under high temperatures via melting of the RNA structure (Winkler and Breaker, 2005). Such RNA thermometers are present in PIF7 and HsfA2 in Arabidopsis and contribute to translation of these two genes under aberrant temperatures (Chung et al., 2020). Heat stress causes an intensive reprogramming of the RNA structurome in rice and although not investigated so far, such changes could affect the splicing profile of several genes (Su et al., 2018). In yeast, the presence of an RNA fold in the 3′ splice site modulates AS under heat stress conditions, thereby acting as a thermosensor (Meyer et al., 2011).

Differences in the splicing pattern of HsfA2 between haplotypes from modern cultivars and wild tomato species have been attributed to three intronic singly nucleotide polymorphisms (SNPs) (Hu et al., 2020b). Based on nuclear magnetic resonance (NMR) analysis, the presence of SNPs alter the local RNA structure and thus might affect the binding of splicing regulators (Broft et al., 2022). Interestingly, while increased temperature did not affect the structure of the 5′-end of the intron, a 3′-end intronic region shows a temperature dependent RNA fold, yielding a highly stable structure under high temperature (Broft et al., 2022). It is hypothesized, that the stable structure unfolds a single stranded region that might facilitate the binding of splicing silencers.




METHODS FOR THE CHARACTERIZATION OF ALTERNATIVELY SPLICED RNAOME UNDER HEAT STRESS

Understanding the effect of high temperatures on alternative splicing requires a qualitative and quantitative description of the plant RNAome. Here, we provide a list of genomic techniques that have or can be used to get information about AS.

High throughput sequencing is a fast and affordable technique to determine the whole RNAome expression levels (De Paoli-Iseppi et al., 2021). Second generation sequencing technologies like Illumina or Ion Torrent produce huge amounts of an average 100–200 nt long reads leading to high coverage with a trade-off for accuracy for isoform characterization and identification (Trapnell et al., 2012; Engström et al., 2013). A main drawback of this approach is the determination of the combination of short reads to characterize isoforms as they are hard to map unambiguously. Typically, the splice-aware components are based on exon-first (unspliced mapping of reads and later detection of connections between read cluster) or seed-and-extend (k-mer/substring mapping and extending until threshold) approaches (Alamancos et al., 2014). Nowadays, AS analysis is performed preferentially with long-read sequencing technologies (Oikonomopoulos et al., 2020). These so-called 3rd generation sequencing methods by Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT) renounce a high coverage in favor of the creation of up to 10 kb long-reads covering the entire isoform. Further, the different sequencing protocols like single-pass reads (PacBio), circular consensus sequencing (PacBio) or Oxford Nanopore have an error rate up to ∼15% (Uapinyoying et al., 2020). By this, the challenging reconstruction task of isoforms is omitted but the requirement of large numbers of reads to deeply profile the RNAome is higher than the throughput that is currently obtainable (Chen et al., 2019a). Further, specific 3nd generation sequencing mappers have been invented, due to the complexity of the datasets consisting of variable length of transcripts, multiple alternatively spliced isoforms for many genes and high sequence similarity of highly abundant species of RNA (Oikonomopoulos et al., 2020). Particularly the combination of 2nd and 3rd sequencing generation platforms can be beneficial for the quantification of splice variants and characterization of the RNAome of species irrespective of the reference genome’s annotation status.

Validation of the results of the global analysis can be done for specific genes based on standard techniques such as PCR and RT-PCR which allow high sensitive detection and quantification of mRNA splice variants for single genes. Particularly, high regulation- (HR) RT-PCR which is based on the separation of the fluorescently labeled amplicons generated by RT-PCR in a capillary sequence system, allows the accurate quantification of variants even with a single base pair difference (Simpson et al., 2008).

Future attempts should deduce a detailed heat stress RNAome on a single cell level, as single-cell RNAseq (scRNAseq) can provide a more detailed picture, particularly considering that stress response and tolerance vary among different cell types (Ntranos et al., 2019). Here, the combination of long read technologies and scRNAseq will be essential to increase accuracy in isoform detection and reduce noise due to low sequencing depth and high technical variability (Liu et al., 2017).

In addition, understanding the basis of the regulation of the heat stress sensitive alternative splicing, it is important to identify trans-acting factors and decipher their activity on the RNAome (Köster and Meyer, 2018). Techniques that allow the immunoprecipitation of RNAs associated or bound under native or non-native conditions are an indispensable tool toward this direction. Protein-RNA interactions methods like RNA immunoprecipitation (RIP)-seq, cross-linking immunoprecipitation (CLIP)-seq and CLIP-based techniques can provide information on the association of splicing factors with specific pre-mRNAs and their binding sites (Meyer et al., 2017; Hannigan et al., 2018). The two techniques can be complementary, and their combination can provide a more deep information on the relation of splicing factors with pre-mRNA (Hafner et al., 2021).

As the activity of the splicing regulators can be dependent on the structure of the RNA, an in depth and global determination of the changes posed by high temperatures on RNA folding can provide valuable information. Recently, in vivo approaches such as DMS-Seq which is based on dimethyl sulfate methylation of unprotected cytosines and adenines (Ding et al., 2014; Rouskin et al., 2014) have provided insights into RNA folding and could allow correlation of RNA fold alterations with splicing profile changes. The structure of nuclear RNA of Arabidopsis has been also investigated by in vivo SHAPE (Selective 2′ Hydroxyl Acylation analyzed by Primer Extension)-Structure-Seq which overcomes the limitation of DMS-based techniques to solely analyze the base-pairing status of adenine and cytosine (Liu et al., 2021).

In summary, the RNAome can be analyzed under many different aspects leading to a huge variety of high throughput datasets in relation to AS. The scientific premise is to understand and predict in silico the “splicing code” using a combination of genomic and RNA features (Park et al., 2018). For such approaches machine learning (ML) can be used for pattern recognition, classification and prediction (Libbrecht and Noble, 2015). Deep learning approaches using neural net (NN) architectures can be used elucidate the genetic determinants based on AS variants on the basis of different stress regimes, even in a tissue or cell-type dependent manner (Xiong et al., 2015). Particularly, the combination of RNAome expression and AS information with interaction data like ChIP-seq or CLIP-seq could be used for more accurate AS prediction at least in relation to splicing factors and regulators.



A HYPOTHETICAL MODEL FOR THE HEAT STRESS INDUCED INTRON RETENTION

High temperatures cause an increase in AS, with partial (A3′SS or A5′SS) or complete IR to be the most prominent events. As the basis of this phenomenon is not well understood in plants, we provide hypotheses based on knowledge from different eukaryotic systems, as described above. Heat can affect the abundance and/or activity of splicing regulators. The abundance can be mediated on the transcriptional level (e.g., induction of SR coding genes), AS (e.g., synthesis of protein isoforms with competing functions or aberrant mRNAs targeted for NMD), or protein stability (e.g., degradation by 26S proteasome) (Figure 4A). In addition, post-translational modifications (e.g., phosphorylation) of splicing regulators under high temperatures can affect the activity, subcellular localization and interaction with other factors. The binding of splicing factors can be enhanced or restricted by changes in the structure of the pre-mRNA (Figure 4B). Furthermore, in co-transcriptional splicing, the recruitment of splicing factors can be mediated via reader proteins of specific histone modifications (Figure 4C). Last, under heat stress, changes in DNA methylation and nucleosome occupancy are expected to affect RNAPII velocity to some degree and consequently alter the splicing profile of genes. For example, DNA methylation in splicing sites can cause weaker splicing, while binding of proteins to methylated DNA in gene bodies can affect RNAPII velocity (Figure 4D). In some loci, a lower nucleosome occupancy might allow faster RNAPII elongation and therefore prevent intron splicing due to reduced time for the assembly of the spliceosome on the pre-mRNA. The elucidation of these mechanisms on gene and genomic levels are essential for understanding of the heat stress response and thermotolerance. As differences in thermotolerance among plant species and even among cultivars have already been attributed to variations in alternative splicing, it can be envisioned that the identification of key players of heat stress sensitive alternative splicing will support crop improvement.


[image: image]

FIGURE 4. Hypothetical model for the basis of intron retention under heat stress conditions. The model is depicted for IR but can apply for A5′SS and A3′SS as well. Possible effects of high temperatures on pre-mRNA splicing by (A) changes in the abundance of splicing regulators, (B) changes in RNA structure that can influence binding of splicing regulators, (C) recruitment of splicing regulators by histone modifications or direct interaction with RNAPII C-terminal domain, (D) heat stress induced changes in DNA methylation and nucleosome occupancy which can affect the RNAPII velocity and consequently binding of splicing regulators. Only few cases are depicted and more details can be found in see section “A Hypothetical Model for the Heat Stress Induced Intron Retention” in the main text. PTM: post-translational modification. Other abbreviations are explained in the figure.




AUTHOR CONTRIBUTIONS

SF conceived the structure of the manuscript. SF wrote the main part of the manuscript with the help of RR, SU, KL, and SS. All authors have read and approved the manuscript.



FUNDING

SF (FR 3776/3-1, FR 3776/4-1) and SS are supported by the Deutsche Forschungsgemeinschaft (DFG), RR by a scholarship from Buchmann Institute for Molecular Life Sciences, and SU was supported by a scholarship by the Stiftung Polytechnische Gesellschaft.



ACKNOWLEDGMENTS

We would like to thank Enrico Schleiff for constant support.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.911277/full#supplementary-material

Supplementary Table 1 | List of tomato pre-mRNA splicing genes and their transcript levels under different temperatures. Tomato orthologous genes of splicing related proteins were obtained by ASRG database (Wang and Brendel, 2004) using InParanoid (Sonnhammer and Östlund, 2015; Simm et al., 2016). The transcript levels were obtained from Hu et al. (2020a) on seedlings of four different cultivars kept under 25, 39 or 45°C for 1 h. Transcript levels are based on Massive Analysis of cDNA Ends (MACE) and presented as transcripts per million (TPM).



REFERENCES

Achsel, T., Brahms, H., Kastner, B., Bachi, A., Wilm, M., and Lührmann, R. (1999). A doughnut-shaped heteromer of human Sm-like proteins binds to the 3′-end of U6 snRNA, thereby facilitating U4/U6 duplex formation in vitro. EMBO J. 18, 5789–5802. doi: 10.1093/emboj/18.20.5789

Alamancos, G. P., Agirre, E., and Eyras, E. (2014). Methods to study splicing from high-throughput RNA sequencing data. Methods Mol. Biol. 1126, 357–397. doi: 10.1007/978-1-62703-980-2_26

Albulescu, L. O., Sabet, N., Gudipati, M., Stepankiw, N., Bergman, Z. J., Huffaker, T. C., et al. (2012). A quantitative, high-throughput reverse genetic screen reveals novel connections between pre-mRNA splicing and 5′ and 3′ end transcript determinants. PLoS Genet. 8:3. doi: 10.1371/journal.pgen.1002530

Ali, G. S., Golovkin, M., and Reddy, A. S. N. (2003). Nuclear localization and in vivo dynamics of a plant-specific serine/arginine-rich protein. Plant J. 36, 883–893. doi: 10.1046/j.1365-313X.2003.01932.x

Antosz, W., Pfab, A., Ehrnsberger, H. F., Holzinger, P., Köllen, K., Mortensen, S. A., et al. (2017). The composition of the Arabidopsis RNA polymerase II transcript elongation complex reveals the interplay between elongation and mRNA processing factors. Plant Cell 29, 854–870. doi: 10.1105/tpc.16.00735

Arenas, J. E., and Abelson, J. N. (1997). Prp43: an RNA helicase-like factor involved in spliceosome dissassembly. Proc. Natl. Acad. Sci. U S A 94, 11798–11802. doi: 10.1073/pnas.94.22.11798

Auweter, S. D., Oberstrass, F. C., and Allain, F. H. T. (2006). Sequence-specific binding of single-stranded RNA: is there a code for recognition? Nucleic Acids Res. 34, 4943–4959. doi: 10.1093/nar/gkl620

Baniwal, S. K., Bharti, K., Chan, K. Y., Fauth, M., Ganguli, A., Kotak, S., et al. (2004). Heat stress response in plants: a complex game with chaperones and more than twenty heat stress transcription factors. J. Biosci. 29, 471–487. doi: 10.1007/BF02712120

Barta, A., Kalyna, M., and Reddy, A. S. N. (2010). Implementing a Rational and Consistent Nomenclature for Serine/Arginine-Rich Protein Splicing Factors (SR Proteins) in Plants. Plant Cell 22, 2926–2929. doi: 10.1105/tpc.110.078352

Ben Chaabane, S., Liu, R., Chinnusamy, V., Kwon, Y., Park, J. H., Kim, S. Y., et al. (2013). STA1, an Arabidopsis pre-mRNA processing factor 6 homolog, is a new player involved in miRNA biogenesis. Nucleic Acids Res. 41, 1984–1997. doi: 10.1093/nar/gks1309

Bentley, D. (2002). The mRNA assembly line: transcription and processing machines in the same factory. Curr. Opin. Cell Biol. 14, 336–342. doi: 10.1016/S0955-0674(02)00333-2

Bokszczanin, K. L., and Fragkostefanakis, S. (2013). Perspectives on deciphering mechanisms underlying plant heat stress response and thermotolerance. Front. Plant Sci. 4:315. doi: 10.3389/fpls.2013.00315

Broft, P., Rosenkranz, R., Schleiff, E., Hengesbach, M., and Schwalbe, H. (2022). Structural analysis of temperature-dependent alternative splicing of HsfA2 pre-mRNA from tomato plants. RNA Biol. 19, 266–278. doi: 10.1080/15476286.2021.2024034

Brzezinka, K., Altmann, S., Czesnick, H., Nicolas, P., Gorka, M., Benke, E., et al. (2016). Arabidopsis FORGETTER1 mediates stress-induced chromatin memory through nucleosome remodeling. Elife 5, 1–23. doi: 10.7554/elife.17061

Burke, J. J., O’Mahony, P. J., and Oliver, M. J. (2000). Isolation of Arabidopsis mutants lacking components of acquired thermotolerance. Plant Physiol. 123, 575–587. doi: 10.1104/pp.123.2.575

Busch, W., Wunderlich, M., and Schöffl, F. (2005). Identification of novel heat shock factor-dependent genes and biochemical pathways in Arabidopsis thaliana. Plant J. 41, 1–14. doi: 10.1111/j.1365-313X.2004.02272.x

Chang, C.-Y., Lin, W.-D., and Tu, S.-L. (2014). Genome-Wide Analysis of Heat-Sensitive Alternative Splicing in Physcomitrella patens. Plant Physiol. 165, 826–840. doi: 10.1104/pp.113.230540

Chen, H., Gao, F., He, M., Ding, X. F., Wong, A. M., Sze, S. C., et al. (2019a). Long-Read RNA Sequencing Identifies Alternative Splice Variants in Hepatocellular Carcinoma and Tumor-Specific Isoforms. Hepatology 70, 1011–1025. doi: 10.1002/hep.30500

Chen, S., Li, J., Liu, Y., and Li, H. (2019b). Genome-Wide Analysis of Serine/Arginine-Rich Protein Family in Wheat and Brachypodium distachyon. Plants 8:188. doi: 10.3390/plants8070188

Chung, B. Y. W., Balcerowicz, M., Di Antonio, M., Jaeger, K. E., Geng, F., Franaszek, K., et al. (2020). An RNA thermoswitch regulates daytime growth in Arabidopsis. Nat. Plants 6, 522–532. doi: 10.1038/s41477-020-0633-3

Cortijo, S., Charoensawan, V., Brestovitsky, A., Buning, R., Ravarani, C., Rhodes, D., et al. (2017). Transcriptional Regulation of the Ambient Temperature Response by H2A.Z Nucleosomes and HSF1 Transcription Factors in Arabidopsis. Mol. Plant 10, 1258–1273. doi: 10.1016/j.molp.2017.08.014

Crafts-Brandner, S. J., Van de Loo, F. J., and Salvucci, M. E. (1997). The two forms of ribulose-1,5-bisphosphate carboxylase/oxygenase activase differ in sensitivity to elevated temperature. Plant Physiol. 114, 439–444. doi: 10.1104/pp.114.2.439

Cruz, T. M. D., Carvalho, R. F., Richardson, D. N., and Duque, P. (2014). Abscisic acid (ABA) regulation of Arabidopsis SR protein gene expression. Int. J. Mol. Sci. 15, 17541–17564. doi: 10.3390/ijms151017541

Cui, P., Zhang, S., Ding, F., Ali, S., and Xiong, L. (2014). Dynamic regulation of genome-wide pre-mRNA splicing and stress tolerance by the Sm-like protein LSm5 in Arabidopsis. Genome Biol. 15:R1. doi: 10.1186/gb-2014-15-1-r1

De La Mata, M., Alonso, C. R., Kadener, S., Fededa, J. P., Blaustein, M., Pelisch, F., et al. (2003). A slow RNA polymerase II affects alternative splicing in vivo. Mol. Cell 12, 525–532. doi: 10.1016/j.molcel.2003.08.001

De Paoli-Iseppi, R., Gleeson, J., and Clark, M. B. (2021). Isoform Age - Splice Isoform Profiling Using Long-Read Technologies. Front. Mol. Biosci. 8:711733. doi: 10.3389/fmolb.2021.711733

DeRidder, B. P., Shybut, M. E., Dyle, M. C., Kremling, K. A. G., and Shapiro, M. B. (2012). Changes at the 3′-untranslated region stabilize Rubisco activase transcript levels during heat stress in Arabidopsis. Planta 236, 463–476. doi: 10.1007/s00425-012-1623-0

Dikaya, V., El Arbi, N., Rojas-Murcia, N., Nardeli, S. M., Goretti, D., and Schmid, M. (2021). Insights into the role of alternative splicing in plant temperature response. J. Exp. Bot. 72, 7384–7403. doi: 10.1093/jxb/erab234

Ding, Y., Tang, Y., Kwok, C. K., Zhang, Y., Bevilacqua, P. C., and Assmann, S. M. (2014). In vivo genome-wide profiling of RNA secondary structure reveals novel regulatory features. Nature 505, 696–700. doi: 10.1038/nature12756

Dolata, J., Guo, Y., Kołowerzo, A., Smoliński, D., Brzyżek, G., Jarmołowski, A., et al. (2015). NTR 1 is required for transcription elongation checkpoints at alternative exons in Arabidopsis. EMBO J. 34, 544–558. doi: 10.15252/embj.201489478

Dong, P., Tu, X., Liang, Z., Kang, B. H., and Zhong, S. (2020). Plant and animal chromatin three-dimensional organization: similar structures but different functions. J. Exp. Bot. 71, 5119–5128. doi: 10.1093/jxb/eraa220

Dou, K., Huang, C. F., Ma, Z. Y., Zhang, C. J., Zhou, J. X., Huang, H. W., et al. (2013). The PRP6-like splicing factor STA1 is involved in RNA-directed DNA methylation by facilitating the production of Pol V-dependent scaffold RNAs. Nucleic Acids Res. 41, 8489–8450. doi: 10.1093/nar/gkt639

Drechsel, G., Kahles, A., Kesarwani, A. K., Stauffer, E., Behr, J., Drewe, P., et al. (2013). Nonsense-Mediated Decay of Alternative Precursor mRNA Splicing Variants Is a Major Determinant of the Arabidopsis Steady State Transcriptome. Plant Cell 25, 3726–3742. doi: 10.1105/tpc.113.115485

Dujardin, G., Lafaille, C., de la Mata, M., Marasco, L. E., Muñoz, M. J., Le Jossic-Corcos, C., et al. (2014). How Slow RNA Polymerase II Elongation Favors Alternative Exon Skipping. Mol. Cell 54, 683–690. doi: 10.1016/j.molcel.2014.03.044

Engström, P. G., Steijger, T., Sipos, B., Grant, G. R., Kahles, A., Rätsch, G., et al. (2013). Systematic evaluation of spliced alignment programs for RNA-seq data. Nat. Methods 10, 1185–1191. doi: 10.1038/nmeth.2722

Fang, Y., Hearn, S., and Spector, D. L. (2004). Tissue-specific expression and dynamic organization of SR splicing factors in Arabidopsis. Mol. Biol. Cell 15, 2664–2673. doi: 10.1091/mbc.E04-02-0100

Fragkostefanakis, S., Röth, S., Schleiff, E., and Scharf, K.-D. D. (2015a). Prospects of engineering thermotolerance in crops through modulation of heat stress transcription factor and heat shock protein networks. Plant, Cell Environ. 38, 1881–1895. doi: 10.1111/pce.12396

Fragkostefanakis, S., Simm, S., Paul, P., Bublak, D., Scharf, K. D., and Schleiff, E. (2015b). Chaperone network composition in Solanum lycopersicum explored by transcriptome profiling and microarray meta-analysis. Plant, Cell Environ. 38, 693–709. doi: 10.1111/pce.12426

Fragkostefanakis, S., Simm, S., El-Shershaby, A., Hu, Y., Bublak, D., Mesihovic, A., et al. (2019). The repressor and co-activator HsfB1 regulates the major heat stress transcription factors in tomato. Plant. Cell Environ. 42, 874–890. doi: 10.1111/pce.13434

Galganski, L., Urbanek, M. O., and Krzyzosiak, W. J. (2017). Nuclear speckles: molecular organization, biological function and role in disease. Nucleic Acids Res. 45, 10350–10368. doi: 10.1093/nar/gkx759

Godoy Herz, M. A., and Kornblihtt, A. R. (2019). Alternative splicing and transcription elongation in plants. Front. Plant Sci. 10:309. doi: 10.3389/fpls.2019.00309

Godoy Herz, M. A., Kubaczka, M. G., Brzyżek, G., Servi, L., Krzyszton, M., Simpson, C., et al. (2019). Light Regulates Plant Alternative Splicing through the Control of Transcriptional Elongation. Mol. Cell 73, 1066.e–1074.e. doi: 10.1016/j.molcel.2018.12.005

Gohring, J., Jacak, J., and Barta, A. (2014). Imaging of Endogenous Messenger RNA Splice Variants in Living Cells Reveals Nuclear Retention of Transcripts Inaccessible to Nonsense-Mediated Decay in Arabidopsis. Plant Cell 26, 754–764. doi: 10.1105/tpc.113.118075

Golisz, A., Sikorski, P. J., Kruszka, K., and Kufel, J. (2013). Arabidopsis thaliana LSM proteins function in mRNA splicing and degradation. Nucleic Acids Res. 41, 6232–6249. doi: 10.1093/nar/gkt296

Golovkin, M., and Reddy, A. S. N. (1998). The plant U1 small nuclear ribonucleoprotein particle 70k protein interacts with two novel serine/arginine-rich proteins. Plant Cell 10, 1637–1647. doi: 10.1105/tpc.10.10.1637

Golovkin, M., and Reddy, A. S. N. (1999). An SC35-like protein and a novel serine/arginine-rich protein interact with Arabidopsis U1-70K protein. J. Biol. Chem. 274, 36428–36438. doi: 10.1074/jbc.274.51.36428

Hafner, M., Katsantoni, M., Köster, T., Marks, J., Mukherjee, J., Staiger, D., et al. (2021). CLIP and complementary methods. Nat. Rev. Methods Prim. 1, 1–23. doi: 10.1038/s43586-021-00018-1

Hahn, A., Bublak, D., Schleiff, E., and Scharf, K.-D. (2011). Crosstalk between Hsp90 and Hsp70 chaperones and heat stress transcription factors in tomato. Plant Cell 23, 741–755. doi: 10.1105/tpc.110.076018

Haltenhof, T., Kotte, A., De Bortoli, F., Schiefer, S., Meinke, S., Emmerichs, A. K., et al. (2020). A Conserved Kinase-Based Body-Temperature Sensor Globally Controls Alternative Splicing and Gene Expression. Mol. Cell 78, 57–69. doi: 10.1016/j.molcel.2020.01.028

Hannigan, M. M., Zagore, L. L., and Licatalosi, D. D. (2018). Mapping transcriptome-wide protein-RNA interactions to elucidate RNA regulatory programs. Quant. Biol. 6, 228–238. doi: 10.1007/s40484-018-0145-6

Hiller, M., Zhang, Z., Backofen, R., and Stamm, S. (2007). Pre-mRNA secondary structures influence exon recognition. PLoS Genet. 3:e204. doi: 10.1371/journal.pgen.0030204

Hong, S. W., and Vierling, E. (2000). Mutants of Arabidopsis thaliana defective in the acquisition of tolerance to high temperature stress. Proc Natl Acad Sci U S A 97, 4392–4397. doi: 10.1073/pnas.97.8.4392

Howell, S. H. (2013). Endoplasmic reticulum stress responses in plants. Annu. Rev. Plant Biol. 64, 477–499. doi: 10.1146/annurev-arplant-050312-120053

Hu, Y., Fragkostefanakis, S., Schleiff, E., and Simm, S. (2020a). Transcriptional basis for differential thermosensitivity of seedlings of various tomato genotypes. Genes 11:655. doi: 10.3390/genes11060655

Hu, Y., Mesihovic, A., Jiménez-Gómez, J. M., Röth, S., Gebhardt, P., Bublak, D., et al. (2020b). Natural variation in HsfA2 pre-mRNA splicing is associated with changes in thermotolerance during tomato domestication. N. Phytol. 225, 1297–1310. doi: 10.1111/nph.16221

Hussong, M., Kaehler, C., Kerick, M., Grimm, C., Franz, A., Timmermann, B., et al. (2017). The bromodomain protein BRD4 regulates splicing during heat shock. Nucleic Acids Res. 45, 382–394. doi: 10.1093/nar/gkw729

Isshiki, M. (2006). The Serine/Arginine-Rich Protein Family in Rice Plays Important Roles in Constitutive and Alternative Splicing of Pre-mRNA. Plant Cell Online 18, 146–158. doi: 10.1105/tpc.105.037069

Jabre, I., Reddy, A. S. N., Kalyna, M., Chaudhary, S., Khokhar, W., Byrne, L. J., et al. (2019). Does co-transcriptional regulation of alternative splicing mediate plant stress responses ? Nucleic Acids Res. 47, 2716–2726. doi: 10.1093/nar/gkz121

Jiang, J., Liu, X., Liu, C., Liu, G., Li, S., and Wang, L. (2017). Integrating Omics and Alternative Splicing Reveals Insights into Grape Response to High Temperature. Plant Physiol. 173, 1502–1518. doi: 10.1104/pp.16.01305

Kalyna, M., Lopato, S., Voronin, V., and Barta, A. (2006). Evolutionary conservation and regulation of particular alternative splicing events in plant SR proteins. Nucleic Acids Res. 34, 4395–4405. doi: 10.1093/nar/gkl570

Kalyna, M., Simpson, C. G., Syed, N. H., Lewandowska, D., Marquez, Y., Kusenda, B., et al. (2012). Alternative splicing and nonsense-mediated decay modulate expression of important regulatory genes in Arabidopsis. Nucleic Acids Res. 40, 2454–2469. doi: 10.1093/nar/gkr932

Kannan, S., Halter, G., Renner, T., and Waters, E. R. (2018). Patterns of alternative splicing vary between species during heat stress. AoB Plants. 10:ly013. doi: 10.1093/aobpla/ply013

Keller, M., Consortium, S., and Simm, S. (2018). The coupling of transcriptome and proteome adaptation during development and heat stress response of tomato pollen. BMC Genom. 19:1–20. doi: 10.1186/s12864-018-4824-5

Keller, M., Hu, Y., Mesihovic, A., Fragkostefanakis, S., Schleiff, E., and Simm, S. (2017). Alternative splicing in tomato pollen in response to heat stress. DNA Res. 24, 205–217. doi: 10.1093/dnares/dsw051

Kim, G.-D., Cho, Y.-H., Lee, B.-H., and Yoo, S.-D. (2017). STABILIZED1 Modulates Pre-mRNA Splicing for Thermotolerance. Plant Physiol. 173, 2370–2382. doi: 10.1104/pp.16.01928

Kim, G. D., Yoo, S. D., and Cho, Y. H. (2018). STABILIZED1 as a heat stress-specific splicing factor in Arabidopsis thaliana. Plant Signal. Behav. 13:e1432955. doi: 10.1080/15592324.2018.1432955

Kim, J.-Y., Ryu, J. Y., Baek, K., and Park, C.-M. (2016). High temperature attenuates the gravitropism of inflorescence stems by inducing alternative splicing in Arabidopsis. N. Phytol. 209, 265–279. doi: 10.1111/nph.13602

Kitsios, G., Alexiou, K. G., Bush, M., Shaw, P., and Doonan, J. H. (2008). A cyclin-dependent protein kinase, CDKC2, colocalizes with and modulates the distribution of spliceosomal components in Arabidopsis. Plant J. 54, 220–235. doi: 10.1111/j.1365-313X.2008.03414.x

Köster, T., and Meyer, K. (2018). Plant Ribonomics: proteins in Search of RNA Partners. Trends Plant Sci. 23, 352–365. doi: 10.1016/j.tplants.2018.01.004

Lambermon, M. H. L., Simpson, G. G., Wieczorek Kirk, D. A., Hemmings-Mieszczak, M., Klahre, U., and Filipowicz, W. (2000). UBP1, a novel hnRNP-like protein that functions at multiple steps of higher plant nuclear pre-mRNA maturation. EMBO J. 19, 1638–1649. doi: 10.1093/emboj/19.7.1638

Lämke, J., and Bäurle, I. (2017). Epigenetic and chromatin-based mechanisms in environmental stress adaptation and stress memory in plants. Genome Biol. 18:124. doi: 10.1186/s13059-017-1263-6

Lämke, J., Brzezinka, K., Altmann, S., and Bäurle, I. (2016). A hit-and-run heat shock factor governs sustained histone methylation and transcriptional stress memory. EMBO J. 35, 162–175. doi: 10.15252/embj

Larkindale, J., and Vierling, E. (2007). Core Genome Responses Involved in Acclimation to High Temperature. Plant Physiol. 146, 748–761. doi: 10.1104/pp.107.112060

Lee, B. H., Kapoor, A., Zhu, J., and Zhu, J. K. (2006). Stabilized1, a stress-upregulated nuclear protein, is required for pre-mRNA splicing, mRNA turnover, and stress tolerance in Arabidopsis. Plant Cell 18, 1736–1749. doi: 10.1105/tpc.106.042184

Lee, J. S., and Adams, K. L. (2020). Global insights into duplicated gene expression and alternative splicing in polyploid Brassica napus under heat, cold, and drought stress. Plant Genome 13:e20057. doi: 10.1002/tpg2.20057

Lee, K. C., Jang, Y. H., Kim, S. K., Park, H. Y., Thu, M. P., Lee, J. H., et al. (2017). RRM domain of Arabidopsis splicing factor SF1 is important for pre-mRNA splicing of a specific set of genes. Plant Cell Rep. 36, 1083–1095. doi: 10.1007/s00299-017-2140-1

Li, S., Wang, Y., Zhao, Y., Zhao, X., Chen, X., and Gong, Z. (2020). Global Co-transcriptional Splicing in Arabidopsis and the Correlation with Splicing Regulation in Mature RNAs. Mol. Plant 13, 266–277. doi: 10.1016/j.molp.2019.11.003

Li, Z., Tang, J., Bassham, D. C., and Howell, S. H. (2021). Daily temperature cycles promote alternative splicing of RNAs encoding SR45a, a splicing regulator in maize. Plant Physiol. 186, 1318–1335. doi: 10.1093/PLPHYS/KIAB110

Libbrecht, M. W., and Noble, W. S. (2015). Machine learning applications in genetics and genomics. Nat. Rev. Genet. 16, 321–332. doi: 10.1038/nrg3920

Ling, Y., Alshareef, S., Butt, H., Lozano-Juste, J., Li, L., Galal, A. A., et al. (2017). Pre-mRNA splicing repression triggers abiotic stress signaling in plants. Plant J. 89, 291–309. doi: 10.1111/tpj.13383

Ling, Y., Mahfouz, M. M., and Zhou, S. (2021). Pre-mRNA alternative splicing as a modulator for heat stress response in plants. Trends Plant Sci. 26, 1153–1170. doi: 10.1016/j.tplants.2021.07.008

Ling, Y., Serrano, N., Gao, G., Atia, M., Mokhtar, M., Woo, Y. H., et al. (2018). Thermopriming triggers splicing memory in Arabidopsis. J. Exp. Bot. 69, 2659–2675. doi: 10.1093/jxb/ery062

Liu, H. C., Liao, H. T., and Charng, Y. Y. (2011). The role of class A1 heat shock factors (HSFA1s) in response to heat and other stresses in Arabidopsis. Plant, Cell Environ. 34, 738–751. doi: 10.1111/j.1365-3040.2011.02278.x

Liu, H. c, and Charng, Y. (2013). Common and Distinct Functions of Arabidopsis Class A1 and A2 Heat Shock Factors in Diverse Abiotic Stress Responses and Development. Plant Physiol. 163, 276–290. doi: 10.1104/pp.113.221168

Liu, J., Feng, L., Gu, X., Deng, X., Qiu, Q., Li, Q., et al. (2019). An H3K27me3 demethylase-HSFA2 regulatory loop orchestrates transgenerational thermomemory in Arabidopsis. Cell Res. 29, 379–390. doi: 10.1038/s41422-019-0145-8

Liu, J., Sun, N., Liu, M., Liu, J., Du, B., Wang, X., et al. (2013). An Autoregulatory Loop Controlling Arabidopsis HsfA2 Expression: role of Heat Shock-Induced Alternative Splicing. Plant Physiol. 162, 512–521. doi: 10.1104/pp.112.205864

Liu, X., Mei, W., Soltis, P. S., Soltis, D. E., and Barbazuk, W. B. (2017). Detecting alternatively spliced transcript isoforms from single-molecule long-read sequences without a reference genome. Mol. Ecol. Resour. 17, 1243–1256. doi: 10.1111/1755-0998.12670

Liu, Z., Liu, Q., Yang, X., Zhang, Y., Norris, M., Chen, X., et al. (2021). In vivo nuclear RNA structurome reveals RNA-structure regulation of mRNA processing in plants. Genom. Biol. 22, 1–22. doi: 10.1186/s13059-020-02236-4

Long, Y., Sou, W. H., Yung, K. W. Y., Liu, H., Wan, S. W. C., Li, Q., et al. (2019). Distinct mechanisms govern the phosphorylation of different SR protein splicing factors. J. Biol. Chem. 294, 1312–1327. doi: 10.1074/jbc.RA118.003392

Loomis, R. J., Naoe, Y., Parker, J. B., Savic, V., Bozovsky, M. R., Macfarlan, T., et al. (2009). Chromatin Binding of SRp20 and ASF/SF2 and Dissociation from Mitotic Chromosomes Is Modulated by Histone H3 Serine 10 Phosphorylation. Mol. Cell 33, 450–461. doi: 10.1016/j.molcel.2009.02.003

Lorković, Z. J., Wieczorek Kirk, D. A., Lambermon, M. H. L., and Filipowicz, W. (2000). Pre-mRNA splicing in higher plants. Trends Plant Sci. 5, 160–167. doi: 10.1016/S1360-1385(00)01595-8

Majoul, T., Bancel, E., Triboï, E., Hamida, J., and Ben Branlard, G. (2004). Proteomic analysis of the effect of heat stress on hexaploid wheat grain: characterization of heat-responsive proteins from non-prolamins fraction. Proteomics 4, 505–513. doi: 10.1002/pmic.200300570

Maor, G. L., Yearim, A., and Ast, G. (2015). The alternative role of DNA methylation in splicing regulation. Trends Genet. 31, 274–280. doi: 10.1016/j.tig.2015.03.002

Marin-Vinader, L., Shin, C., Onnekink, C., Manley, J. L., and Lubsen, N. H. (2006). Hsp27 enhances recovery of splicing as well as rephosphorylation of SRp38 after heat shock. Mol. Biol. Cell 17, 886–894. doi: 10.1091/mbc.E05-07-0596

Martín, G., Márquez, Y., Mantica, F., Duque, P., and Irimia, M. (2021). Alternative splicing landscapes in Arabidopsis thaliana across tissues and stress conditions highlight major functional differences with animals. Genome Biol. 22, 1–26. doi: 10.1186/s13059-020-02258-y

Maunakea, A. K., Chepelev, I., Cui, K., and Zhao, K. (2013). Intragenic DNA methylation modulates alternative splicing by recruiting MeCP2 to promote exon recognition. Cell Res. 23, 1256–1269. doi: 10.1038/cr.2013.110

Mesihovic, A., Iannacone, R., Firon, N., and Fragkostefanakis, S. (2016). Heat stress regimes for the investigation of pollen thermotolerance in crop plants. Plant Reprod. 29, 93–105. doi: 10.1007/s00497-016-0281-y

Mesihovic, A., Ullrich, S., Rosenkranz, R. R. E., Gebhardt, P., Bublak, D., Eich, H., et al. (2022). HsfA7 coordinates the transition from mild to strong heat stress response by controlling the activity of the master regulator HsfA1a in tomato. Cell Rep. 38:110224. doi: 10.1016/j.celrep.2021.110224

Meyer, K., Köster, T., Nolte, C., Weinholdt, C., Lewinski, M., Grosse, I., et al. (2017). Adaptation of iCLIP to plants determines the binding landscape of the clock-regulated RNA-binding protein AtGRP7. Genom. Biol. 18:204. doi: 10.1186/s13059-017-1332-x

Meyer, M., Plass, M., Pérez-Valle, J., Eyras, E., and Vilardell, J. (2011). Deciphering 3′ss Selection in the Yeast Genome Reveals an RNA Thermosensor that Mediates Alternative Splicing. Mol. Cell 43, 1033–1039. doi: 10.1016/j.molcel.2011.07.030

Miriami, E., Margalit, H., and Sperling, R. (2003). Conserved sequene elements associated with exon skipping. Nucleic Acids Res. 33, e187–e187. doi: 10.1093/nar/gkg279

Morita, M. T., Sakaguchi, K., Kiyose, S. I., Taira, K., Kato, T., Nakamura, M., et al. (2006). A C2H2-type zinc finger protein. SGR5, is involved in early events of gravitropism in Arabidopsis inflorescence stems. Plant J. 47, 619–628. doi: 10.1111/j.1365-313X.2006.02807.x

Muniz, L., Nicolas, E., and Trouche, D. (2021). RNA polymerase II speed: a key player in controlling and adapting transcriptome composition. EMBO J. 40:e105740. doi: 10.15252/embj.2020105740

Muñoz, M. J., de la Mata, M., and Kornblihtt, A. R. (2010). The carboxy terminal domain of RNA polymerase II and alternative splicing. Trends Biochem. 35, 497–504. doi: 10.1016/j.tibs.2010.03.010

Naftelberg, S., Schor, I. E., Ast, G., and Kornblihtt, A. R. (2015). Regulation of alternative splicing through coupling with transcription and chromatin structure. Annu. Rev. Biochem. 84, 165–198. doi: 10.1146/annurev-biochem-060614-034242

Ner-Gaon, H., Halachmi, R., Savaldi-Goldstein, S., Rubin, E., Ophir, R., and Fluhr, R. (2004). Intron retention is a major phenomenon in alternative splicing in Arabidopsis. Plant J. 39, 877–885. doi: 10.1111/j.1365-313X.2004.02172.x

Neves, L. T., Douglass, S., Spreafico, R., Venkataramanan, S., Kress, T. L., and Johnson, T. L. (2017). The histone variant H2A.Z promotes efficient cotranscriptional splicing in s. cerevisiae. Genes Dev. 39, 877–885. doi: 10.1101/gad.295188.116

Ngo, J. C. K., Chakrabarti, S., Ding, J. H., Velazquez-Dones, A., Nolen, B., Aubol, B. E., et al. (2005). Interplay between SRPK and Clk/Sty kinases in phosphorylation of the splicing factor ASF/SF2 is regulated by a docking motif in ASF/SF2. Mol. Cell 20, 77–89. doi: 10.1016/j.molcel.2005.08.025

Ntranos, V., Yi, L., Melsted, P., and Pachter, L. (2019). A discriminative learning approach to differential expression analysis for single-cell RNA-seq. Nat. Methods 16, 163–166. doi: 10.1038/s41592-018-0303-9

Ohama, N., Kusakabe, K., Mizoi, J., Zhao, H., Kidokoro, S., Koizumi, S., et al. (2015). The transcriptional cascade in the heat stress response of Arabidopsis is strictly regulated at the expression levels of transcription factors. Plant Cell 28, 181–201. doi: 10.1105/tpc.15.00435

Ohama, N., Sato, H., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2017). Transcriptional Regulatory Network of Plant Heat Stress Response. Trends Plant Sci. 22, 53–65. doi: 10.1016/j.tplants.2016.08.015

Ohtani, M., and Wachter, A. (2019). NMD-Based Gene Regulation - A Strategy for Fitness Enhancement in Plants? Plant Cell Physiol. 60, 1953–1960. doi: 10.1093/pcp/pcz090

Oikonomopoulos, S., Bayega, A., Fahiminiya, S., Djambazian, H., Berube, P., and Ragoussis, J. (2020). Methodologies for Transcript Profiling Using Long-Read Technologies. Front. Genet. 11:660. doi: 10.3389/fgene.2020.00606

Okamoto, M., Matsui, A., Tanaka, M., Morosawa, T., Ishida, J., Iida, K., et al. (2016). Sm-like protein-mediated RNA metabolism is required for heat stress tolerance in Arabidopsis. Front. Plant Sci. 7:1079. doi: 10.3389/fpls.2016.01079

Pajoro, A., Severing, E., Angenent, G. C., and Immink, R. G. H. (2017). Histone H3 lysine 36 methylation affects temperature-induced alternative splicing and flowering in plants. Genom. Biol. 18:102. doi: 10.1186/s13059-017-1235-x

Palusa, S. G., Ali, G. S., and Reddy, A. S. N. (2007). Alternative splicing of pre-mRNAs of Arabidopsis serine/arginine-rich proteins: regulation by hormones and stresses. Plant J. 49, 1091–1107. doi: 10.1111/j.1365-313X.2006.03020.x

Palusa, S. G., and Reddy, A. S. N. (2010). Extensive coupling of alternative splicing of pre-mRNAs of serine/arginine (SR) genes with nonsense-mediated decay. N. Phytol. 185, 83–89. doi: 10.1111/j.1469-8137.2009.03065.x

Palusa, S. G., and Reddy, A. S. N. (2015). Differential recruitment of splice variants from SR Pre-mRNAs to polysomes during development and in response to stresses. Plant Cell Physiol. 56, 421–427. doi: 10.1093/pcp/pcv010

Park, E., Pan, Z., Zhang, Z., Lin, L., and Xing, Y. (2018). The Expanding Landscape of Alternative Splicing Variation in Human Populations. Am. J. Hum. Genet. 102, 11–26. doi: 10.1016/j.ajhg.2017.11.002

Park, H., Jung, H., Lee, A., Jo, S., Lee, H., Kim, H., et al. (2021). SUMO Modification of OsFKBP20-1b Is Integral to Proper Pre-mRNA Splicing upon Heat Stress in Rice. Int. J. Mol. Sci. 22:9049. doi: 10.3390/ijms22169049

Park, H. J., You, Y. N., Lee, A., Jung, H., Jo, S. H., Oh, N., et al. (2020). OsFKBP20-1b interacts with the splicing factor OsSR45 and participates in the environmental stress response at the post-transcriptional level in rice. Plant J. 102, 992–1007. doi: 10.1111/tpj.14682

Parsell, D. A., and Lindquist, S. (1993). The Function of Heat-Shock Proteins in Stress Tolerance: degradation and Reactivation of Damaged Proteins. Annu. Rev. Genet. 27, 437–497. doi: 10.1146/annurev.ge.27.120193.002253

Paupière, M. J., Tikunov, Y., Schleiff, E., Bovy, A., and Fragkostefanakis, S. (2020). Reprogramming of Tomato Leaf Metabolome by the Activity of Heat Stress Transcription Factor HsfB1. Front. Plant Sci. 11:2082. doi: 10.3389/fpls.2020.610599

Pecinka, A., Dinh, H. Q., Baubec, T., Rosa, M., Lettner, N., and Scheid, O. M. (2010). Epigenetic Regulation of Repetitive Elements Is Attenuated by Prolonged Heat Stress in Arabidopsis. Plant Cell 22, 3118–3129. doi: 10.1105/tpc.110.078493

Petrillo, E., Godoy Herz, M. A., Fuchs, A., Reifer, D., Fuller, J., Yanovsky, M. J., et al. (2014). A chloroplast retrograde signal regulates nuclear alternative splicing. Science 344, 427–430. doi: 10.1126/science.1250322

Piacentini, L., Fanti, L., Negri, R., Del Vescovo, V., Fatica, A., Altieri, F., et al. (2009). Heterochromatin Protein 1 (HP1a) positively regulates euchromatic gene expression through RNA transcript association and interaction with hnRNPs in Drosophila. PLoS Genet. 5:e1000670. doi: 10.1371/journal.pgen.1000670

Pozzi, B., Bragado, L., Will, C. L., Mammi, P., Risso, G., Urlaub, H., et al. (2017). SUMO conjugation to spliceosomal proteins is required for efficient pre-mRNA splicing. Nucleic Acids Res. 45, 6729–6745. doi: 10.1093/nar/gkx213

Pozzi, B., Mammi, P., Bragado, L., Giono, L. E., and Srebrow, A. (2018). When SUMO met splicing. RNA Biol. 15, 689–695. doi: 10.1080/15476286.2018.1457936

Preußner, M., Goldammer, G., Neumann, A., Haltenhof, T., Rautenstrauch, P., Müller-McNicoll, M., et al. (2017). Body Temperature Cycles Control Rhythmic Alternative Splicing in Mammals. Mol. Cell 67, 433.e–446.e. doi: 10.1016/j.molcel.2017.06.006

Rausin, G., Tillemans, V., Stankovic, N., Hanikenne, M., and Motte, P. (2010). Dynamic nucleocytoplasmic shuttling of an arabidopsis SR splicing factor: role of the RNA-binding domains. Plant Physiol. 153, 273–284. doi: 10.1104/pp.110.154740

Reddy, A. S. N. (2007). Alternative Splicing of Pre-Messenger RNAs in Plants in the Genomic Era. Annu. Rev. Plant Biol. 58, 267–294. doi: 10.1146/annurev.arplant.58.032806.103754

Reddy, A. S. N., Day, I. S., Gohring, J., and Barta, A. (2012). Localization and Dynamics of Nuclear Speckles in Plants. Plant Physiol. 158, 67–77. doi: 10.1104/pp.111.186700

Reddy, A. S. N., Marquez, Y., Kalyna, M., and Barta, A. (2013). Complexity of the Alternative Splicing Landscape in Plants. Plant Cell. 25, 3657–3683. doi: 10.1105/tpc.113.117523

Regulski, M., Lu, Z., Kendall, J., Donoghue, M. T. A., Reinders, J., Llaca, V., et al. (2013). The maize methylome influences mRNA splice sites and reveals widespread paramutation-like switches guided by small RNA. Genom. Res. 23, 1651–1662. doi: 10.1101/gr.153510.112.Freely

Richardson, D. N., Rogers, M. F., Labadorf, A., Ben-Hur, A., Guo, H., Paterson, A. H., et al. (2011). Comparative analysis of serine/arginine-rich proteins across 27 eukaryotes: insights into sub-family classification and extent of alternative splicing. PLoS One 6:e24542. doi: 10.1371/journal.pone.0024542

Robberson, B. L., Cote, G. J., and Berget, S. M. (1990). Exon definition may facilitate splice site selection in RNAs with multiple exons. Mol. Cell. Biol. 10, 84–94. doi: 10.1128/mcb.10.1.84

Rosenkranz, R. R. E., Bachiri, S., Vraggalas, S., Keller, M., Simm, S., Schleiff, E., et al. (2021). Identification and Regulation of Tomato Serine/Arginine-Rich Proteins Under High Temperatures. Front. Plant Sci. 12:645689. doi: 10.3389/fpls.2021.645689

Rouskin, S., Zubradt, M., Washietl, S., Kellis, M., and Weissman, J. S. (2014). Genome-wide probing of RNA structure reveals active unfolding of mRNA structures in vivo. Nature 505, 701–705. doi: 10.1038/nature12894

Salvucci, M. E., DeRidder, B. P., and Portis, A. R. (2006). Effect of activase level and isoform on the thermotolerance of photosynthesis in Arabidopsis. J. Exp. Bot. 57, 3793–3799. doi: 10.1093/jxb/erl140

Sanchez, S. E., Petrillo, E., Beckwith, E. J., Zhang, X., Rugnone, M. L., Hernando, C. E., et al. (2010). A methyl transferase links the circadian clock to the regulation of alternative splicing. Nature 468, 112–116. doi: 10.1038/nature09470

Sanyal, R. P., Misra, H. S., and Saini, A. (2018). Heat-stress priming and alternative splicing-linked memory. J. Exp. Bot. 69, 2431–2434. doi: 10.1093/jxb/ery111

Savaldi-Goldstein, S., Aviv, D., Davydov, O., and Fluhr, R. (2003). Alternative splicing modulation by a LAMMER kinase impinges on developmental and transcriptome expression. Plant Cell 15, 926–938. doi: 10.1105/tpc.011056

Scharf, K.-D., Berberich, T., Ebersberger, I., and Nover, L. (2012). The plant heat stress transcription factor (Hsf) family: structure, function and evolution. Biochim. Biophys. Acta 1819, 104–119. doi: 10.1016/j.bbagrm.2011.10.002

Scharf, K. D., and Nover, L. (1982). Heat-shock-induced alterations of ribosomal protein phosphorylation in plant cell cultures. Cell 30, 427–437. doi: 10.1016/0092-8674(82)90240-9

Schramm, F., Ganguli, A., Kiehlmann, E., Englich, G., Walch, D., and Von Koskull-Döring, P. (2006). The heat stress transcription factor HsfA2 serves as a regulatory amplifier of a subset of genes in the heat stress response in Arabidopsis. Plant Mol. Biol. 60, 759–772. doi: 10.1007/s11103-005-5750-x

Serrano, N., Ling, Y., Bahieldin, A., and Mahfouz, M. M. (2019). Thermopriming reprograms metabolic homeostasis to confer heat tolerance. Sci. Rep. 9:181. doi: 10.1038/s41598-018-36484-z

Shalgi, R., Hurt, J. A., Krykbaeva, I., Taipale, M., Lindquist, S., and Burge, C. B. (2013). Widespread Regulation of Translation by Elongation Pausing in Heat Shock. Mol. Cell 49, 439–452. doi: 10.1016/j.molcel.2012.11.028

Shalgi, R., Hurt, J. A., Lindquist, S., and Burge, C. B. (2014). Widespread inhibition of posttranscriptional splicing shapes the cellular transcriptome following heat shock. Cell Rep. 7, 1362–1370. doi: 10.1016/j.celrep.2014.04.044

Shepard, P. J., and Hertel, K. J. (2008). Conserved RNA secondary structures promote alternative splicing. RNA 14, 1463–1469. doi: 10.1261/rna.1069408

Shi, Y., and Manley, J. L. (2007). A Complex Signaling Pathway Regulates SRp38 Phosphorylation and Pre-mRNA Splicing in Response to Heat Shock. Mol. Cell 28, 79–90. doi: 10.1016/j.molcel.2007.08.028

Shin, C., Feng, Y., and Manley, J. L. (2004). Dephosphorylated SRp38 acts as a splicing repressor in response to heat shock. Nature 427, 553–558. doi: 10.1038/nature02288

Shukla, S., Kavak, E., Gregory, M., Imashimizu, M., Shutinoski, B., Kashlev, M., et al. (2011). CTCF-promoted RNA polymerase II pausing links DNA methylation to splicing. Nature 479, 74–79. doi: 10.1038/nature10442

Simm, S., Scharf, K. D., Jegadeesan, S., Chiusano, M. L., Firon, N., and Schleiff, E. (2016). Survey of genes involved in biosynthesis, transport, and signaling of phytohormones with focus on solanum lycopersicum. Bioinform. Biol. Insights 10, BBI–S38425. doi: 10.4137/BBI.S38425

Simpson, C. G., Fuller, J., Maronova, M., Kalyna, M., Davidson, D., McNicol, J., et al. (2007). Monitoring changes in alternative precursor messenger RNA splicing in multiple gene transcripts. Plant J. 53, 1035–1048. doi: 10.1111/j.1365-313X.2007.03392.x

Simpson, C. G., Fuller, J., Maronova, M., Kalyna, M., Davidson, D., McNicol, J., et al. (2008). Monitoring changes in alternative precursor messenger RNA splicing in multiple gene transcripts. Plant J. 53, 1035–1048.

Simpson, C. G., Ohtani, M., Ma, L., and Cao, Y. (2019). To Splice or to Transcribe: SKIP-Mediated Environmental Fitness and Development in Plants. Front. Plant Sci. 10:1222. doi: 10.3389/fpls.2019.01222

Sonnhammer, E. L. L., and Östlund, G. (2015). InParanoid 8: orthology analysis between 273 proteomes, mostly eukaryotic. Nucleic Acids Res. 43, D234–D239. doi: 10.1093/nar/gku1203

Staiger, D., and Brown, J. W. S. (2013). Alternative Splicing at the Intersection of Biological Timing, Development, and Stress Responses. Plant Cell. 25, 3640–3656. doi: 10.1105/tpc.113.113803

Su, Z., Tang, Y., Ritchey, L. E., Tack, D. C., Zhu, M., and Bevilacqua, P. C. (2018). Genome-wide RNA structurome reprogramming by acute heat shock globally regulates mRNA abundance. Pnas 115, 12170–12175. doi: 10.1073/pnas.1807988115

Sugio, A., Dreos, R., Aparicio, F., and Maule, A. J. (2009). The cytosolic protein response as a subcomponent of the wider heat shock response in Arabidopsis. Plant Cell. 21, 642–654. doi: 10.1105/tpc.108.062596

Szádeczky-Kardoss, I., Szaker, H. M., Verma, R., Darkó, É, Pettkó-Szandtner, A., Silhavy, D., et al. (2022). Elongation factor TFIIS is essential for heat stress adaptation in plants. Nucleic Acids Res. 50, 1927–1950. doi: 10.1093/nar/gkac020

Tanabe, N., Kimura, A., Yoshimura, K., and Shigeoka, S. (2009). Plant-specific SR-related protein atSR45a interacts with spliceosomal proteins in plant nucleus. Plant Mol. Biol. 70, 241–252. doi: 10.1007/s11103-009-9469-y

Tanabe, N., Yoshimura, K., Kimura, A., Yabuta, Y., and Shigeoka, S. (2007). Differential expression of alternatively spliced mRNAs of Arabidopsis SR protein homologs, atSR30 and atSR45a, in response to environmental stress. Plant Cell Physiol. 48, 1036–1049. doi: 10.1093/pcp/pcm069

Tilgner, H., Nikolaou, C., Althammer, S., Sammeth, M., Beato, M., Valcárcel, J., et al. (2009). Nucleosome positioning as a determinant of exon recognition. Nat. Struct. Mol. Biol. 16, 996–1001. doi: 10.1038/nsmb.1658

Tillemans, V., Dispa, L., Remacle, C., Collinge, M., and Motte, P. (2005). Functional distribution and dynamics of Arabidopsis SR splicing factors in living plant cells. Plant J. 41, 567–582. doi: 10.1111/j.1365-313X.2004.02321.x

Tillemans, V., Leponce, I., Rausin, G., Dispa, L., and Motte, P. (2006). Insights into nuclear organization in plants as revealed by the dynamic distribution of Arabidopsis SR splicing factors. Plant Cell 18, 3218–3234. doi: 10.1105/tpc.106.044529

To, K. Y., Suen, D. F., and Chen, S. C. G. (1999). Molecular characterization of ribulose-1,5-bisphosphate carboxylase/oxygenase activase in rice leaves. Planta 209, 66–76. doi: 10.1007/s004250050607

Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R., et al. (2012). Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks. Nat. Protoc. 7, 562–578. doi: 10.1038/nprot.2012.016

Uapinyoying, P., Goecks, J., Knoblac, S. M., Panchapakesan, K., Bonneman, C. G., Partridg, T. A., et al. (2020). A long-read RNA-seq approach to identify novel transcripts of very large genes. Genom. Res. 30, 885–897. doi: 10.1101/gr.259903.119

Wahid, A., Gelani, S., Ashraf, M., and Foolad, M. R. (2007). Heat tolerance in plants: an overview. Environ. Exp. Bot. 61, 199–223. doi: 10.1016/j.envexpbot.2007.05.011

Walters, B., Lum, G., Sablok, G., and Min, X. J. (2013). Genome-wide landscape of alternative splicing events in brachypodium distachyon. DNA Res. 20, 163–171. doi: 10.1093/dnares/dss041

Wang, B. B., and Brendel, V. (2004). The ASRG database: identification and survey of Arabidopsis thaliana genes involved in pre-mRNA splicing. Genom. Biol. 5:R102. doi: 10.1186/gb-2004-5-12-r102

Wang, D., Li, X. F., Zhou, Z. J., Feng, X. P., Yang, W. J., and Jiang, D. A. (2010). Two Rubisco activase isoforms may play different roles in photosynthetic heat acclimation in the rice plant. Physiol. Plant 139, 55–67. doi: 10.1111/j.1399-3054.2009.01344.x

Wang, M., Wang, P., Liang, F., Ye, Z., Li, J., Shen, C., et al. (2018). A global survey of alternative splicing in allopolyploid cotton: landscape, complexity and regulation. N. Phytol. 217, 163–178. doi: 10.1111/nph.14762

Webby, C. J., Wolf, A., Gromak, N., Dreger, M., Kramer, H., Kessler, B., et al. (2009). Jmjd6 catalyses lysyl-hydroxylation of U2AF65, a protein associated with RNA splicing. Science 325, 90–93. doi: 10.1126/science.1175865

Werneke, J. M., Chatfield, J. M., and Ogren, W. L. (1989). Alternative mRNA splicing generates the two ribulosebisphosphate carboxylase/oxygenase activase polypeptides in spinach and Arabidopsis. Plant Cell 1, 815–825. doi: 10.1105/TPC.1.8.815

Wilkinson, M. E., and Charenton, C. (2020). RNA Splicing by the Spliceosome. Ann. Rev. Biochem. 89, 359–388. doi: 10.1146/annurev-biochem-091719-064225

Winkler, W. C., and Breaker, R. R. (2005). Regulation of bacterial gene expression by riboswitches. Annu. Rev. Microbiol. 59, 487–517. doi: 10.1146/annurev.micro.59.030804.121336

Wu, Z., Liang, J., Wang, C., Ding, L., Zhao, X., Cao, X., et al. (2019). Alternative splicing provides a mechanism to regulate LLHSFA3 function in response to heat stress in LILY. Plant Physiol. 181, 1651–1667. doi: 10.1104/pp.19.00839

Xiang, S., Gapsys, V., Kim, H. Y., Bessonov, S., Hsiao, H. H., Möhlmann, S., et al. (2013). Phosphorylation drives a dynamic switch in serine/arginine-rich proteins. Structure 21, 2162–2174. doi: 10.1016/j.str.2013.09.014

Xiong, H. Y., Alipanahi, B., Lee, L. J., Bretschneider, H., Merico, D., Yuen, R. K. C., et al. (2015). The human splicing code reveals new insights into the genetic determinants of disease. Science 347:1254806.347. doi: 10.1126/science.1254806

Xu, H., Li, X., Zhang, H., Wang, L., Zhu, Z., Gao, J., et al. (2020). High temperature inhibits the accumulation of storage materials by inducing alternative splicing of OsbZIP58 during filling stage in rice. Plant Cell Environ. 43, 1879–1896. doi: 10.1111/pce.13779

Yamamoto, K., Furukawa, M. T., Fukumura, K., Kawamura, A., Yamada, T., Suzuki, H., et al. (2016). Control of the heat stress-induced alternative splicing of a subset of genes by hnRNP K. Genes to Cells 21, 1006–1014. doi: 10.1111/gtc.12400

Yamauchi, T., Moritoh, S., and Johzuka-hisatomi, Y. (2008). Alternative splicing of the rice OsMET1 genes encoding maintenance DNA methyltransferase. 165, 1774–1782. doi: 10.1016/j.jplph.2007.12.003

Yan, Q., Xia, X., Sun, Z., and Fang, Y. (2017). Depletion of Arabidopsis SC35 and SC35-like serine/arginine-rich proteins affects the transcription and splicing of a subset of genes. PLoS Genet. 13::e1006663. doi: 10.1371/journal.pgen.1006663

Yang, Z., Yik, J. H. N., Chen, R., He, N., Moon, K. J., Ozato, K., et al. (2005). Recruitment of P-TEFb for stimulation of transcriptional elongation by the bromodomain protein Brd4. Mol. Cell 19, 535–545. doi: 10.1016/j.molcel.2005.06.029

Yeh, C. H., Kaplinsky, N. J., Hu, C., and Charng, Y. (2012). Some like it hot, some like it warm: phenotyping to explore thermotolerance diversity. Plant Sci. 195, 10–23. doi: 10.1016/j.plantsci.2012.06.004

Young, J. I., Hong, E. P., Castle, J. C., Crespo-Barreto, J., Bowman, A. B., Rose, M. F., et al. (2005). Regulation of RNA splicing by the methylation-dependent transcriptional repressor methyl-CpG binding protein 2. Proc. Natl. Acad. Sci. U S A 102, 17551–17558. doi: 10.1073/pnas.0507856102

Zhang, L., Liu, X., Gaikwad, K., Kou, X., Wang, F., Tian, X., et al. (2017). Mutations in eIF5B confer thermosensitive and pleiotropic phenotypes via translation defects in Arabidopsis thaliana. Plant Cell 29, 1952–1969. doi: 10.1105/tpc.16.00808

Zhang, X. H. F., Leslie, C. S., and Chasin, L. A. (2005). Dichotomous splicing signals in exon flanks. Genom. Res. 15, 768–779. doi: 10.1101/gr.3217705

Zhang, Y., Zhao, L., Li, H., Gao, Y., Li, Y., Wu, X., et al. (2013). GmGBP1, a homolog of human ski interacting protein in soybean, regulates flowering and stress tolerance in Arabidopsis. BMC Plant Biol. 13:21. doi: 10.1186/1471-2229-13-21

Zhu, J., Liu, M., Liu, X., and Dong, Z. (2018). RNA polymerase II activity revealed by GRO-seq and pNET-seq in Arabidopsis. Nat. Plants 4, 1112–1123. doi: 10.1038/s41477-018-0280-0

Zhu, Y., Wu, W., Shao, W., Chen, J., Shi, X., Ma, X., et al. (2020). SPLICING FACTOR1 is important in chloroplast development under cold stress. Plant Physiol. 184, 973–987. doi: 10.1104/pp.20.00706


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Rosenkranz, Ullrich, Löchli, Simm and Fragkostefanakis. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-13-911277-g001.jpg
Alternative 5' splice site

!

Alternative 3' splice site

i

Intron retention

Exon skKipping

Mutually exclusive exons

i






OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Relevance and Regulation of Alternative Splicing in Plant Heat Stress Response: Current Understanding and Future Directions



		THE BASIS OF HEAT STRESS RESPONSE IN PLANTS



		CONSTITUTIVE AND ALTERNATIVE PRE-mRNA SPLICING



		THE GLOBAL EFFECT OF HIGH TEMPERATURE ON ALTERNATIVE SPLICING



		GENE-SPECIFIC STUDIES SHOWCASING THE SIGNIFICANCE OF ALTERNATIVE SPLICING FOR PLANT THERMOTOLERANCE



		REGULATION OF HEAT STRESS SENSITIVE ALTERNATIVE SPLICING



		Role of Splicing Regulators in Heat Stress Responsive Alternative Splicing



		Regulation of Splicing Regulators Under Heat Stress



		Co-transcriptional Regulation of the Heat Stress-Induced Alternative Splicing



		Regulation of Heat Stress Sensitive Splicing by Pre-mRNA Structure







		METHODS FOR THE CHARACTERIZATION OF ALTERNATIVELY SPLICED RNAOME UNDER HEAT STRESS



		A HYPOTHETICAL MODEL FOR THE HEAT STRESS INDUCED INTRON RETENTION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

Relevance and Regulation
of Alternative Splicing in Plant
Heat Stress Response: Current

Understanding and Future

Directions









OPS/images/fpls-13-911277-g003.jpg
39 to 25°C

Relative transcript levels (log,)W  Relative transcript levels (log,) >

3 N

AR Q R . > & @ o © o &
S S SF 5" 48 \,Z;@b@@ IEIO) A ‘73’0& o8

eQ’\ '\é\\‘;" ‘360 ‘b%(\ ‘lfo(\ GQ\ ESASES Q&ooq‘@ Q@ Q@Qé \Q\p *
00\ O /\% N &\) '\\\\5 . (5\6 9)(0% ‘ 0\(\ ‘\\\0 Q}O ,\\(} \Q)b -\\c}\(\ \(\(\ . O\'@ %Q‘
B " O o eR RP K R
& & é@Q. O @ =
o R





OPS/images/fpls-13-911277-g002.jpg
+/++

++

ot

AtRCA1 Rubisco actlvase CTE
¢ ' imny e | ] Thermostable

B1 l‘ -ll -- _ -
] | Thermosensitive

B2 l - l I -—
SIHsfA2: Activator of heat stress response NES
o R e [ . [l Acclimation
TN et s e | | Immediate response
ges :I

~~~~~~~~~~~~~ NMD (strong HS
y T — (rlrngsieg
OsbZIP58: Promotes rice grain quallty under HS

................. A SN h A bZIP bZIP-C
o B 0 L ,..‘I ,,,,,,,,, N . CTEE  Active
B-1 W '- ...... ...-:I | .] Lower activity
-2 FE - N
AtSGRS5: Promotes negative shoot gravitropism

o ZnF
a IR R N [ | ~> Activator
| Repressor






OPS/images/logo.jpg
’ frontiers | Frontiers in Plant Science





OPS/images/fpls-13-911277-g004.jpg
C

Abundance/activity of splicing regulators

26s proteasome

SF: Splicing factor
SS: Splicing silencer
SE: Splicing enhancer

fmamm

B RNA structure

Intron retention

Recruitment coupling & Histone modification

e Histone-tail PTM

D DNA methylation & Nucleosome occupancy
kinetic coupling

¢ DNA methylation

ps





