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Abstract

:

The central dogma of genetics, which outlines the flow of genetic information from DNA to RNA to protein, has long been the guiding principle in molecular biology. In fact, more than three-quarters of the RNAs produced by transcription of the plant genome are not translated into proteins, and these RNAs directly serve as non-coding RNAs in the regulation of plant life activities at the molecular level. The breakthroughs in high-throughput transcriptome sequencing technology and the establishment and improvement of non-coding RNA experiments have now led to the discovery and confirmation of the biogenesis, mechanisms, and synergistic effects of non-coding RNAs. These non-coding RNAs are now predicted to play important roles in the regulation of gene expression and responses to stress and evolution. In this review, we focus on the synthesis, and mechanisms of non-coding RNAs, and we discuss their impact on gene regulation in plants.






Keywords:


non-coding RNA; biogenesis; growth; regulation; stress












1. Introduction


The current genetic central dogma states that the transmission of genetic information in organisms is multidirectional. Transcription and translation can decode genetic information from DNA to proteins, and the information can also be transferred from RNA to DNA by reverse transcription and replication. Recent studies have pointed out that 98% of the RNAs produced by plants’ DNA transcription are not translated into proteins, which suggests that the genetic information carried by these RNAs is not transmitted in the direction indicated by genetic central dogma [1] (Figure 1). Those RNA molecules which do not encode proteins or have certain biological functions are called non-coding RNAs.



Transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs), which account for many non-coding RNAs, have well-defined functions as translation elements [2]. Therefore, non-coding RNAs can be divided into housekeeping non-coding RNAs, such as constitutively expressed tRNA or rRNA, and non-coding regulatory RNAs that are expressed at specific periods according to their content. The non-coding RNAs featured in this review are non-coding regulatory RNAs.



Non-coding RNAs can be classified into circular RNAs and linear RNAs based on their structure. The length of linear RNAs can be divided into short non-coding RNAs (lengths less than 200 nt), such as microRNA (miRNA), small interfering RNA (siRNA), and long non-coding RNAs (with lengths more than 200 nt) such as long intergenic non-coding RNA (lincRNA) [3,4]. In addition, mRNA-like RNAs also exist, as do long non-coding RNAs without poly-A tails [5]. These different non-coding RNAs play vital roles in transcriptional and post-transcriptional regulation through specific spatial and temporal expression (Figure 1) [6].




2. Biogenesis and Mode of Action


The emergence of non-coding RNAs has enriched the knowledge of the regulation of genetic expression in plants. These RNAs can enhance the adaptability and resistance of plants to environmental changes without altering the expression of genetic information [7,8].



2.1. Biosynthesis and Action Mechanism of microRNAs


MiRNAs are single-stranded molecules 20–24 nt in length that are commonly found in plants. MiRNAs are rigorous in terms of the proteins required for their biogenesis, the composition of the argonaute complex, and the gene regulation model [9]. The synthesis of miRNA can be divided into pri-miRNA, pre-miRNA, and miRNA steps (Figure 2) [10].



The miRNA gene (MIR) located in the intergenic region is transcribed by RNA polymerase II (POLII) to form a pri-miRNA in the nucleus [11]. Partial reverse-repeated base sequences will form an imperfect folded structure through pairing under the catalysis of RNA-binding protein DAWDLE (DDL) [12]. The stable pri-miRNA with a stem–loop structure is then formed under the catalysis of DDL and the nuclear cap-binding complex (CBC), which is formed by cap-binding proteins CBP20 and CBP80 [13]. The expression of MIR genes depends on the recruitment of the POLII through the interaction between transcriptional activators and the transcriptional coactivator mediator [14]. Experiments prove that at least 21 cis-acting elements, including the Goldberg–Hogness box (TATA-box), are overexpressed during transcription of the MIR gene, suggesting that the transcription process of the MIR gene is also regulated by a variety of trans-acting factors [13].



The dicing (D-bodies), which are a combination of the G-patch domain protein TOUGH (TGH), the zinc-finger protein SERRATE (SE) [15], HYPONASTIC LEAVES1 (HYL1/DRB1), C-terminal domain phosphatase-like1 (CPL1), and Dicer-like (DCL) proteins, will excise redundant sequences of 5′ and 3′ ends at the stem base of pri-miRNA to form pre-miRNA [16]. Although pre-miRNA exists for only a short time, this step plays an important role in ensuring accurate cleavage by the DCL protein in the subsequent steps. Studies have shown that DDL participates in the DCL1 complex by forming a fork-related (FHA) domain with a seven-strand β-sandwich structure at its carboxyl end. The residue of this domain is specifically recognized by the conserved phosphate-threonine binding cleft [17]. TGH binds to the region of single-stranded RNA, SE protein binds to pri-miRNA, and HYL1/DRB1 binds to the junction of single- and double-stranded RNA. TGH interacts with the transcription factor TATA-box binding protein 2 to enhance the activity of DCL1 in pri-miRNA processing, while also affecting the ability of HYL1 to bind to RNA. SE can maintain the low phosphorylation state of HYL1 by recruiting CPL1 and working with HYL1, thereby improving the cleavage accuracy of pri-miRNA by DCL1. The association between transcription mechanisms and components of miRNA processing suggests that D-bodies are determinants of the recruitment and maintenance of the active structure of the DCL protein and that pri-miRNA processing may be synergistic [13].



The pre-miRNA stem-loops are sheared by DCL protein along the base at 21 nt intervals to form double-stranded RNA (dsRNA) consisting of a miRNA* chain and a miRNA chain with 2-nucleotide 3′ overhangs [18]. A pre-miRNA can be recognized and cleaved by multiple DCLs, and different DCL family members produce different lengths of miRNAs. DCL1 and DCL4 produce 21 nt miRNAs, while DCL2 and DCL3 produce 22 nt and 24 nt longs miRNAs, respectively [19]. The length of the miRNA depends on the intramolecular spacing of the RNase III active site in the DCL protein and the 3′ overhang of the binding site in the PAZ domain [13].



The 3′ terminal nucleotides of miRNA/miRNA* (guide strand/passenger strand) duplex are methylated by a methyltransferase HEN1 to prevent uridylation and degradation. The miRNA/miRNA* duplex is then transported to the cytoplasm by HASTY (HST), where it can associate with an RNA-induced silencing complex (RISC) containing ARGONAUTE 1 (AGO1) proteins. These proteins regulate gene silencing by mRNA cleavage and translational repression [20]. The 5′ terminus of the guide strand is located at the less stably base-pairing end of the miRNA/miRNA* duplex. Due to this feature, the guide strand is recognized by the dissociated AGO protein and captured to form RISC [21,22] (Figure 2). Experiments have shown a reduction in only a small amount of miRNA accumulation in HST-deficient mutant plants, suggesting the existence of another HST-independent miRNA export pattern [23].



The other passenger chain is degraded by the SMALL RNA NUCLEASE protein (SDN) and the non-canonical poly (A) polymerase HEN1 SUPPRESSOR1 protein (HESO1) [24]. SDN1 has 3′-5′ exonuclease activity, is inhibited by 3′ oligouridylation, and prefers to cut short single strands. HESO1 can add a 3′ oligouridylate tail to unmethylated miRNAs, thereby marking them for degradation, and the activity of HESO1 is entirely inhibited by 2′-O-methylation of its substrates. Plant miRNAs possess a 2′-O-methyl group on each nucleotide’s ribose residue, which protects them from uridylation by HESO1. However, recent studies indicate that nucleotidyl transferase HESO1 can uridylate unmethylated miRNAs in Arabidopsis thaliana (Arabidopsis). Therefore, in addition to the SDN1 and HESO1 enzymes, other enzymes involved in the 3′ to 5′ degradation of uridylated miRNAs may contribute to the degradation of the passenger strand [25].



An example of a process regulated by miRNAs is flower development, which can be divided into three stages: flower meristem formation, flower organ differentiation, and sex differentiation [26]. At each stage of flower development, miRNAs regulate the expression of flowering genes at post-transcriptional and translational levels.



When the flowering genes are sufficiently expressed in the plant, the shoot apical meristem forms the floral meristem [26]. During this process, AGO10 and MIR165/166 will interact to specifically release CLASS III HOMEODOMAIN LEUCINE ZIPPER (HD-ZIP III) gene expression and maintain proper apical meristem development [27]. The floral meristem then forms floral organ primordia under the influence of various miRNAs that regulate the expression of floral organ recognition genes. This is a crucial step in flower development, as it determines the boundaries between various flower organs, and miRNAs play a key role in forming different flower organs. MiR164 affects sepal and leaf formation by regulating the NAC domain family of transcription factors (TFs) containing Cuc1 and Cuc2 genes [28]. Experiments showed that miR164-deficient functional mutants formed additional petals. Overexpression of miR164 in Solanum lycopersicum resulted in dysplastic floral organ and leaf development. Besides that, miR164 was also expressed at the highest level in crop plants, including Solanum lycopersicum, Vitis vinifera L. and Citrus sinensis [29]. After the organs are fully differentiated, the floral organs will further develop and undergo sexual differentiation, producing stamens and pistils [26].



Compared with post-transcriptional regulation, translational regulation seems more widespread in plants. In the absence of significant changes in mRNA quantity, miRNA regulation on gene expression is insensitive to AGO1 cleavage inhibition and results in significant changes in protein quality. This suggests that after RISC binds to a target mRNA, more mRNAs enter the endoplasmic reticulum (ER) and bind to ribosomes. ALTERED MERISTEM PROGRAM 1 (AMP1) (Figure 2) is present in the ER and is involved in miRNA-mediated translation repression processes at the protein level, such as inhibiting translation initiation, hindering ribosome motility, or promoting ribosome shedding. This also demonstrates that the functional role of the ER in the miRNA-mediated translational inhibition [30].




2.2. Biosynthesis and Action Mechanism of siRNAs


The origin of siRNAs (~20–30 nt), is derived directly from viruses, transposons, or transgene triggers and is considered exogenous and endogenous (Figure 3) [22,24]. Exogenous siRNA is derived from viral RNA in plants after virus infection [31]. RNA-dependent RNA polymerases (RdRP) may recognize and use these abnormal RNAs as templates to synthesize antisense RNAs and form dsRNAs. DCL2/3/4 then processes these dsRNAs to generate 22, 24, and 21 nt primary vsiRNAs, which are subsequently amplified by RNA-dependent RNA polymerase (RDR) and loaded into AGO to form RISCs (Figure 3A) [32].



Evidence supports that endogenous siRNAs include phased small interfering RNAs (phasiRNAs), heterochromatic siRNAs (het-siRNAs), trans-acting siRNAs (tasiRNAs), and natural antisense siRNAs (natsiRNAs), which could be originated from endogenous sequences, including transposons, repetitive elements, or tandem repeats in plants and aim to cleave target RNAs [33,34,35,36]. TasiRNAs, one of the products of small RNA interactions, are generated when a transcript is cleaved by a complex constituted by miRNA and AGO1. This process will recruit SUPPRESSOR OF GENE SILENCING 3 (SGS3) and RDR6 to duplicate the transcript and generate dsRNAs through RDR6 with the assistance of SGS3 [6,37]. The dsRNAs are then cleaved and methylated by DCL and HEN1 to be processed into 21 nt tasiRNA, which combines with AGO1 to cleave the target RNA (Figure 3B) [38].



The biogenesis of phasiRNA is related to miRNA, which mediates the cleavage of AGO protein from the 3′ end to single-stranded RNA precursor, which is converted to dsRNA by RDR protein [39], and then processed into 21 or 24 nt phasiRNA by DCL protein. When mRNA contains two miRNA target sites, only one site is cleaved (usually at the 3′ terminal site) and the mRNA is then cleaved continuously by DCL to produce a 21 or 24 nt phasiRNA (Figure 3C) [40].



NatsiRNAs, on the other hand, are produced by natural antisense transcripts (NATs) through the cleavage of DCL1/2/3 in the presence of RDR [41], SGS3, and DNA-directed RNA polymerase IV subunit 1 (NRPD1). NATs are formed by two complementary RNA strands that are separately transcribed and can be divided into cis-NAT and trans-NAT, depending on their genomic source. Cis-NAT is transcribed from the same genomic locus, and forms a fully complementary dsRNA. While trans-NAT constitutes highly complementary dsRNAs, transcribed from two distant genomic sites. NatsiRNAs can be further divided into 21 and 24 nt cis-natsiRNAs or trans-natsiRNAs, depending on the origin of NATs [42] (Figure 3D).



According to current knowledge of the RNA-directed DNA methylation (RdDM) pathway, the biogenesis of het-siRNA is dependent on RNA polymerase IV (POLIV) [43], RDR2 [44], and DCL3 (mainly) [45]. Het-siRNA is commonly loaded into AGO4 and leads to inhibitory chromatin modification and transcriptional gene silencing, which is crucial for transposition element silencing, stress response, and genome stability [46]. The SAWADEE HOMEODOMAIN HOMOLOGUE 1 (SHH1) protein interacts with chromatin at the RNA polymerase V transcription site, recruiting POLIV to promote siRNA biosynthesis (Figure 3E) [47]. Additionally, AGO4 binds to 24 nt het-siRNA and facilitates the classical RdDM pathway in a non-redundant manner [48,49].



The synthesis of siRNAs can be divided into the following steps. (1) Various DCL enzymes [50] catalyze dsRNAs with RNase family ribonuclease activity to generate two siRNA double strands with 5′ phosphoric and 3′ hydroxyl groups, each strand contains 3′ two-nucleotide overhangs (represented by blue lines). (2) The 3′ end of guide and passenger strand of siRNA are methylated by a reaction catalyzed by HEN1 [51]. (3) AGO protein [52] binds to guide strand of siRNA to form the argonaute-small RNA complex—RISC [53], and the passenger strand is then released from RISC, cleaved and degraded. (4) Mature RISCs assemble in the cytoplasm and perform biological functions (Figure 3).



Studies have shown that more than 70% of the siRNA within a plant cell are 24 nt heterochromatic siRNAs which do not cleave target mRNA nor act at the post-transcriptional level [22]. However, other functional siRNAs are more inclined to cleave target mRNA at transcription and post-transcriptional levels, thereby leading to gene silencing in gene expression regulation. This gene silencing is also called RNAi [54]. In the canonical RNAi pathway, a few dsRNA molecules can induce strong RNAi reactions [55]. RNA-induced silencing complex guided by siRNA (si-RISC) recognizes target mRNA through base-complementary pairing. It is worth noting that full-sequence complementarity is not always necessary for binding, as imperfect annealing and incomplete base-complementary pairing are allowed. The si-RISC cleaves mRNA into fragments with the PIWI domain, which possesses catalytic activity in the AGO protein [22,54,56]. The reorganization and cleavage of RISC are precise: si-RISC effectively identifies and cuts target RNAs with broad complementarity, specifically at positions between t10 and t11 (Figure 3F) [57]. Exonucleases will further degrade part of the small fragments, and the other part will become the precursor of secondary siRNA [58]. However, in some cases, highly purified RISCs cannot cleave their target mRNAs in a multi-conversion manner, suggesting the presence of external factors that promote RISC and product release, possibly driven by ATP hydrolysis (Figure 3G) [59]. Studies have shown whether the secondary siRNAs are produced by tasiRNAs through a unique miRNA-dependent mechanism or by the interaction between lincRNAs and miRNAs [60,61], nearly all secondary siRNAs correspond to antisense strands of primary dsRNA-targeted mRNAs, which contain 5′ di- or triphosphate groups.




2.3. Biosynthesis and Action Mechanism of circRNAs


The circRNAs are another type of endogenous non-coding RNAs with a covalently closed-loop structure [62]. As the first detected circular RNAs were viroids, circRNAs have ever been thought of as faulty cuts or by-products of the transcription [63]. However, with advances in high-throughput sequencing technologies, an increasing number of circRNAs have been shown to regulate transcription, alternative splicing, and other biological processes. The unique closed-loop structure makes circRNAs more stable than linear non-coding RNAs and less easily degraded by ribonuclease. Studies have shown that circRNAs have a much longer half-life than linear RNAs [64]. Therefore, circRNAs can remain in cells for a longer duration and continuously regulate biological processes. This is of great significance in plants’ adaptation to and co-evolution with the environment.



Unlike siRNAs and miRNAs, which are formed by linear splicing, circRNAs are formed by covalently connecting the downstream 3′ donor splice site to the upstream 5′ receptor splice site via reverse splicing mediated by complementary base pairing [65]. The formation of circRNAs relies on cleavage sites provided by complementary or reverse complementary, direct repeat sequence (DR) or reverse repeat sequence (IR) in introns and splicing action of the spliceosome (Figure 4A). This results in the generation of circRNAs and exon-skipping linear RNAs, which will either be directly degraded or translated into a truncated protein different from the native protein [66]. Therefore, according to different splicing sites of reverse cleavage, the formation of circRNAs can be divided into two models: the reverse splicing model and the intermediate lasso model [67]. The formed circRNAs are divided into exonic circRNA, intronic circRNA (Figure 4B), exon–intron circRNA, intron–exon circRNA (Figure 4C), UTR circRNA, UTR–exon circRNA, UTR–intron circRNA, intergenic circRNA, intergenic–genic circRNA, and across circRNA [68]. The remaining sequences will form linear RNA, and it will form a longer linear RNA when an exon is short (Figure 4D). However, recent studies have verified that at least 30–40 nt lengths of reverse complementary repeats (RCRs) in introns are sufficient to form circRNAs [69]. The 103 nt RCR can even improve circRNA biogenesis efficiency by a factor of 1.3 [70], suggesting that the flanking intron sequences are unnecessary for circRNA biogenesis. The stable and unique closed-loop structure generated by various pathways enables circRNAs to function in cells.



Circular RNAs in cells regulate gene expression at the transcriptional level in two ways. The first inhibitory regulation prevents binding between transcriptionally formed linear RNA and DNA, resulting in the strong binding of the circRNA to the target DNA site to form a hybrid DNA:RNA structure [63], which directly suspends transcription (Figure 4E). For example, circSEP3 transcribed from the Arabidopsis SEPALLATA3 gene binds much more strongly to homologous DNA than to linear RNAs of the same sequence. Therefore, a circRNA:DNA structure is formed to suspend transcription and form alternatively spliced SEP3 mRNA with exon skipping [71]. Another type of activated regulation is indirect regulation through the competitive binding of circRNAs to regulators such as miRNAs (Figure 4F) to reduce target mRNA cleavage and maintain a normal transcription [72].



High-throughput sequencing and bioinformatics analysis have revealed the presence of circular RNAs in mature fruits. Many different circRNAs are specifically expressed at different fruit ripening stages [73]. CircRNAs are also explicitly expressed in the fruit ripening stage of different plants, such as Arabidopsis, Oryza sativa. Their sequence similarities indicate that the expression of circRNAs is ubiquitous in cells at different stages and is conserved as specific expression patterns in different species [72].



CircRNAs are also induced under various abiotic and biotic stresses, such as low temperature, high temperature or nutrient deficiency. The first circRNA produced under biotic stress was discovered in pathogen-infected Arabidopsis plants [74]. Subsequently, at low temperatures, 475 differentially expressed circRNAs were identified in grape leaves. CircRNAs enhanced cold tolerance in Arabidopsis by regulating the expression of the CSD2, PRXCA, PME41, LOX3, and WRKY48 genes [75]. CircRNAs are also acting as signaling molecules to affect the process of cellular communication and as biomarkers for studying the physiological activities and regulatory patterns of plant cell responses to environmental stress (Figure 4F) [63].




2.4. Biosynthesis and Action Mechanism of lincRNAs


The lincRNAs are a class of non-coding RNAs with a length of more than 200 nt. Their sequences have low conservation between different species and are widely involved in plant growth and stress responses [76,77]. Their biosynthesis is similar to mRNA synthesis and requires POLII to initiate catalytic transcription with the help of TFs. Some lincRNAs can also be transcribed by RNA polymerase III, and a few lincRNAs in plants are produced by the plant-specific POLIV and V [77].



Unlike mRNA transcribed from the corresponding gene, lincRNA transcription sites are variable. Therefore, according to the position of the lincRNAs in the genome relative to adjacent protein-coding genes, lincRNAs can be divided into sense lincRNAs (Figure 5A) and antisense lincRNAs (Figure 5B), which are the same or complementary to one (or more) exons of protein-coding genes at the overlapping position. Bidirectional lincRNAs (Figure 5C) [78] are expressed simultaneously with encoded transcripts on opposite strands. Intronic lincRNA (incRNA, Figure 5D) are derived from introns of protein-coding genes; large intergenic lincRNA [77] and enhancer lincRNAs (eRNAs, Figure 5E) are derived from the enhancer region of protein-coding genes. The transcriptional localization of lincRNA at different genomic locations suggests the following mechanism by which lincRNA regulates the gene expression [79].



	
Decoys (Figure 5F): Transcriptional lincRNAs regulate gene expression by binding RBPs; this is the main regulation mechanism of lincRNA. RBPs bound by lincRNA could be TFs, chromatin modifiers, or other regulatory factors, while lincRNAs have no other function. LincRNAs conforming to this regulatory mechanism not only bind to RBPs required for standard transcription of mRNA but also play a negative regulatory role in the promoter region by forming complexes with RBPs to prevent normal transcription of mRNA. Deletion of lincRNA will result in a rescued phenotype [80]. However, some lincRNAs act as decoys in plants but increase gene expression. Those lincRNAs are usually intergenic, contain multiple coding genes, have long sequences like mRNA, and post-transcriptionally have multiple miRNA-binding sites. Therefore, these lincRNAs are also called endogenous competing RNAs. They act as “sponges” to competitively bind miRNAs and indirectly regulate the expression of miRNA target genes by removing their inhibitory effect [81]. This mode of action is found in the stress response and fruit development. As miRNA targets, IPS1, the first lincRNA as decoys, has a region partially complementary to miR399 and sequesters miR399 to reduce the availability of free miR399 for degradation and inhibiting complete silencing of PHO2 mRNA [82]. LNC1 and LNC2 indirectly affect the expression of SPL9 and MYB114 genes, which are initial targets of miRNA, thereby controlling anthocyanin biosynthesis during fruit ripening [83].



	
Guides (Figure 5G): LincRNA regulates gene expression by recruiting proteins to bind directly or by forming complexes with proteins and then binding target gene-specific sites, which can be a neighboring gene or a remote gene [80]. Predicting this regulation from the sequence of lincRNA is difficult, but lincRNA allows local changes in chromosome structure to have local effects (cis) and distant effects (trans). Regardless of whether it is cis or trans, the principle is the same: gene expression is controlled by changing the structure state of chromosomes to transmit regulatory information to control gene expression, resulting in epigenome variations. In fact, lincRNAs such as AIR and eRNAs, transcribed from promoters or enhancers, regulate gene expression in cis. For example, COLD ASSISTED INTRONIC NONCODING RNA (COLDAIR) and COOL ASSISTED INTRONIC NONCODING RNA (COOLAIR) in Arabidopsis recruit the protein complex Poly-comb Repressive Complex 2 (PRC2) to the FLOWERING LOCUS C (FLC). H3K27 methyltransferase modification changes the chromatin structure of FLC under the action of PRC2, inhibits the expression of FLC, and regulates flowering time [84]. This epigenetic transcriptional silencing profoundly affects the spatiotemporal specific expression of plant genes under stress.



	
Scaffolds (Figure 5H): Scaffold complexes composed of proteins have traditionally been considered as assembly sites and essential components of the biological macromolecule [79]. Recent studies have shown that lincRNAs can also serve as central platforms for the assembly of related molecules, critical for precise control of intermolecular interactions and specificity of signal transduction [85]. Using lincRNA as a scaffold, different or identical proteins can aggregate to form a ribonucleic protein complex lincRNA-RNP. LincRNA-RNPs affect the target gene histone modifications in the cis (or trans) group by binding TFs to activate or inhibit gene expression by recruiting chromatin modification enzymes [79].



	
Signals (Figure 5I): Gene expression is spatiotemporally specific. Plants express different genes at different times and places under different environmental stimuli. Transcription of lincRNA also occurs at specific times and locations as lincRNA synthesis is closely related to the mRNA transcription [86]. Therefore, lincRNAs can act as molecular signals. When lincRNAs are recognized by TFs, the proteins and other factors involved in the regulatory process will initiate positive or negative regulation of genes to regulate gene expression, thereby simplifying the identification of the chromatin state of regulatory elements. Moreover, harnessing RNA as a signaling molecule for gene regulation can expedite the development of stress resistance in plants, allowing them to swiftly adapt to natural pressures and thrive in their surroundings with enhanced efficiency. This regulation is independent of the recognition and catalysis of transcriptionally produced proteins. For example, cold causes epigenetic silencing of the FLC [87], resulting in the activation of the COLDAIR promoter in the first intron of the FLC gene. COLDAIR is transcribed along the sense strand of the FLC intron and acts as a signaling molecule to recruit PRC2 to methylate FLC histone, repress FLC expression, and provide plants with the flowering ability [88].








3. Conclusions and Future Perspectives


With the discovery and identification of many non-coding RNAs, the identification and understanding of non-coding RNAs are growing. The discovery and study of non-coding RNA explain the high number of repetitive sequences in plant genomes, and they explain the phenomenon that more than three-quarters of transcripts do not encode. This also confirms that non-coding RNAs play an irreplaceable key role in regulating gene expression, laying the foundation for plant adaptation to the environment and coordinated evolution with the environment.



Here, we have reviewed the regulation of gene expression by non-coding RNAs at different stages of plant growth and development. The regulation of gene expression by non-coding RNA is multi-level, multi-factored, and multi-pathed. Meanwhile, the regulation of gene expression by different non-coding RNAs is also an interactive and co-regulated process rather than an independent process. Plant non-coding RNAs, by far, are poorly studied compared to those of animals and lack sufficient experimental and functional validation. The coding ability of non-coding RNAs and their roles in plant growth and development (such as leaf senescence, flower development, fruit ripening and response to biotic and abiotic stresses) may be major research topics for non-coding RNAs in plants. These topics still require extensive whole-transcriptome sequencing and functional validation. In addition, the differences between plant and animal non-coding RNAs will also be an interesting topic worthy of further exploration.







Author Contributions


Z.W. and X.Z. conceived the manuscript; X.Z. drafted and wrote the manuscript; K.-J.L. revised and edited the manuscript; X.Z., M.D. and K.-J.L. designed, organized, and diagrammed figures; Z.W. and Z.Y. acquired funding. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by grants from the Key Research and Development Project of Zhejiang Province (2021C02054), the Ministry of Science and Technology High-end Foreign Expert Introduction Program (G2021016035L), Key Scientific and Technological Grant of Zhejiang for Breeding New Agricultural Varieties (2021C02066-12), “Pioneer” and “Leading Goose” R&D Program of Zhejiang (2022C02009), National Key Research and Development Program of China (2022YFD2200402).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank Qin Tao and the members of Wang Zhengjia’s lab for their assistance and suggestions on the manuscript.




Conflicts of Interest


The authors declare no conflict of interest, the funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Rai, M.I.; Alam, M.; Lightfoot, D.A.; Gurha, P.; Afzal, A.J. Classification and experimental identification of plant long non-coding RNAs. Genomics 2019, 111, 997–1005. [Google Scholar] [CrossRef] [PubMed]

	



Takeda, A.; Watanabe, Y. Small RNA world in plants. Tanpakushitsu Kakusan Koso 2006, 51, 2463–2470. [Google Scholar] [PubMed]

	



Morris, K.V.; Mattick, J.S. The rise of regulatory RNA. Nat. Rev. Genet. 2014, 15, 423–437. [Google Scholar] [CrossRef]

	



Chekanova, J.A. Long non-coding RNAs and their functions in plants. Curr. Opin. Plant Biol. 2015, 27, 207–216. [Google Scholar] [CrossRef]

	



Zhou, M.; Law, J.A. RNA Pol IV and V in gene silencing: Rebel polymerases evolving away from Pol II’s rules. Curr. Opin. Plant Biol. 2015, 27, 154–164. [Google Scholar] [CrossRef] [PubMed]

	



Arikit, S.; Zhai, J.; Meyers, B.C. Biogenesis and function of rice small RNAs from non-coding RNA precursors. Curr. Opin. Plant Biol. 2013, 16, 170–179. [Google Scholar] [CrossRef]

	



Rincón-Riveros, A.; Morales, D.; Rodríguez, J.A.; Villegas, V.E.; López-Kleine, L. Bioinformatic Tools for the Analysis and Prediction of ncRNA Interactions. Int. J. Mol. Sci. 2021, 22, 11397. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.; Zhang, Y.; Chen, X.; Chen, Y. Plant Noncoding RNAs: Hidden Players in Development and Stress Responses. Annu. Rev. Cell Dev. Biol. 2019, 35, 407–431. [Google Scholar] [CrossRef]

	



Voinnet, O. Origin, biogenesis, and activity of plant microRNAs. Cell 2009, 136, 669–687. [Google Scholar] [CrossRef]

	



Achkar, N.P.; Cambiagno, D.A.; Manavella, P.A. miRNA Biogenesis: A Dynamic Pathway. Trends Plant Sci. 2016, 21, 1034–1044. [Google Scholar] [CrossRef]

	



Stepien, A.; Knop, K.; Dolata, J.; Taube, M.; Bajczyk, M.; Barciszewska-Pacak, M.; Pacak, A.; Jarmolowski, A.; Szweykowska-Kulinska, Z. Posttranscriptional coordination of splicing and miRNA biogenesis in plants. Wiley Interdiscip. Rev. RNA 2017, 8, e1403. [Google Scholar] [CrossRef]

	



Yu, B.; Bi, L.; Zheng, B.; Ji, L.; Chevalier, D.; Agarwal, M.; Ramachandran, V.; Li, W.; Lagrange, T.; Walker, J.C.; et al. The FHA domain proteins DAWDLE in Arabidopsis and SNIP1 in humans act in small RNA biogenesis. Proc. Natl. Acad. Sci. USA 2008, 105, 10073–10078. [Google Scholar] [CrossRef]

	



Rogers, K.; Chen, X. Biogenesis, turnover, and mode of action of plant microRNAs. Plant Cell 2013, 25, 2383–2399. [Google Scholar] [CrossRef]

	



Kim, Y.J.; Zheng, B.; Yu, Y.; Won, S.Y.; Mo, B.; Chen, X. The role of Mediator in small and long noncoding RNA production in Arabidopsis thaliana. Embo J. 2011, 30, 814–822. [Google Scholar] [CrossRef]

	



Bajczyk, M.; Lange, H.; Bielewicz, D.; Szewc, L.; Bhat, S.S.; Dolata, J.; Kuhn, L.; Szweykowska-Kulinska, Z.; Gagliardi, D.; Jarmolowski, A. SERRATE interacts with the nuclear exosome targeting (NEXT) complex to degrade primary miRNA precursors in Arabidopsis. Nucleic Acids Res. 2020, 48, 6839–6854. [Google Scholar] [CrossRef]

	



Manavella, P.A.; Hagmann, J.; Ott, F.; Laubinger, S.; Franz, M.; Macek, B.; Weigel, D. Fast-forward genetics identifies plant CPL phosphatases as regulators of miRNA processing factor HYL1. Cell 2012, 151, 859–870. [Google Scholar] [CrossRef]

	



Machida, S.; Yuan, Y.A. Crystal structure of Arabidopsis thaliana Dawdle forkhead-associated domain reveals a conserved phospho-threonine recognition cleft for dicer-like 1 binding. Mol. Plant 2013, 6, 1290–1300. [Google Scholar] [CrossRef]

	



Margis, R.; Fusaro, A.F.; Smith, N.A.; Curtin, S.J.; Watson, J.M.; Finnegan, E.J.; Waterhouse, P.M. The evolution and diversification of Dicers in plants. FEBS Lett. 2006, 580, 2442–2450. [Google Scholar] [CrossRef]

	



Li, S.; Xu, R.; Li, A.; Liu, K.; Gu, L.; Li, M.; Zhang, H.; Zhang, Y.; Zhuang, S.; Wang, Q.; et al. SMA1, a homolog of the splicing factor Prp28, has a multifaceted role in miRNA biogenesis in Arabidopsis. Nucleic Acids Res. 2018, 46, 9148–9159. [Google Scholar] [CrossRef]

	



Cambiagno, D.A.; Giudicatti, A.J.; Arce, A.L.; Gagliardi, D.; Li, L.; Yuan, W.; Lundberg, D.S.; Weigel, D.; Manavella, P.A. HASTY modulates miRNA biogenesis by linking pri-miRNA transcription and processing. Mol. Plant 2021, 14, 426–439. [Google Scholar] [CrossRef]

	



Eamens, A.L.; Smith, N.A.; Curtin, S.J.; Wang, M.B.; Waterhouse, P.M. The Arabidopsis thaliana double-stranded RNA binding protein DRB1 directs guide strand selection from microRNA duplexes. Rna 2009, 15, 2219–2235. [Google Scholar] [CrossRef]

	



Carthew, R.W.; Sontheimer, E.J. Origins and Mechanisms of miRNAs and siRNAs. Cell 2009, 136, 642–655. [Google Scholar] [CrossRef]

	



Gonzalo, L.; Tossolini, I.; Gulanicz, T.; Cambiagno, D.A.; Kasprowicz-Maluski, A.; Smolinski, D.J.; Mammarella, M.F.; Ariel, F.D.; Marquardt, S.; Szweykowska-Kulinska, Z.; et al. R-loops at microRNA encoding loci promote co-transcriptional processing of pri-miRNAs in plants. Nat. Plants 2022, 8, 402–418. [Google Scholar] [CrossRef]

	



Yu, Y.; Jia, T.; Chen, X. The ‘how’ and ‘where’ of plant microRNAs. New Phytol. 2017, 216, 1002–1017. [Google Scholar] [CrossRef]

	



Singh, A.; Gautam, V.; Singh, S.; Sarkar Das, S.; Verma, S.; Mishra, V.; Mukherjee, S.; Sarkar, A.K. Plant small RNAs: Advancement in the understanding of biogenesis and role in plant development. Planta 2018, 248, 545–558. [Google Scholar] [CrossRef]

	



Waheed, S.; Zeng, L. The Critical Role of miRNAs in Regulation of Flowering Time and Flower Development. Genes 2020, 11, 319. [Google Scholar] [CrossRef]

	



Liu, Q.; Yao, X.; Pi, L.; Wang, H.; Cui, X.; Huang, H. The ARGONAUTE10 gene modulates shoot apical meristem maintenance and establishment of leaf polarity by repressing miR165/166 in Arabidopsis. Plant J. 2009, 58, 27–40. [Google Scholar] [CrossRef]

	



Adam, H.; Marguerettaz, M.; Qadri, R.; Adroher, B.; Richaud, F.; Collin, M.; Thuillet, A.C.; Vigouroux, Y.; Laufs, P.; Tregear, J.W.; et al. Divergent expression patterns of miR164 and CUP-SHAPED COTYLEDON genes in palms and other monocots: Implication for the evolution of meristem function in angiosperms. Mol. Biol. Evol. 2011, 28, 1439–1454. [Google Scholar] [CrossRef]

	



Takada, S.; Hibara, K.; Ishida, T.; Tasaka, M. The CUP-SHAPED COTYLEDON1 gene of Arabidopsis regulates shoot apical meristem formation. Development 2001, 128, 1127–1135. [Google Scholar] [CrossRef]

	



Ding, N.; Zhang, B. microRNA production in Arabidopsis. Front. Plant. Sci. 2023, 14, 1096772. [Google Scholar] [CrossRef]

	



Leonetti, P.; Miesen, P.; van Rij, R.P.; Pantaleo, V. Viral and subviral derived small RNAs as pathogenic determinants in plants and insects. Adv. Virus Res. 2020, 107, 1–36. [Google Scholar] [CrossRef]

	



Garcia-Ruiz, H.; Takeda, A.; Chapman, E.J.; Sullivan, C.M.; Fahlgren, N.; Brempelis, K.J.; Carrington, J.C. Arabidopsis RNA-dependent RNA polymerases and dicer-like proteins in antiviral defense and small interfering RNA biogenesis during Turnip Mosaic Virus infection. Plant Cell 2010, 22, 481–496. [Google Scholar] [CrossRef]

	



Moldovan, D.; Spriggs, A.; Dennis, E.S.; Wilson, I.W. The hunt for hypoxia responsive natural antisense short interfering RNAs. Plant Signal. Behav. 2010, 5, 247–251. [Google Scholar] [CrossRef]

	



Jiang, P.; Lian, B.; Liu, C.; Fu, Z.; Shen, Y.; Cheng, Z.; Qi, Y. 21-nt phasiRNAs direct target mRNA cleavage in rice male germ cells. Nat. Commun. 2020, 11, 5191. [Google Scholar] [CrossRef]

	



Xie, Z.; Johansen, L.K.; Gustafson, A.M.; Kasschau, K.D.; Lellis, A.D.; Zilberman, D.; Jacobsen, S.E.; Carrington, J.C. Genetic and functional diversification of small RNA pathways in plants. PLoS Biol. 2004, 2, E104. [Google Scholar] [CrossRef]

	



Xie, J.; Yang, X.; Song, Y.; Du, Q.; Li, Y.; Chen, J.; Zhang, D. Adaptive evolution and functional innovation of Populus-specific recently evolved microRNAs. New Phytol. 2017, 213, 206–219. [Google Scholar] [CrossRef]

	



Peragine, A.; Yoshikawa, M.; Wu, G.; Albrecht, H.L.; Poethig, R.S. SGS3 and SGS2/SDE1/RDR6 are required for juvenile development and the production of trans-acting siRNAs in Arabidopsis. Genes Dev. 2004, 18, 2368–2379. [Google Scholar] [CrossRef]

	



Yang, X.; You, C.; Wang, X.; Gao, L.; Mo, B.; Liu, L.; Chen, X. Widespread occurrence of microRNA-mediated target cleavage on membrane-bound polysomes. Genome Biol. 2021, 22, 15. [Google Scholar] [CrossRef]

	



Tian, P.; Zhang, X.; Xia, R.; Liu, Y.; Wang, M.; Li, B.; Liu, T.; Shi, J.; Wing, R.A.; Meyers, B.C.; et al. Evolution and diversification of reproductive phased small interfering RNAs in Oryza species. New Phytol. 2021, 229, 2970–2983. [Google Scholar] [CrossRef]

	



Axtell, M.J.; Jan, C.; Rajagopalan, R.; Bartel, D.P. A two-hit trigger for siRNA biogenesis in plants. Cell 2006, 127, 565–577. [Google Scholar] [CrossRef]

	



Yu, D.; Meng, Y.; Zuo, Z.; Xue, J.; Wang, H. NATpipe: An integrative pipeline for systematical discovery of natural antisense transcripts (NATs) and phase-distributed nat-siRNAs from de novo assembled transcriptomes. Sci. Rep. 2016, 6, 21666. [Google Scholar] [CrossRef]

	



Zhang, X.; Xia, J.; Lii, Y.E.; Barrera-Figueroa, B.E.; Zhou, X.; Gao, S.; Lu, L.; Niu, D.; Chen, Z.; Leung, C.; et al. Genome-wide analysis of plant nat-siRNAs reveals insights into their distribution, biogenesis and function. Genome Biol. 2012, 13, R20. [Google Scholar] [CrossRef]

	



Zhai, J.; Bischof, S.; Wang, H.; Feng, S.; Lee, T.F.; Teng, C.; Chen, X.; Park, S.Y.; Liu, L.; Gallego-Bartolome, J.; et al. A One Precursor One siRNA Model for Pol IV-Dependent siRNA Biogenesis. Cell 2015, 163, 445–455. [Google Scholar] [CrossRef]

	



Kasschau, K.D.; Fahlgren, N.; Chapman, E.J.; Sullivan, C.M.; Cumbie, J.S.; Givan, S.A.; Carrington, J.C. Genome-wide profiling and analysis of Arabidopsis siRNAs. PLoS Biol. 2007, 5, e57. [Google Scholar] [CrossRef]

	



Henderson, I.R.; Zhang, X.; Lu, C.; Johnson, L.; Meyers, B.C.; Green, P.J.; Jacobsen, S.E. Dissecting Arabidopsis thaliana DICER function in small RNA processing, gene silencing and DNA methylation patterning. Nat. Genet. 2006, 38, 721–725. [Google Scholar] [CrossRef]

	



Matzke, M.A.; Mosher, R.A. RNA-directed DNA methylation: An epigenetic pathway of increasing complexity. Nat. Rev. Genet. 2014, 15, 394–408. [Google Scholar] [CrossRef]

	



Law, J.A.; Du, J.; Hale, C.J.; Feng, S.; Krajewski, K.; Palanca, A.M.; Strahl, B.D.; Patel, D.J.; Jacobsen, S.E. Polymerase IV occupancy at RNA-directed DNA methylation sites requires SHH1. Nature 2013, 498, 385–389. [Google Scholar] [CrossRef]

	



Duan, C.G.; Zhang, H.; Tang, K.; Zhu, X.; Qian, W.; Hou, Y.J.; Wang, B.; Lang, Z.; Zhao, Y.; Wang, X.; et al. Specific but interdependent functions for Arabidopsis AGO4 and AGO6 in RNA-directed DNA methylation. Embo J. 2015, 34, 581–592. [Google Scholar] [CrossRef]

	



Wang, F.; Axtell, M.J. AGO4 is specifically required for heterochromatic siRNA accumulation at Pol V-dependent loci in Arabidopsis thaliana. Plant J. 2017, 90, 37–47. [Google Scholar] [CrossRef]

	



Wang, Q.; Xue, Y.; Zhang, L.; Zhong, Z.; Feng, S.; Wang, C.; Xiao, L.; Yang, Z.; Harris, C.J.; Wu, Z.; et al. Mechanism of siRNA production by a plant Dicer-RNA complex in dicing-competent conformation. Science 2021, 374, 1152–1157. [Google Scholar] [CrossRef]

	



Yang, Z.; Ebright, Y.W.; Yu, B.; Chen, X. HEN1 recognizes 21-24 nt small RNA duplexes and deposits a methyl group onto the 2′ OH of the 3′ terminal nucleotide. Nucleic Acids Res. 2006, 34, 667–675. [Google Scholar] [CrossRef]

	



Singh, R.K.; Pandey, S.P. Evolution of structural and functional diversification among plant Argonautes. Plant Signal. Behav. 2015, 10, e1069455. [Google Scholar] [CrossRef]

	



Borges, F.; Martienssen, R.A. The expanding world of small RNAs in plants. Nat. Rev. Mol. Cell Biol. 2015, 16, 727–741. [Google Scholar] [CrossRef]

	



Fang, X.; Qi, Y. RNAi in Plants: An Argonaute-Centered View. Plant Cell 2016, 28, 272–285. [Google Scholar] [CrossRef]

	



Meister, G.; Tuschl, T. Mechanisms of gene silencing by double-stranded RNA. Nature 2004, 431, 343–349. [Google Scholar] [CrossRef]

	



Agrawal, N.; Dasaradhi, P.V.; Mohmmed, A.; Malhotra, P.; Bhatnagar, R.K.; Mukherjee, S.K. RNA interference: Biology, mechanism, and applications. Microbiol. Mol. Biol. Rev. 2003, 67, 657–685. [Google Scholar] [CrossRef]

	



Iwakawa, H.O.; Tomari, Y. Life of RISC: Formation, action, and degradation of RNA-induced silencing complex. Mol. Cell 2022, 82, 30–43. [Google Scholar] [CrossRef]

	



Liu, Y.; Teng, C.; Xia, R.; Meyers, B.C. PhasiRNAs in Plants: Their Biogenesis, Genic Sources, and Roles in Stress Responses, Development, and Reproduction. Plant Cell 2020, 32, 3059–3080. [Google Scholar] [CrossRef]

	



Tomari, Y.; Zamore, P.D. Perspective: Machines for RNAi. Genes Dev. 2005, 19, 517–529. [Google Scholar] [CrossRef]

	



Allen, E.; Xie, Z.; Gustafson, A.M.; Carrington, J.C. microRNA-directed phasing during trans-acting siRNA biogenesis in plants. Cell 2005, 121, 207–221. [Google Scholar] [CrossRef]

	



Song, X.; Li, P.; Zhai, J.; Zhou, M.; Ma, L.; Liu, B.; Jeong, D.H.; Nakano, M.; Cao, S.; Liu, C.; et al. Roles of DCL4 and DCL3b in rice phased small RNA biogenesis. Plant J. 2012, 69, 462–474. [Google Scholar] [CrossRef]

	



Rybak-Wolf, A.; Stottmeister, C.; Glažar, P.; Jens, M.; Pino, N.; Giusti, S.; Hanan, M.; Behm, M.; Bartok, O.; Ashwal-Fluss, R.; et al. Circular RNAs in the Mammalian Brain Are Highly Abundant, Conserved, and Dynamically Expressed. Mol. Cell 2015, 58, 870–885. [Google Scholar] [CrossRef]

	



Guria, A.; Sharma, P.; Natesan, S.; Pandi, G. Circular RNAs-The Road Less Traveled. Front. Mol. Biosci. 2019, 6, 146. [Google Scholar] [CrossRef]

	



Mumtaz, P.T.; Taban, Q.; Dar, M.A.; Mir, S.; Haq, Z.U.; Zargar, S.M.; Shah, R.A.; Ahmad, S.M. Deep Insights in Circular RNAs: From biogenesis to therapeutics. Biol. Proced. Online 2020, 22, 10. [Google Scholar] [CrossRef]

	



Kristensen, L.S.; Andersen, M.S.; Stagsted, L.V.W.; Ebbesen, K.K.; Hansen, T.B.; Kjems, J. The biogenesis, biology and characterization of circular RNAs. Nat. Rev. Genet. 2019, 20, 675–691. [Google Scholar] [CrossRef]

	



Barrett, S.P.; Wang, P.L.; Salzman, J. Circular RNA biogenesis can proceed through an exon-containing lariat precursor. eLife 2015, 4, e07540. [Google Scholar] [CrossRef]

	



Ashwal-Fluss, R.; Meyer, M.; Pamudurti, N.R.; Ivanov, A.; Bartok, O.; Hanan, M.; Evantal, N.; Memczak, S.; Rajewsky, N.; Kadener, S. circRNA biogenesis competes with pre-mRNA splicing. Mol. Cell 2014, 56, 55–66. [Google Scholar] [CrossRef]

	



Chu, Q.; Bai, P.; Zhu, X.; Zhang, X.; Mao, L.; Zhu, Q.H.; Fan, L.; Ye, C.Y. Characteristics of plant circular RNAs. Brief Bioinform. 2020, 21, 135–143. [Google Scholar] [CrossRef]

	



Ivanov, A.; Memczak, S.; Wyler, E.; Torti, F.; Porath, H.T.; Orejuela, M.R.; Piechotta, M.; Levanon, E.Y.; Landthaler, M.; Dieterich, C.; et al. Analysis of intron sequences reveals hallmarks of circular RNA biogenesis in animals. Cell Rep. 2015, 10, 170–177. [Google Scholar] [CrossRef]

	



Starke, S.; Jost, I.; Rossbach, O.; Schneider, T.; Schreiner, S.; Hung, L.H.; Bindereif, A. Exon circularization requires canonical splice signals. Cell Rep. 2015, 10, 103–111. [Google Scholar] [CrossRef]

	



Conn, V.M.; Hugouvieux, V.; Nayak, A.; Conos, S.A.; Capovilla, G.; Cildir, G.; Jourdain, A.; Tergaonkar, V.; Schmid, M.; Zubieta, C.; et al. A circRNA from SEPALLATA3 regulates splicing of its cognate mRNA through R-loop formation. Nat. Plants 2017, 3, 17053. [Google Scholar] [CrossRef]

	



Ye, C.Y.; Chen, L.; Liu, C.; Zhu, Q.H.; Fan, L. Widespread noncoding circular RNAs in plants. New Phytol. 2015, 208, 88–95. [Google Scholar] [CrossRef]

	



Tan, J.; Zhou, Z.; Niu, Y.; Sun, X.; Deng, Z. Identification and Functional Characterization of Tomato CircRNAs Derived from Genes Involved in Fruit Pigment Accumulation. Sci. Rep. 2017, 7, 8594. [Google Scholar] [CrossRef]

	



Sun, X.; Wang, L.; Ding, J.; Wang, Y.; Wang, J.; Zhang, X.; Che, Y.; Liu, Z.; Zhang, X.; Ye, J.; et al. Integrative analysis of Arabidopsis thaliana transcriptomics reveals intuitive splicing mechanism for circular RNA. FEBS Lett. 2016, 590, 3510–3516. [Google Scholar] [CrossRef]

	



Gao, Z.; Li, J.; Luo, M.; Li, H.; Chen, Q.; Wang, L.; Song, S.; Zhao, L.; Xu, W.; Zhang, C.; et al. Characterization and Cloning of Grape Circular RNAs Identified the Cold Resistance-Related Vv-circATS1. Plant Physiol. 2019, 180, 966–985. [Google Scholar] [CrossRef]

	



Mercer, T.R.; Dinger, M.E.; Mattick, J.S. Long non-coding RNAs: Insights into functions. Nat. Rev. Genet. 2009, 10, 155–159. [Google Scholar] [CrossRef]

	



Ponting, C.P.; Oliver, P.L.; Reik, W. Evolution and functions of long noncoding RNAs. Cell 2009, 136, 629–641. [Google Scholar] [CrossRef]

	



Lucero, L.; Fonouni-Farde, C.; Crespi, M.; Ariel, F. Long noncoding RNAs shape transcription in plants. Transcription 2020, 11, 160–171. [Google Scholar] [CrossRef]

	



Wang, K.C.; Chang, H.Y. Molecular mechanisms of long noncoding RNAs. Mol. Cell 2011, 43, 904–914. [Google Scholar] [CrossRef]

	



Hung, T.; Chang, H.Y. Long noncoding RNA in genome regulation: Prospects and mechanisms. RNA Biol. 2010, 7, 582–585. [Google Scholar] [CrossRef]

	



Furió-Tarí, P.; Tarazona, S.; Gabaldón, T.; Enright, A.J.; Conesa, A. spongeScan: A web for detecting microRNA binding elements in lncRNA sequences. Nucleic Acids Res. 2016, 44, W176–W180. [Google Scholar] [CrossRef]

	



Ajmera, I.; Shi, J.; Giri, J.; Wu, P.; Stekel, D.J.; Lu, C.; Hodgman, T.C. Regulatory feedback response mechanisms to phosphate starvation in rice. NPJ Syst. Biol. Appl. 2018, 4, 4. [Google Scholar] [CrossRef]

	



Zhang, G.; Chen, D.; Zhang, T.; Duan, A.; Zhang, J.; He, C. Transcriptomic and functional analyses unveil the role of long non-coding RNAs in anthocyanin biosynthesis during sea buckthorn fruit ripening. DNA Res. 2018, 25, 465–476. [Google Scholar] [CrossRef]

	



Swiezewski, S.; Liu, F.; Magusin, A.; Dean, C. Cold-induced silencing by long antisense transcripts of an Arabidopsis Polycomb target. Nature 2009, 462, 799–802. [Google Scholar] [CrossRef]

	



Good, M.C.; Zalatan, J.G.; Lim, W.A. Scaffold proteins: Hubs for controlling the flow of cellular information. Science 2011, 332, 680–686. [Google Scholar] [CrossRef]

	



Wang, D.; Qu, Z.; Yang, L.; Zhang, Q.; Liu, Z.H.; Do, T.; Adelson, D.L.; Wang, Z.Y.; Searle, I.; Zhu, J.K. Transposable elements (TEs) contribute to stress-related long intergenic noncoding RNAs in plants. Plant J. 2017, 90, 133–146. [Google Scholar] [CrossRef]

	



Xu, C.; Wu, Z.; Duan, H.C.; Fang, X.; Jia, G.; Dean, C. R-loop resolution promotes co-transcriptional chromatin silencing. Nat. Commun. 2021, 12, 1790. [Google Scholar] [CrossRef]

	



Kim, D.H.; Xi, Y.; Sung, S. Modular function of long noncoding RNA, COLDAIR, in the vernalization response. PLoS Genet. 2017, 13, e1006939. [Google Scholar] [CrossRef]








[image: Ijms 24 10664 g001 550] 





Figure 1. The central dogma and plant non-coding RNAs. As the primary transcription product, plant non-coding RNA transmits genetic information through biological macromolecules and plays a direct role in or outside the cell. Non-coding RNAs range from housekeeping RNAs that differ in expression and function to regulatory RNAs specifically expressed to help plants respond to changes in different habitats. Housekeeping RNAs consist of tRNAs and rRNAs, while regulatory RNAs can be categorized into circular RNA (circRNA), long intergenic non-coding RNA (lincRNA), microRNA (miRNA), and small interfering RNA (siRNA) according to different categories. The arrows represent the direction of biological process. M7G, a modification that a methyl group is added to the N7 position of guanine (G) of mRNA. 
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Figure 2. The biosynthesis and mechanism of micro RNAs (miRNAs). Many factors, such as transcription factors, mediators, and other protein complexes, affect the transcription of miRNA genes. Transcription factors (TFs) mediate POLII catalysis to unravel the miRNA gene (MIR). MIR is transcribed into stable pri-miRNA with stem-loop structure under the catalysis of DDL and CBC. TGH, SE, HYL1/DRB1, CPL1, and DCL proteins form a complex (D-body). DCL protein excises redundant sequences at the 5′ and 3′ terminals of the pri-miRNA stem base to form pre-miRNA. The DCL protein continues to cleave upward along the stem base of the pre-miRNA to form two complementary short double-stranded RNAs (dsRNAs). DsRNAs are methylated by HEN1 dsRNA terminal nucleotides and transported to the cytoplasm by HST. In the cytoplasm, SDN and HESO1 protein degrade one strand of dsRNA, while the other strand binds to AGO in RISC to form mature RISC. The fully functional RISC binds to the mRNA target sites under the guidance of miRNA and uses endonuclease activity to cleave the target mRNA. RISC can also prevent ribosome movement or promote ribosome shedding by binding mRNA to AMP1 on the endoplasmic reticulum. The RNA of the sheared mRNA fragment is degraded by an exonuclease and forms secondary small RNA. AMP1, ALTERED MERISTEM PROGRAM 1; CBC, nuclear cap-binding complex; CPL1, C-TERMINAL DOMAIN PHOSPHATASE-LIKE1; DCL, Dicer-like Protein; DDL, the phosphothreonine binding forkhead-associated domain protein DAWDLE; ER, endoplasmic reticulum; HESO1, the non-canonical poly (A) polymerase HEN1 SUPPRESSOR1; HYL1, HYPONASTIC LEAVES 1; m7G, a modification that a methyl group is added to the seventh N position of guanine (G) of mRNA; NOT2a/b, homologous proteins of the animal CCR4-NOT complex component NOT; POLII, RNA polymerase II; RDR6, RNA-dependent RNA polymerase 6; SDN, SMALL RNA DEGRADING NUCLEASE; SE, the zinc-finger protein SERRATE; TF, transcription factors; TGH, G-patch domain protein TOUGH. 
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Figure 3. The biogenesis and mechanism of small interfering RNAs (siRNAs). The biogenesis and mechanism of siRNAs begin with the cleavage of nucleic acid, RISC formation and product release. The exogenous dsRNAs from virus infection in the cytoplasm are cleaved by DCL to form vsiRNA and combined with a member of the AGO protein family to form a mature RISC (A). In the cytoplasm, the cleavage of the transcript by miRNA and AGO1 recruits SGS3 and RDR6. The RDR6 replicated SGS3 catalyzes transcript to form dsRNA, which will be cleaved by DCL and methylated by HEN1 to form a 21 nt tasiRNA that will bind to AGO1 to form a mature complex RISC (B). Under the co-catalysis of RDR, DCL and HEN1, the nucleic acid fragments produced by the miRNA-mediated mRNA cleavage process are transformed into 21 or 24 nt phasiRNA (C). Catalyzed by RDR, SGS3 and NRPD1, DCL1/2/3 cleaves NATs to produce 21 and 24 nt NatsiRNAs (D). After catalytic and cleavage by POLIV, RDR2 and DCL, 24 nt het-siRNAs load into AGO4 protein, which induced inhibitory chromatin modification and transcription gene silencing. In addition, SHH1 protein can recruit POLIV to synthesize siRNA at the transcription site of POLV (E). Mature RISC recognizes complementary target RNAs and cleaves them at positions between t10 and t11 (F). In some cases, highly purified RISCs cannot cleave their target mRNAs in a multi-conversion manner, suggesting the presence of external factors possibly driven by ATP hydrolysis (G). AGO, argonaute protein family; ATP, adenosine triphosphate; DCL, Dicer-like protein family; dsRNA, double-stranded RNA; HEN1, methyltransferase; het-siRNA, heterochromatic siRNA; m7G, a modification that a methyl group is added to the seventh N position of guanine (G) of mRNA; NATs, natural antisense transcripts; natsiRNA, natural antisense siRNA; NRPD1, DNA-directed RNA polymerase IV subunit 1; phasiRNA, phased small interfering RNA; POLIV, RNA polymerase IV; POLV, RNA polymerase V; RDR, RNA-dependent RNA polymerase; RdRP, RNA-dependent RNA polymerases; RISC, RNA-induced silencing complex; SGS3, SUPPRESSOR OF GENE SILENCING 3; SHH1, SAWADEE HOMEODOMAIN HOMOLOGUE 1; tasiRNA, trans-acting siRNA. 
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Figure 4. The biosynthesis and mechanism of circular RNAs (circRNAs). Different splicing of pre-mRNA produces different types and functions of circRNA. Exonic and intronic circRNAs are formed after pre-mRNA is cleaved at exon ends and flanking sequences containing long introns (multiple RBPS and IR or DR) (A). Cleavage of both ends of an exon at the pre-mRNA will result in the formation of linear RNA, exonic circRNA, and intronic circRNA (B). Exon–intron circRNA and intron–exon circRNA are generated when the cleavage initiation or termination site occurs within an exon of the pre-mRNA (C). When the exon of pre-mRNA is short, the longer linear RNA and exon circular RNA can be formed from the remaining sequences (D). The generated circRNA types have different functions; for example, exonic circRNAs can directly hybridize with target DNA to form a DNA:RNA structure, preventing the linear RNA formed by transcription from binding to DNA, resulting in transcriptional pause (E). CircRNAs can also act as miRNA sponges to regulate gene expression indirectly (F). CircRNAs have certain coding abilities and can also be translated into proteins (G). DR, direct repeat sequence; IR, reverse repeat sequence; RBP, RNA binding protein. 
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Figure 5. The biosynthesis and mechanism of long intergenic non-coding RNAs (lincRNAs). The synthesis of lincRNAs is similar to mRNA, in which DNA is transcribed into precursor RNA sequences catalyzed by TFs and RNA polymerase and transported to the cytoplasm for modification to perform different functions. LincRNAs can be classified according to different nuclear transcription sites: sense, antisense, bidirectional, intronic, and enhancer lincRNAs (A–E). The lincRNAs have several functions, such as decoy (F), where lincRNAs bind RNA-binding proteins (RBPs) to regulate gene expression. The lincRNAs can be a guide (G) to regulate gene expression by recruiting proteins to bind directly or form complexes with proteins that then bind to target gene-specific sites. The lincRNAs can act as a scaffold (H) by constituting the assembly sites of biological macromolecules and the necessary components for their function. Moreover, lincRNA can act as a molecular signal (I) to regulate gene expression at a specific time. m7G, a modification that a methyl group is added to the seventh N position of guanine (G) of mRNA; POLII, RNA polymerase II; POLIII, RNA polymerase III; POLIV, RNA polymerase IV; POLV, RNA polymerase V; TF, transcription factor. 
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