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Abstract

:

RNA silencing pathways control eukaryotic gene expression transcriptionally or posttranscriptionally in a sequence-specific manner. In RNA silencing, the production of double-stranded RNA (dsRNA) gives rise to various classes of 20–24 nucleotide (nt) small RNAs (smRNAs). In Arabidopsis thaliana, smRNAs are often derived from long dsRNA molecules synthesized by one of the six genomically encoded RNA-dependent RNA Polymerase (RDR) proteins. However, the full complement of the RDR-dependent smRNAs and functions that these proteins and their RNA-binding cofactors play in plant RNA silencing has not been fully uncovered. To address this gap, we performed a global genomic analysis of all six RDRs and two of their cofactors to find new substrates for RDRs and targets of the resulting RDR-derived siRNAs to uncover new functions for these proteins in plants. Based on these analyses, we identified substrates for the three RDRγ clade proteins (RDR3–5), which had not been well-characterized previously. We also identified new substrates for the other three RDRs (RDR1, RDR2, and RDR6) as well as the RDR2 cofactor RNA-directed DNA methylation 12 (RDM12) and the RDR6 cofactor suppressor of gene silencing 3 (SGS3). These findings revealed that the target substrates of SGS3 are not limited to those solely utilized by RDR6, but that this protein seems to be a more general cofactor for the RDR family of proteins. Additionally, we found that RDR6 and SGS3 are involved in the production of smRNAs that target transcripts related to abiotic stresses, including water deprivation, salt stress, and ABA response, and as expected the levels of these mRNAs are increased in rdr6 and sgs3 mutant plants. Correspondingly, plants that lack these proteins (rdr6 and sgs3 mutants) are hypersensitive to ABA treatment, tolerant to high levels of PEG8000, and have a higher survival rate under salt treatment in comparison to wild-type plants. In total, our analyses have provided an extremely data-rich resource for uncovering new functions of RDR-dependent RNA silencing in plants, while also revealing a previously unexplored link between the RDR6/SGS3-dependent pathway and plant abiotic stress responses.
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1. Introduction


With 71% of the world’s population currently experiencing water scarcity [1] and the projected increase in human population to 12.3 billion people by 2100 [2], there is an urgent need to develop crops that can survive under stressful conditions to meet the future demand for food. In order to achieve this goal, a better understanding of the mechanisms that allow plants to survive in extreme conditions is required. The plant hormone abscisic acid (ABA) is a major regulator of plant response to abiotic stresses. Exogenous ABA treatment, a method universally applied to mimic abiotic stresses, causes stomata closure and induces the expression of stress-responsive genes [3,4]. Previous studies reported that small RNAs (smRNAs) can regulate the ABA signaling pathway and play critical roles in the stress tolerance of Arabidopsis thaliana (hereafter Arabidopsis) [5]. However, some of the proteins involved in the synthesis of these populations of smRNAs are still unknown.



In eukaryotes, smRNAs are characterized as noncoding RNAs that are usually 20–24 nucleotides (nt) long [6]. In plants, the two main classes of smRNAs are microRNAs (miRNAs) and short interfering RNAs (siRNAs), and are differentiated from one another based on their biogenesis, targets, and mechanisms of action [4]. The function of plant siRNAs is to posttranscriptionally regulate the abundance of transcripts encoding proteins involved in various processes. including the regulation of plant development, defense against biotic stresses, and response to abiotic conditions [7]. To date, three major subtypes of siRNAs have been identified in plant transcriptomes. These three classes are heterochromatic siRNAs (hc-siRNAs), trans-acting siRNAs (ta-siRNAs), and natural antisense siRNAs (nat-siRNAs). In eukaryotes, biogenesis of all classes of siRNAs begins with the formation of a dsRNA precursor, which is typically synthesized from a single-stranded RNA (ssRNA) template by an RDR [8,9]. The resulting dsRNAs are cleaved into siRNAs by a Dicer-like (DCL) protein, of which there are four (DCL1–4) in Arabidopsis. The produced siRNAs are then incorporated into an Argonaute (AGO) protein (10 in Arabidopsis), resulting in the formation of an RNA-induced silencing complex (RISC). The siRNA-bound RISC (siRISC) complex then targets coding or noncoding sites in RNA target molecules through complementary base-pairing interactions between the bound siRNA and the target transcript. This ultimately results in the silencing of these target loci through transcriptional gene silencing (TGS) and/or posttranscriptional gene silencing (PTGS) mechanisms [10,11].



RDRs are important RNA silencing components found in viruses, plants, and Caenorhabditis elegans, while most animals have lost their RDRs during evolution [12]. Arabidopsis contains six RDRs (named RDR1–6) that are classified into two different clades based on the amino acid motif of their catalytic domain. RDR1, RDR2, and RDR6 make up the RDRα clade that shares the C-terminal canonical DLDGD amino acid motif, while the RDRγ clade consists of RDR3–5 that have an atypical DFDGD motif [13]. Plant RDR proteins are involved in various processes, including pathogen defense, development, and abiotic stress responses [8]. For instance, RDR1 is involved in the production of virus-derived siRNAs and plays an important role in plant defense against viral infection [14,15]. RDR2 is involved in the biogenesis of 24 nt heterochromatic siRNAs (hsiRNAs) and is the only RDR protein that functions in the RNA-directed DNA methylation (RdDM) pathway that facilitates heterochromatin formation through DNA methylation and histone modifications [10]. Through this pathway, RDR2-produced hsiRNAs interfere with the development of female gametophytes in Arabidopsis [16]. During the production of hsiRNAs, RNA-directed DNA methylation 12 (RDM12), which has XS/coiled-coil domains, binds to dsRNA with 5′ overhangs and works as a cofactor for RDR2 [17]. No specific RNA silencing functions have yet been assigned to the RDR3–5proteins, even though they are evolutionarily conserved and are present in other plant genomes, including rice (Oryza sativa) and tomato (Solanum lycopersicum) [12,18]. RDR6 plays a major role in the production of trans-acting siRNAs (ta-siRNAs) and natural antisense siRNAs (nat-siRNAs) [11,19]. These siRNAs silence genes that participate in the processes of plant development, reproduction, and stress responses. The production of siRNAs by RDR6 occurs in conjunction with its cofactor SGS3, which has a similar protein structure and function to RDM12.



RDR6 is the best-characterized plant RDR and has the most-known functions and widest range of substrates among these proteins. For instance, ta-siRNAs, which are usually 21–22 nt long, are produced exclusively by RDR6 and SGS3 from trans-acting siRNA (TAS) generating loci [11]. There are four known TAS loci in Arabidopsis, of which TAS3 has been the most studied. The process of ta-siRNA biogenesis starts with the transcription of TAS3 into primary TAS3 (pri-TAS3) transcripts by RNA polymerase II. These pri-TAS3 RNAs are then recognized by miR390 at two distinct sites, where the 3′ recognition site is cleaved by AGO7 RISC. RDR6, with the help of SGS3, binds to the 5′ fragment of the cleavage product and synthesizes a dsRNA that is further processed by DCL4 to generate 21 nt ta-siRNAs [20,21]. Some of the well-known targets of these 21 nt ta-siRNAs are from an auxin response factor (ARF) family of transcription factors (e.g., ARF3) and are involved in the leaf development and phase change in Arabidopsis [11,22].



While the RDR proteins are known to be conserved in plants, fungi, and C. elegans, SGS3 is a plant-specific protein. SGS3 has three defined protein domains: a zinc-binding domain, an XS domain that specifically binds to RNA, and a coiled-coil domain that mediates protein–protein interactions [23,24]. Although it has long been suggested that SGS3 functions to stabilize cleaved RNA fragments during dsRNA formation, the precise role of SGS3 in smRNA biogenesis is still not defined [25]. Previous studies showed the 3′ fragments of the cleaved pri-TAS RNA product are quickly degraded in sgs3 mutants [26], and SGS3, RDR6, as well as AGO7 all colocalize in small interfering bodies [27]. In total, these findings suggest that SGS3 stabilizes and protects pri-TAS RNA cleavage products. A more recent study showed that the cleavage event is not required for ta-siRNA production, casting doubt on the necessity of SGS3 during this process. However, the function of ta-siRNA production is largely impaired from a noncleavable TAS3 construct in sgs3 knockout mutants, indicating the role for SGS3 in this processing goes beyond stabilization/protection [25]. Furthermore, previous evidence showed that SGS3 is required for RDR1-dependent silencing of eceriferum 3 (CER3), a gene involved in wax biosynthesis [28], which suggests a role for SGS3 in facilitating RDR1 function. If SGS3 has substrates outside of those used by RDR6 they have not been comprehensively interrogated.



To better understand the roles of the six Arabidopsis RDRs in smRNA biosynthesis on a transcriptome-wide scale, we employed a global search for endogenous RDR substrates and targets of RDR-dependent smRNAs. Sequencing of smRNA (smRNA-seq) and total RNA (RNA-seq) was performed in mutants of the six RDR proteins (rdr1–6) as well as sgs3 and rdm12 mutants to identify genomic loci that require the various RDRs, SGS3, or RDM12 for subsequent smRNA processing or transcriptional/posttranscriptional regulation. A list of well-characterized substrates was also found in this study, serving as a validation for the quality of our findings. Furthermore, this study introduces an unexplored link between SGS3 and RDR6 in the regulation of plant abiotic stress response, as well as evidence that SGS3 shares substrates of other Arabidopsis RDR proteins.




2. Materials and Methods


2.1. Plant Material and Growth Conditions


Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used as the wild-type control for all studies. The other genotypes used in these analyses were CS24285 (rdr6–11) and CS24289 (sgs3–11) and were previously described [11], all other mutant lines, including CS66077 (rdr1–1), CS66076 (rdr2–1), SALK_071908 (rdr3–1), SALK_088276 (rdr4–1), SALK_132667 (rdr5–1), and SALK_152144 (rdm12–1), were obtained from the Arabidopsis Biological Resource Center (ABRC, Ohio State University). All plants used in this study were grown in growth chambers under long day conditions (16 h light and 8 h dark photoperiods) at 22 °C. For sampling, unopened flower buds were extracted from 30-day-old soil-grown plants of all genetic backgrounds.




2.2. Library Preparation


Sequencing libraries were prepared for smRNA-seq and total RNA-seq as previously described [29,30]. For gel-mediated size selection of library inserts, small RNAs (15–50 nt) were selected using high-percentage (15%) denaturing acrylamide gels. Following a limited RNA fragmentation reaction, 140–250 nt RNA fragments were purified using acrylamide gels for total RNA samples that were purified from Arabidopsis 30-day-old unopened flower buds. The resulting sequencing libraries were sequenced on an Illumina HiSeq2000 using the 50 nt single-end sequencing protocol as per manufacturer’s instructions (Illumina Inc.; San Diego, CA, USA).




2.3. Sequencing Read Processing and Alignment


Some of the sequencing libraries were sequenced more than once to achieve greater sequencing depth. Multiple runs for each library were pooled by concatenating FASTQ files. For reads with small inserts, often the 3′ sequencing adapter was included in the resulting sequencing reads. These adapter sequences were trimmed using cutadapt [31]. Trimmed and untrimmed reads were separately mapped to the Arabidopsis genome (TAIR10) using TopHat [32,33], an aligner which takes into account splice junctions. Reads that could not be trimmed or mapped were discarded. Two mismatches per read and a maximum edit distance of two were allowed. One hundred alignments per read was allowed due to the repetitive nature of some RDR substrates.




2.4. Read Count Computation


The number of reads that mapped to Arabidopsis transcripts and genomic bins were counted separately. Reads aligning to each transcript were counted using HTSeq [34] in a strand-specific manner, separating the read counts that aligned to the sense and antisense sequences. Genomic bins were generated by partitioning the genome into unbiased 500 nt bins. The number of reads mapping to each genomic bin was counted using bedtools [35].




2.5. Differential Abundance Analysis and RDR Substrate Calling


Differential abundance analysis between Col-0 and each of the mutant genotypes was computed using the R package edgeR [36] for all library types. Features were considered to be putative RDR substrates if they had a decrease in smRNA levels of at least 33% with a false discovery rate (FDR) below 0.1. The significantly more abundant transcripts in RNA-seq with a p-value < 0.05 as calculated by edgeR [36] were considered as RNA substrates or the targets of their smRNAs and used as the input for the gene ontology (GO) analyses.




2.6. Size Classification of smRNAs


Trimmed smRNA-seq reads were used as a proxy for intact smRNAs. For each genotype, the set of putative RDR substrate genomic bins was intersected with the smRNAs in Col-0. These were classified by length and 5′ nucleotide.




2.7. Gene Ontology (GO) Analysis


For each of the genotypes, TAIR10 gene IDs of the transcripts were inputted into DAVID [37] or agriGO [38] and lists of all genes in each mutant with a count number equal or greater than one were used as reference backgrounds.




2.8. Target Prediction and Analysis


The set of all trimmed smRNA-seq reads before mapping to a reference genome was computed for total read count, differential abundance, and hit-calling analyses. Any smRNAs with a level decrease of at least 33% with an FDR below 0.05 were used to query psRNATarget [39] for target sites among the set of Arabidopsis transcripts, excluding miRNAs.




2.9. ABA treatment


Seeds were surface-sterilized using a 30% bleach and 0.1% Tween-20 solution for 10 min and washed three times with sterile water. These sterilized seeds were planted on Murashige and Skoog (MS) medium plates and incubated at 4 °C for 48 h, then transferred to a growth chamber at 22 °C under long day conditions (16 h light, 8 h dark) for two days. After two days, germinated seedlings were transferred to MS plates supplemented with 0, 0.5, 1, 5, or 10 μM ABA. Root length was measured after five days of growth in the absence or presence of ABA treatment.




2.10. NaCl Treatment


Seeds were sterilized as described above. The sterilized seeds for germination experiments were planted on MS plates supplemented with 0 or 200 mM NaCl and incubated at 4 °C for 48 h, then transferred to a growth chamber at 22 °C under long day conditions (16 h light, 8 h dark) for seven days before analysis. The sterilized seeds for the root elongation experiment were planted on MS plates and incubated at 4 °C for 48 h, then transferred to a growth chamber at 22 °C under long day conditions (16 h light, 8 h dark) for two days. After two days, germinated seedlings were transferred to MS plates supplemented with 0 or 200 mM NaCl. Root length was measured after five days of growth in the absence or presence of NaCl treatment.




2.11. PEG8000 Treatment


Seeds were sterilized as described above. One filter paper was soaked into one petri plate with 2 mL sterile water. Seeds were then planted on the filter paper, incubated at 4 °C for two days, followed by 22 °C in a growth chamber for two days. Germinated seedlings were incubated in 15 mL water or 20% PEG8000 solution for 2 days.





3. Results


3.1. Analysis of Putative Arabidopsis RDR Substrates


To identify the potential smRNA-producing substrates of the six Arabidopsis RDRs, we performed smRNA-seq on 15–50 nt RNAs from 30-day-old Arabidopsis thaliana ecotype Columbia-0 (hereafter Col-0) unopened flower bud tissue and plants containing null alleles for each RDR gene (rdr1–6 mutants) as well as rdm12 and sgs3 mutants. The prepared smRNA-seq libraries were sequenced and provided 50–160 mln mapped reads per library. TopHat [32,33] was used to map trimmed smRNA reads to TAIR10 annotated transcripts, including genes and transposons, and the number of smRNA reads aligning to each transcript was counted using HTSeq [34]. To determine reproducibility, we used the counts per million mapped reads (CPM) of Arabidopsis transcripts from HTseq in the R package edgeR [36] and found that the biological replicates of smRNA-seq from each genotype are highly correlated (all R2 values > 0.9) (Figure S1), indicating the high quality and reproducibility of our sequencing libraries. Using the R package edgeR [36], we identified annotated transcripts and transposons where smRNA-seq read counts were significantly different for the knockout mutant plants compared to Col-0. In all eight mutants tested (rdr1–6, sgs3, and rdm12) we identified a number of transcripts that had a significant decrease (smRNA abundance down by 0.33, FDR < 0.05; Chi-square test) in smRNA read counts as compared to in Col-0 flower buds (Table 1). These loci with significant decreases in smRNA abundance were interpreted as putative smRNA-producing RDR substrates in Arabidopsis.



To further investigate the functional significance of each RDR and their cofactors, the number of putative substrates that are associated with each of these proteins was analyzed. Interestingly, we noticed that many of the putative RDR substrates had a significant loss of smRNAs being processed from both strands of the genome (including those not used by RNA Polymerase II (Pol II)) (Table 1), which serves as direct evidence that antisense transcripts produced by RDRs can be used as direct templates for smRNA biogenesis as well as the transcripts transcribed by Pol II. From our sequencing data, RDR2 was found to have the greatest number of putative substrates among the six RDRs in Arabidopsis, including 12,488 substrates on the sense strand and 2302 substrates on the antisense strand. Among all RDR2 substrates, nearly 76% (9536 substrates) of these RNAs are annotated as transposon or transposable elements (Supplemental Table S1). This finding is consistent with the fact that hsiRNAs, which are produced from heterochromatin and transposable elements by RDR2, are the most abundant smRNA population in the cell [10]. To characterize what processes are regulated by RDR2, we performed a Gene Ontology (GO) analysis using DAVID [37] on transcripts that were interpreted as putative RDR2 substrates. We found that these substrates were involved in the regulation of the ubiquitination pathway, plant biotic defense, and sugar metabolic process (Table S1). As a cofactor of RDR2, RDM12 should process similar substrates for smRNA biogenesis. Indeed, RDM12 shares 96.8% of its substrates (240 total substrates) with RDR2, while also leaving 98% of RDR2 putative substrates (12,275 substrates) that are not shared by RDM12, indicating RDR2 has functions in the absence of this cofactor protein.



We also searched for putative substrates that can be processed by RDR1. The identified substrates suggested that RDR1 may be involved in abiotic stress response as the smRNAs processed from HOS10 (AT1G35515), a gene whose protein product is involved in responses to various abiotic stresses, and a gene from the SAUR-like auxin-responsive protein family named SAUR43 (AT5G42410) were lost in rdr1 mutants (Figure S2) [40,41]. We next investigated the putative substrates of the three γ RDRs, RDR3–5. We identified a single putative RDR3 substrate (AT1TE61180), and this one RNA also overlapped with putative substrates of both RDR4 and RDR5 (Table 2). Interestingly, RDR4 is involved in processing putative substrates, such as MLP31 (AT1G70840), XAL1 (AT1G71692), and ABH1 (AT2G13540), which affect the protein abundance increase under SA treatment, plant phase transition, and ABA signaling, respectively [42,43,44]. The finding that smRNAs can be processed from the ABH1 transcript provides a new and additional link between PTGS and the important plant hormone ABA. Additionally, we uncovered putative RDR5 substrates, such as PEN3 (AT1G59870), which is involved in the response to biotic stresses [45]. These findings suggest that RDR4 and RDR5 may be involved in processes such as the response to biotic and/or abiotic stresses. In addition, RDR4 and RDR5 share 26 putative substrates that fall into both annotated genes and transposable elements, suggesting that they may share some similar functions and/or function somewhat redundantly (Table 2). In total, although there is some overlap in substrates, the unique substrates of the γ clade RDRs suggests they have functional significance to plant PTGS.



We next studied putative substrates that are dependent on RDR6 and/or SGS3 for their processing into smRNAs. We identified most of the previously discovered substrates in this analysis, including auxin response factors (ARFs), auxin signaling F-boxes (AFBs), pentatricopeptide repeat (PPR) superfamily transcripts, and tetratricopeptide (TPR) superfamily mRNAs [11,46,47] (Table S1). Furthermore, most of the TAS loci showed significantly lower abundance of smRNAs in both rdr6 and sgs3 mutants compared with Col-0, consistent with the role of RDR6 and SGS3 in ta-siRNA biogenesis. In total, these results provided internal validation of our smRNA-seq library quality and the ability of our approach to identify bona fide RDR substrates. In addition, this analysis revealed that RDR6 and SGS3 share other putative substrates, such as HAIRY MERISTEM1 (HAM1), HAM3 and TCP transcription factor genes (TCP2–4, TCP10) (Figure S2), which are involved in plant development, suggesting new regulatory roles for RDR6 and SGS3 in this process [48,49,50]. Intriguingly, we found that 88% of the total SGS3 substrates do not overlap with those of RDR6, suggesting that SGS3 likely has independent functions, such as facilitating other RDRs, including those from the γ clade (Table 2). In fact, we found overlap of SGS3-dependent substrates with those of RDR1, RDR2, RDR4, and RDR5 in addition to those shared with RDR6. We also found a large number (78.8%) of SGS3-dependet 24 nt smRNAs are also dependent on RDR2 for their processing. Thus, SGS3 is likely an RNA binding cofactor for most of the Arabidopsis RDRs, but not required for the processing of all putative substrates for each RDR. More focus should be given to define RDR substrates that do and do not require SGS3 in the future.




3.2. Small RNA Breakdown Associated with Each Arabidopsis RDR


To investigate the smRNA populations associated with each of the RDRs and the two cofactors that were profiled (SGS3 and RDM12), we divided the Arabidopsis genome into unbiased 500 nt genomic bins, and smRNA-seq reads from the biological replicates of Col-0 were mapped to these genomic bins. These mapped smRNAs in Col-0 were used as a reference to identify the smRNAs that demonstrated a decrease in rdr1–6, rdm12, or sgs3 mutant plants. To achieve this, we counted smRNA enrichment or loss in each of the genotypes based on smRNA length and 5′ nucleotide (Figure 1). Previous work has demonstrated that the 24 nt smRNAs with a 5′ adenosine bias are the most abundant smRNA class in Col-0, whereas 21 nt smRNAs tend to have a significant uridine bias as the terminal 5′ nucleotide in this genotype [51]. We focused first on the smRNAs that were lost in the absence of RDR6 function (rdr6 mutant). As expected, we found that a large proportion of 21–22 nt smRNAs with 5′ adenosine bias was lost in the rdr6 mutant, indicating RDR6 plays a crucial role in the biogenesis of this smRNA population. We also found that the smRNA populations that are decreased in sgs3 mutant plants look very similar to the total population of Col-0 smRNAs, where 24 nt smRNAs are most affected followed by those that are 21 nt in length. This pattern of less abundant smRNAs is very distinct from that observed in rdr6 mutant plants, providing further support for the hypothesis that SGS3 can act as a cofactor for other RDR proteins, including RDR2. In fact, there were 1028 smRNAs that demonstrated a significant decrease in their abundance in the sgs3 mutant as compared to a total of 608 smRNAs that were significantly decreased in the rdr6 mutants. Relatedly, among all the smRNAs lost in sgs3 mutants, 59.7% of them were not significantly decreased in the absence of RDR6 function (rdr6 mutant). These data suggest that the biogenesis of a larger population of smRNAs is dependent on SGS3 but not RDR6, and SGS3 may play roles beyond just facilitating RDR6-dependent smRNA processing. The overall composition of smRNAs that require the other RDRs (RDR1 and RDR3–5) and RDM12 for their processing are very similar to the population of smRNAs in wild-type plants, where 24 nt smRNAs are the most prominent with some 21–23 nt smRNAs also requiring these proteins for their biogenesis (Figure 1). Overall, these findings reveal that each RDR protein affects a subpopulation of the overall population of RDR-dependent smRNAs with RDR2 having the largest overall effect due to its function in the biogenesis of hsiRNAs in plant transcriptomes.




3.3. Total RNA-seq Data Revealed New Putative Functions for RDRs


Gene silencing in Arabidopsis ultimately results in the produced siRNAs binding to mRNA targets through complementary base-pairing interactions and subsequent TGS- or PTGS-directed gene silencing [10,11]. Thus, one would predict that RDR-derived smRNAs are not synthesized in an rdr knockout mutant, and as a consequence cause an increase in the abundance of the initial RDR substrate transcripts and an increase of the RDR-dependent siRNA target transcripts when compared with Col-0. Therefore, we used this logic to identify the putative substrate transcripts of RDRs and target transcripts of RDR-derived siRNAs. Specifically, we performed total RNA-seq on 30-day-old unopened flower bud tissue for Col-0, rdr1–6, rdm12, and sgs3. The prepared RNA-seq libraries were sequenced and provided 11–31 million mapped reads per library. TopHat [32,33] was used to map identified transcripts to TAIR10 annotated mRNAs, and the number of reads aligning to each transcript was counted using HTSeq [34]. To determine reproducibility, we used the counts per million mapped reads (CPM) of Arabidopsis transcripts from HTseq in the R package edgeR [36] and found that biological replicates of total RNA-seq from each genotype were highly (all R2 values > 0.87) correlated (Figure S3), indicating the high quality and reproducibility of our sequencing libraries. We then used edgeR to identify transcripts that displayed significantly higher levels (p-value < 0.05) in the mutants relative to Col-0. These collections of differentially abundant transcripts were then used in a GO analysis using the online tool DAVID [37]. The GO term results were divided into three categories: biological processes, cell components, and molecular functions. The GO terms that were significantly enriched (p-value < 0.05) and are shared by more than two genotypes were then further interrogated (Figure 2). In the GO terms specific to biological processes (Figure 2A), we found that rdr1, rdr2, rdr4, and rdr5 had similar enriched GO terms, including photosynthesis, response to light, and abiotic stresses, suggesting similar regulatory roles of RDR1, RDR2, RDR4, and RDR5 proteins in these processes. RDR3 may play a regulatory function during plant response to heat conditions since rdr3 mutant plants had seven significantly more abundant heat-related transcripts when compared to Col-0. Interestingly, the significantly more abundant transcript lists for rdr6 and sgs3 mutant plants share many abiotic stress GO terms, including response to water deprivation, salt stress, abscisic acid (ABA), and osmotic stress. These results suggest that the collaboration between RDR6 and SGS3 may have widespread significance in the regulation of plant abiotic stress responses. Conversely, we also found GO terms that were specific to sgs3 and not rdr6 mutant plants, which included response to cold and heat. Transcripts that represented these GO terms included temperature-induced lipocalin (AT5G58070), which is involved in thermotolerance, and a gene in heat shock gene family named heat shock cognate protein 70-1 (AT5G02500) that is involved in plant heat tolerance as well as virus infection defense [52,53,54]. These data provide additional support for our findings that SGS3 has functions independent of RDR6 in various plant abiotic stress responses, and also works with other RDRs to regulate various processes in plants. In support of this latter hypothesis and previous findings [28], our GO analysis indicated that SGS3 and RDR1 both regulate a set of transcripts that are involved in the response to plant wounding, suggesting that SGS3 can also act as a cofactor for RDR1 to regulate various processes in plants, including the response to wounding.



To further study the function of RDRs and their cofactors in plant biology, we also studied the over-represented GO terms for cellular components and molecular functions amongst the populations of transcripts that showed significantly increased abundance in the six rdrs and two cofactor mutants. In general, the pattern of GO enrichments amongst the transcripts misregulated in the rdr1, rdr2, rdr4, rdr5, and sgs3 mutants are similar for both cellular component (Figure 2B) and molecular function terms (Figure 2C), suggesting potentially similar regulatory functions among these four RDR proteins and SGS3 with regard to these specific cellular locales, processes, and functions. Specifically, rdr1, rdr2, rdr4, rdr5, and sgs3 all have significant increases in abundance for transcripts enriched in cellular components, such as chloroplast and processes related to photosynthesis, suggesting the photosynthetic pathway might be affected by the loss of these proteins. Our data also showed that a lower number of GO terms are associated with rdr3 mutants, which is consistent with its limited effect on smRNA populations in Arabidopsis plants. We also compared the GO term patterns for RDR2 and RDR6 with their respective cofactors. In the case of RDR2, RDM12 works as its cofactor [17], and as expected we found that rdr2 and rdm12 overlapped in many GO terms. However, rdr2 mutants displayed enrichment for differentially abundant transcripts in many more terms as compared to rdm12 mutants. This finding was not surprising given that 399 transcripts were differentially abundant in rdm12 mutants; there were many more transcripts (559 total) significantly more abundant in rdr2 mutants as compared to Col-0. These results provide further support for our findings that RDM12 acts as a cofactor to RDR2 at specific substrates, but RDR2 also has a significant level of substrates that do not require this RNA-binding protein (RBP).



Previous findings demonstrated that SGS3 functions in RDR6-dependent smRNA biogenesis, especially in the processing of ta-siRNA, and this was further supported by our findings that many of the misregulated transcript GO terms were shared by these two proteins. However, we also found that there were a number of additional GO terms enriched for sgs3 that were not shared with rdr6 mutant plants, and this trend was true throughout all three GO term categories that were analyzed (Figure 2A–C). In fact, the RNA-seq experiments revealed that rdr6 mutants had a total of 643 transcripts while sgs3 mutants had 688 transcripts that were significantly more abundant in comparison with Col-0, and of these totals only one third of these transcript populations (193 transcripts) were common between the two mutant genotypes. Thus, our findings reveal that SGS3 has other functions beyond solely facilitating RDR6 in the processing of smRNAs that are dependent on this RDR for their biogenesis.




3.4. The rdr6 and sgs3 Mutant Plants were Hypersensitive to ABA and Less Sensitive to Salt and PEG8000 Treatment


Through the careful analysis of our RNA-seq data, we found that transcripts related to abiotic stresses, including water deprivation, salt stress, and ABA response, were significantly more abundant in both rdr6 and sgs3 mutants as compared to Col-0 plants (Figure 2A). Thus, these processes appear to require both proteins for their proper regulation in plants. To test this possibility, we studied the responses of rdr6 and sgs3 mutant plants under these abiotic stress conditions/treatments. To observe whether rdr6 and sgs3 mutants have phenotypes under ABA treatment, two-day-old seedlings of Col-0, rdr6, and sgs3 were treated with increasing concentrations of ABA (0, 0.5, 1, or 5 μM) on growth medium-containing plates for seven days, and root elongation was evaluated as a measure of seedling stress response. After seven days of growth in the presence or absence of ABA, the root length of both sgs3 and rdr6 seedlings was significantly (p-value < 0.05; Mann–Whitney test) shorter than Col-0 seedlings when the plants were treated with various concentrations of ABA as compared to when all genotypes were not subjected to this hormone treatment (Figure 3A,B). These data reveal that both rdr6 and sgs3 are hypersensitive to ABA treatment and unveil a new connection between these smRNA-producing proteins and response to this important plant hormone.



ABA mediates the plant response to various abiotic stressors, including salt and water deprivation [55], which were response terms that were identified in our GO analysis of transcripts misregulated in the absence of both SGS3 and RDR6 function. To study whether rdr6 and sgs3 mutant plants are also required for proper response to these abiotic stresses with inappropriate responses consistent with their ABA hypersensitivity, seedlings of Col-0 and both mutants were planted either in petri plates containing 20% polyethylene glycol 8000 (PEG8000) solution or growth medium containing 200 mM NaCl (salt). When using 20% PEG8000 as a mimic for osmotic stress, because it is known to lower water potential in cells [56], we found that the two cotyledons of rdr6 and sgs3 mutant seedlings were able to fully open in the presence of this compound, while the majority of Col-0 seedling cotyledons remained unopened at day 4 (Figure 4A,B). This finding reveals that rdr6 and sgs3 mutant seedlings are more tolerant to PEG8000 treatment, suggesting that they are more resistant to osmotic stress than wild-type plants. We also treated two-day-old Col-0, sgs3, and rdr6 seedlings with 200 mM NaCl for five days on growth medium-containing plates to observe the effect of salt stress on these three genotypes. We found that nearly all Col-0 seedlings displayed white cotyledons that lacked chloroplast development after five days of salt treatment, while more than 60% of rdr6 or sgs3 mutant plants developed normal green cotyledons that displayed chloroplast development even at this high salt concentration (Figure 4C–E), indicating the mutant seedlings are more salt tolerant than Col-0. In total, these results revealed that the smRNA-producing proteins SGS3 and RDR6 are hypersensitive to ABA and more resistant to corresponding abiotic stressors, such as salt and osmotic stress, as compared to Col-0. Thus, our findings suggest that an smRNA-mediated PTGS pathway is likely involved in the proper plant response to numerous abiotic stresses as well as proper response to the important plant hormone ABA.



To elucidate the potential siRNA-mediated silencing targets that result in the ABA hypersensitivity of rdr6 and sgs3 mutant seedlings, we further analyzed our smRNA-seq and total RNA-seq libraries to identify the target RNAs of those siRNAs that depend on both RDR6 and SGS3 for their biogenesis. Plant siRNAs bind to their targets through complementary base-pairing interactions along nearly their full length, making it easier to predict potential target RNAs of plant siRNAs by searching for sites with near-perfect complementarity in silico. In order to predict targets for SGS3- and RDR6-dependent siRNAs, smRNA populations significantly lost (p-value < 0.01; EdgeR) in both the rdr6 and sgs3 mutants were inputted into the target search tool psRNATarget [39] (Supplemental Table S3). Next, target RNAs identified for this class of endogenous siRNAs by psRNATarget were overlapped with transcripts that are significantly more abundant (p-value < 0.05; EdgeR) in rdr6 and sgs3 mutants than Col-0 as identified from our RNA-seq analyses. Using this approach, we identified 86 and 100 putative RDR6- and SGS3-dependent smRNAs, respectively, and their predicted target transcripts that are significantly more abundant in rdr6 and sgs3 mutants as compared to Col-0 plants. Among the 16 predicted targets shared by RDR6 and SGS3, two of them are quite intriguing in that they have strong connections to proper ABA responses in plants. Specifically, we identified nine-cis-epoxycarotenoid 3 (NCED3), which catalyzes the first step in abscisic-acid biosynthesis [57,58], and MAP kinase kinase 9 (MKK9), which has been identified for its importance to abiotic stress response [59,60], as potential target RNAs of RDR6- and SGS3-dependent smRNAs. This analysis suggests a possible mechanism whereby lack of RDR6 or SGS3 in the knockout mutants fails to produce siRNAs that target NCED3 and MKK9, and as a consequence, cause the hypersensitivity to ABA, resulting in tolerance to osmotic and salt stresses as observed in the rdr6 and sgs3 mutant seedlings. This hypothesis will require further testing in the future.





4. Discussion


Our study conducted the first global transcriptome analysis of all RDRs and their two known cofactors in Arabidopsis. We provide insights into new substrates processed by RDRs resulting in smRNA biogenesis, new smRNA populations produced by RDRs, and global determination of targets of RDR-derived siRNAs. A genome-wide search for putative substrates in RDR-dependent smRNA biogenesis validated previously discovered substrates while also uncovering novel RDR substrate populations. Plant siRNAs bind to their targets through complementary base-pairing interactions throughout most or all of their full length, often resulting in siRNAs to feedback target their own substrates. Thus, a functional analysis of putative RDR substrates will help to understand the roles of RDRs in plant biology. Our findings suggest uncharacterized functions for all interrogated RDRs and their cofactors. For instance, our findings suggest a role for RDR1 in abiotic stress response while revealing that RDR2 and RDM12 may be involved in ubiquitination, plant biotic defense, and sugar metabolic processes. Additionally, we found that two of the RDRγ clade proteins (RDR4 and RDR5) may share similar functions in processes such as responses to biotic or abiotic stresses, while RDR6 and SGS3 may utilize HAM and TCP transcripts as their substrates to regulate shoot, root, or leaf development.



RNA interference is the process of siRNAs binding to their target RNAs through complementary base-paring interactions followed by the silencing of those target transcripts, usually through their degradation. Therefore, a loss of RDR-dependent smRNAs in rdr or their cofactor mutant plants will result in the accumulation of their target RNAs. Our global search for RDR target transcripts by RNA-seq suggests a potentially significant functional overlap between RDR1, RDR2, RDR4, RDR5, and SGS3, while the rest of these proteins, RDR3, RDR6, and RDM12, do not display as much potential functional overlap. Similar GO terms among the different RDRs that we focused on in our study suggest that these RDRs may have redundant smRNA-generating substrates and thus biological functions. Previous studies demonstrated that over 99% of the annotated smRNA generating loci in Arabidopsis have a decrease of smRNAs in rdr1/2/6 triple mutant plants, and there are 58 annotated MIRNAs that are RDR1/2/6-dependent [61]. By definition, miRNAs are derived from single-stranded hairpins in an RDR-independent manner. The finding that 58 annotated MIRNAs are downregulated in rdr1/2/6 mutant plants suggests that RDR1, RDR2, and RDR6 may have redundant roles in regulating processes that were not previously uncovered by studying RDR1, RDR2, or RDR6 alone. Similarly, another study found that loss of RDR1/2/6 reduces the expression of antisense RNAs during plant response to abiotic stresses, and TAS2 antisense RNAs were lower in rdr1/6, rdr2/6, or rdr1/2/6 mutant plants when compared with rdr6 single-mutant plants [62]. These findings reveal that RDR1/2/6 regulate the abundance of stress-related antisense RNAs cooperatively, but this functionality is separate from RDR6 functionality in siRNA biogenesis due to the fact that TAS2 was still found to accumulate in the absence of RDR6 function (rdr6 mutation). However, there is no study that currently addresses the redundancy of RDR3, RDR4, and RDR5 functions that is suggested in our study. Therefore, a global analysis of further rdr multimutants (e.g., rdr3/4/5) is likely to identify additional RDR-dependent smRNA-generating substrates and their specific targets in plants.



Furthermore, transcripts enriched for abiotic stress responses, such as water deprivation, salt, and ABA response, were found to be likely targets of RDR4, RDR5, RDR6, and SGS3. Since RDR6 and SGS3 are known to act cooperatively during siRNA biogenesis, we wanted to further test whether these two proteins also potentially function cooperatively to regulate specific plant abiotic stress responses by testing whether rdr6 and sgs3 mutant seedlings do not respond properly when subjected to osmotic and salt stress as well as ABA treatment. Indeed, we found that rdr6 and sgs3 mutants are both hypersensitive to ABA, tolerant to PEG8000, and less sensitive to salt treatment. Target prediction by psRNATarget revealed that two transcripts, NCED3 and MKK9, may be the cause of the ABA hypersensitivity of rdr6 and sgs3 mutant seedlings. In support of this hypothesis, previous studies have demonstrated that NCED3 overexpression results in plants that are more tolerant to drought than Col-0 [58], and that mkk9 knockout mutants are hypersensitive to NaCl treatment [60]. These phenotypes match the expected phenotypes observed in rdr6 and sgs3 mutants, which should result in the overabundance of the mRNAs encoding both of these proteins. Future work will be needed need to explore this intriguing connection between RDR6 and SGS3-dependent smRNA regulation of NCED3 and MKK9 during plant ABA response as well as in response to salt and osmotic stress.



To find the origin of the smRNAs that target the NCED3 and MKK9 transcripts for potential PTGS-mediated silencing, we scanned for the smRNA-generating loci that demonstrated decreased levels of smRNAs that psRNATarget [39] predicted to bind the NCED3 and MKK9 RNAs in the sgs3 and rdr6 mutants. This analysis indicated that RDR6 and SGS3 use cytochrome P450 transcripts to synthesize a 24 nt smRNA that can potentially bind to NCED3 to perform gene silencing, along with two smRNAs (one 21 nt and one 22 nt), both processed from TAS2 and have high levels of complementarity, to potentially target MKK9 to regulate its transcript levels. Further analysis should be done to fully elucidate if RDR6- and SGS3-mediated silencing of NCED3 and MKK9 is the molecular mechanism influencing the ABA phenotypes of rdr6 and sgs3 mutant plants.



Although previous studies have demonstrated that SGS3 works as an RNA stabilizer at the TAS loci during dsRNA formation mediated by RDR6 [26], the ability of this RBP to affect the levels of putative substrates for other RDR proteins has not been previously defined. Our findings would suggest that SGS3 likely functions with other RDRs in smRNA biogenesis. In our smRNA-seq data, differential smRNA abundance analysis from the six rdr mutants and sgs3 revealed a larger population of smRNAs significantly decreased in sgs3 as compared to rdr6 mutants. Additionally, we identified significant overlaps of smRNA populations that are significantly decreased in sgs3 and four other rdr mutants (rdr1, rdr2, rdr4, and rdr5 mutants), in addition to the expected overlap with smRNAs lost in rdr6 mutant plants. Furthermore, GO analysis of transcripts that show significant increases in abundance in RNA-seq datasets indicated that SGS3 regulates a broader range of transcripts than RDR6, including those encoding proteins involved in response to osmotic and cold stress. We also found overlap between transcripts misregulated in the absence of either SGS3 or RDR2, over-representing transcripts encoding proteins involved in regulation of the jasmonic acid pathway while the shared misregulated transcripts between SGS3 and RDR1 are over-represented for those encoding proteins involved in the response to wounding. Although further studies are needed, these findings lead to the intriguing hypothesis that SGS3 facilitates other RDRs in smRNA biogenesis, greatly expanding the functionality and substrates for this RBP. The strong connection between RDR- and SGS3-mediated smRNA-directed PTGS and numerous plant stress responses suggests this is an important area for future inquiry. In conclusion, our study provides a comprehensive transcriptome analysis unveiling new substrates and potential functions of the six Arabidopsis RDR proteins and their cofactors SGS3 and RDM12. Our findings also uncovered a new role for SGS3 in conjunction with RDR6 in abiotic stress response as well as new findings that SGS3 can also utilize putative substrates of other RDRs, suggesting it partners with these other proteins as well as RDR6.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ncrna7020028/s1, Figure S1: Correlation analysis of smRNA-seq libraries, Figure S2: Browser views at example transcripts demonstrating loss of smRNA enrichment in mutants compared to Col-0, Figure S3: Correlation analysis of total RNA-seq libraries, Table S1: Putative substrates, Table S2: RNA-seq upregulated transcripts, and Table S3: smRNAs lost in rdr6 or sgs3 mutant plants.





Author Contributions


B.D.G. conceived the study. X.H., N.D.B., M.R.W., and B.D.G. designed the experiments. X.H., N.D.B., M.R.W., and B.D.G. performed experiments. X.H., N.D.B., M.R.W., X.Y., E.L., and B.D.G. analyzed the data. X.H. and B.D.G. wrote the paper with assistance from all authors. The authors have read and approved the manuscript for publication. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by NSF grants IOS-2023310 and IOS-1849708 to B.D.G. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The raw and processed data for RNA-seq and smRNA-seq libraries made with RNA extracted from 30 days unopened flower buds of Col-0 and all mutants has been deposited in the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo, accessed on 22 April 2021) database under the accession number GSE169270. The sequencing data presented here is also available through the EPIC-CoGe genome browser (Lyons and Freeling, 2008): https://genomevolution.org/coge/NotebookView.pl?nid=2906, accessed on 22 April 2021.




Acknowledgments


The authors would like to thank members of the B.D.G. lab both past and present for helpful discussions, and Scott Poethig for providing rdr6–11 and sgs3–11 seeds. This work was funded by NSF grants IOS-2023310 and IOS-1849708 to B.D.G. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mekonnen, M.M.; Hoekstra, A.Y. Four billion people facing severe water scarcity. Sci. Adv. 2016, 2, e1500323. [Google Scholar] [CrossRef]

	



Gerland, P.; Raftery, A.E.; Ševčíková, H.; Li, N.; Gu, D.; Spoorenberg, T.; Alkema, L.; Fosdick, B.K.; Chunn, J.; Lalic, N.; et al. World population stabilization unlikely this century. Science 2014, 346, 234–237. [Google Scholar] [CrossRef]

	



Finkelstein, R.R.; Gampala, S.; Rock, C.D. Abscisic acid signaling in seeds and seedlings. Plant Cell 2002, 14, S15–S45. [Google Scholar] [CrossRef]

	



Seki, M.; Ishida, J.; Narusaka, M.; Fujita, M.; Nanjo, T.; Umezawa, T.; Kamiya, A.; Nakajima, M.; Enju, A.; Sakurai, T.; et al. Monitoring the expression pattern of around 7000 Arabidopsis genes under ABA treatments using a full-length cDNA microarray. Funct. Integr. Genom. 2002, 2, 282–291. [Google Scholar] [CrossRef]

	



Zhang, J.F.; Yuan, L.J.; Shao, Y.; Du, W.; Yan, D.W.; Lu, Y.T. The disturbance of small RNA pathways enhanced abscisic acid re-sponse and multiple stress responses in Arabidopsis. Plant Cell Environ. 2008, 31, 562–574. [Google Scholar] [CrossRef] [PubMed]

	



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] [PubMed]

	



Kamthan, A.; Chaudhuri, A.; Kamthan, M.; Datt, A. Small RNAs in plants: Recent development and application for crop im-provement. Front. Plant Sci. 2015, 6, 208. [Google Scholar] [CrossRef]

	



Baulcombe, D.C. RNA silencing in plants. Nat. Cell Biol. 2004, 431, 356–363. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Matzke, M.A.; Kanno, T.; Matzke, A.J. RNA-Directed DNA Methylation: The Evolution of a Complex Epigenetic Pathway in Flowering Plants. Annu. Rev. Plant Biol. 2015, 66, 243–267. [Google Scholar] [CrossRef] [PubMed]

	



Peragine, A.; Yoshikawa, M.; Wu, G.; Albrecht, H.L.; Poethig, R.S. SGS3 and SGS2/SDE1/RDR6 are required for juvenile de-velopment and the production of trans-acting siRNAs in Arabidopsis. Genes Dev. 2004, 19, 2368–2379. [Google Scholar] [CrossRef] [PubMed]

	



Willmann, M.R.; Endres, M.W.; Cook, R.T.; Gregory, B.D. The Functions of RNA-Dependent RNA Polymerases in Arabidopsis. Arab. Book 2011, 9, e0146. [Google Scholar] [CrossRef] [PubMed]

	



Wassenegger, M.; Krczal, G. Nomenclature and functions of RNA-directed RNA polymerases. Trends Plant Sci. 2006, 11, 142–151. [Google Scholar] [CrossRef]

	



Donaire, L.; Barajas, D.; Martínez-García, B.; Martínez-Priego, L.; Pagán, I.; Llave, C. Structural and Genetic Requirements for the Biogenesis of Tobacco Rattle Virus-Derived Small Interfering RNAs. J. Virol. 2008, 82, 5167–5177. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.B.; Wu, Q.; Ito, T.; Cillo, F.; Li, W.X.; Chen, X.; Yu, J.L.; Ding, S.W. RNAi-mediated viral immunity requires amplifica-tion of virus-derived siRNAs in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 2010, 107, 484–489. [Google Scholar] [CrossRef]

	



Olmedo-Monfil, V.; Durán-Figueroa, N.; Arteaga-Vázquez, M.; Demesa-Arévalo, E.; Autran, D.; Grimanelli, D.; Slotkin, R.K.; Martienssen, R.A.; Vielle-Calzada, J.-P. Control of female gamete formation by a small RNA pathway in Arabidopsis. Nat. Cell Biol. 2010, 464, 628–632. [Google Scholar] [CrossRef]

	



Finke, A.; Kuhlmann, M.; Mette, M.F. IDN2 has a role downstream of siRNA formation in RNA-directed DNA methylation. Epigenetics 2012, 7, 950–960. [Google Scholar] [CrossRef]

	



Verlaan, M.G.; Hutton, S.F.; Ibrahem, R.M.; Kormelink, R.; Visser, R.G.F.; Scott, J.W.; Edwards, J.D.; Bai, Y. The Tomato Yellow Leaf Curl Virus Resistance Genes Ty-1 and Ty-3 Are Allelic and Code for DFDGD-Class RNA–Dependent RNA Polymerases. PLoS Genet. 2013, 9, e1003399. [Google Scholar] [CrossRef]

	



Borsani, O.; Zhu, J.; Verslues, P.E.; Sunkar, R.; Zhu, J.K. Endogenous siRNAs derived from a pair of natural cis-antisense tran-scripts regulate salt tolerance in Arabidopsis. Cell 2005, 123, 1279–1291. [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]

	



Montgomery, T.A.; Howell, M.D.; Cuperus, J.T.; Li, D.; Hansen, J.E.; Alexander, A.L.; Chapman, E.J.; Fahlgren, N.; Allen, E.; Carrington, J.C. Specificity of ARGONAUTE7-miR390 interaction and dual functionality in TAS3 trans-acting siRNA for-mation. Cell 2008, 133, 128–141. [Google Scholar] [CrossRef]

	



Fahlgren, N.; Montgomery, T.A.; Howell, M.D.; Allen, E.; Dvorak, S.K.; Alexander, A.L.; Carrington, J.C. Regulation of AUXIN RESPONSE FACTOR3 by TAS3 ta-siRNA affects developmental timing and patterning in Arabidopsis. Curr. Biol. 2006, 16, 939–944. [Google Scholar] [CrossRef]

	



Zhang, D.; Trudeau, V.L. The XS domain of a plant specific SGS3 protein adopts a unique RNA recognition motif (RRM) fold. Cell Cycle 2008, 7, 2268–2270. [Google Scholar] [CrossRef]

	



Bateman, A. The SGS3 protein involved in PTGS finds a family. BMC Bioinform. 2002, 3, 21. [Google Scholar] [CrossRef]

	



De Felippes, F.F.; Marchais, A.; Sarazin, A.; Oberlin, S.; Voinnet, O. A single miR390 targeting event is sufficient for triggering TAS3-tasiRNA biogenesis in Arabidopsis. Nucleic Acids Res. 2017, 45, 5539–5554. [Google Scholar] [CrossRef]

	



Yoshikawa, M.; Iki, T.; Tsutsui, Y.; Miyashita, K.; Poethig, R.S.; Habu, Y.; Ishikawa, M. 3′ fragment of miR173-programmed RISC-cleaved RNA is protected from degradation in a complex with RISC and SGS3. Proc. Natl. Acad. Sci. USA 2013, 110, 4117–4122. [Google Scholar] [CrossRef] [PubMed]

	



Jouannet, V.; Moreno, A.B.; Elmayan, T.; Vaucheret, H.; Crespi, M.D.; Maizel, A. Cytoplasmic Arabidopsis AGO7 accumulates in membrane-associated siRNA bodies and is required for ta-siRNA biogenesis. EMBO J. 2012, 31, 1704–1713. [Google Scholar] [CrossRef]

	



Lam, P.; Zhao, L.; McFarlane, H.E.; Aiga, M.; Lam, V.; Hooker, T.S.; Kunst, L. RDR1 and SGS3, Components of RNA-Mediated Gene Silencing, Are Required for the Regulation of Cuticular Wax Biosynthesis in Developing Inflorescence Stems of Arabidopsis. Plant Physiol. 2012, 159, 1385–1395. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Q.; Ryvkin, P.; Li, F.; Dragomir, I.; Valladares, O.; Yang, J.; Cao, K.; Wang, L.; Gregory, B. Genome-wide double-stranded RNA sequencing reveals the functional significance of base-paired RNAs in Arabidopsis. PLoS Genet. 2010, 6, e1001141. [Google Scholar] [CrossRef] [PubMed]

	



Yu, X.; Willmann, M.R.; Vandivier, L.E.; Trefely, S.; Kramer, M.C.; Shapiro, J.; Guo, R.; Lyons, E.; Snyder, N.W.; Gregory, B.D. Messenger RNA 5′ NAD+ Capping is a Dynamic Regulatory Epitranscriptome Mark that is Required for Proper Response to Abscisic Acid in Arabidopsis. SSRN Electron. J. 2020, 56, 125–140. [Google Scholar] [CrossRef]

	



Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. J. 2011, 17, 10–12. [Google Scholar] [CrossRef]

	



Langmead, B.; Trapnell, C.; Pop, M.; Salzberg, S.L. Ultrafast and memory-efficient alignment of short DNA sequences to the human genome. Genome Biol. 2009, 10, 25. [Google Scholar] [CrossRef] [PubMed]

	



Trapnell, C.; Pachter, L.; Salzberg, S.L. TopHat: Discovering splice junctions with RNA-Seq. Bioinformatics 2009, 25, 1105–1111. [Google Scholar] [CrossRef]

	



Anders, S.; Pyl, P.T.; Huber, W. HTSeq—A Python framework to work with high-throughput sequencing data. Bioinformatics 2015, 31, 166–169. [Google Scholar] [CrossRef] [PubMed]

	



Quinlan, A.R.; Hall, I.M. BEDTools: A flexible suite of utilities for comparing genomic features. Bioinformatics 2010, 26, 841–842. [Google Scholar] [CrossRef]

	



Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 2009, 26, 139–140. [Google Scholar] [CrossRef]

	



Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using DAVID Bioinformatics Resources. Nat. Protoc. 2009, 4, 44–57. [Google Scholar] [CrossRef]

	



Du, Z.; Zhou, X.; Ling, Y.; Zhang, Z.; Su, Z. agriGO: A GO analysis toolkit for the agricultural community. Nucleic Acids Res. 2010, 38, W64–W70. [Google Scholar] [CrossRef]

	



Dai, X.; Zhao, P. psRNATarget: A plant small RNA target analysis server. Nucleic Acids Res. 2011, 39, W155–W159. [Google Scholar] [CrossRef]

	



Zhu, J.; Verslues, P.E.; Zheng, X.; Lee, B.-H.; Zhan, X.; Manabe, Y.; Sokolchik, I.; Zhu, Y.; Dong, C.-H.; Hasegawa, P.M.; et al. HOS10 encodes an R2R3-type MYB transcription factor essential for cold acclimation in plants. Proc. Natl. Acad. Sci. USA 2005, 102, 9966–9971. [Google Scholar] [CrossRef]

	



Blum, M.; Chang, H.-Y.; Chuguransky, S.; Grego, T.; Kandasaamy, S.; Mitchell, A.; Nuka, G.; Paysan-Lafosse, T.; Qureshi, M.; Raj, S.; et al. The InterPro protein families and domains database: 20 years on. Nucleic Acids Res. 2021, 49, D344–D354. [Google Scholar] [CrossRef]

	



Rajjou, L.; Belghazi, M.; Huguet, R.; Robin, C.; Moreau, A.; Job, C.; Job, D. Proteomic Investigation of the Effect of Salicylic Acid on Arabidopsis Seed Germination and Establishment of Early Defense Mechanisms. Plant Physiol. 2006, 141, 910–923. [Google Scholar] [CrossRef]

	



García-Cruz, K.V.; García-Ponce, B.; Garay-Arroyo, A.; Sanchez, M.; Ugartechea-Chirino, Y.; Desvoyes, B.; Pacheco-Escobedo, M.A.; Tapia-López, R.; Ransom-Rodríguez, I.; Gutierrez, C.; et al. The MADS-box XAANTAL1 increases proliferation at the Arabidopsis root stem-cell niche and participates in transition to differentiation by regulating cell-cycle components. Ann. Bot. 2016, 118, 787–796. [Google Scholar] [CrossRef]

	



Hugouvieux, V.; Kwak, J.M.; Schroeder, J.I. An mRNA cap binding protein, ABH1, modulates early abscisic acid signal trans-duction in Arabidopsis. Cell 2001, 106, 477–487. [Google Scholar] [CrossRef]

	



Stein, M.; Dittgen, J.; Sánchez-Rodríguez, C.; Hou, B.-H.; Molina, A.; Schulze-Lefert, P.; Lipka, V.; Somerville, S. Arabidopsis PEN3/PDR8, an ATP Binding Cassette Transporter, Contributes to Nonhost Resistance to Inappropriate Pathogens That Enter by Direct Penetration. Plant Cell 2006, 18, 731–746. [Google Scholar] [CrossRef]

	



Si-Ammour, A.; Windels, D.; Arn-Bouldoires, E.; Kutter, C.; Ailhas, J.; Meins, F., Jr.; Vazquez, F. miR393 and secondary siRNAs regulate expression of the TIR1/AFB2 auxin receptor clade and auxin-related development of Arabidopsis leaves. Plant Physiol. 2011, 157, 683–691. [Google Scholar] [CrossRef] [PubMed]

	



Howell, M.D.; Fahlgren, N.; Chapman, E.J.; Cumbie, J.S.; Sullivan, C.M.; Givan, S.A.; Kasschau, K.D.; Carrington, J.C. Genome-Wide Analysis of the RNA-DEPENDENT RNA POLYMERASE6/DICER-LIKE4 Pathway in Arabidopsis Reveals Dependency on miRNA- and tasiRNA-Directed Targeting. Plant Cell 2007, 19, 926–942. [Google Scholar] [CrossRef]

	



Engstrom, E.M.; Andersen, C.M.; Gumulak-Smith, J.; Hu, J.; Orlova, E.; Sozzani, R.; Bowman, J.L. Arabidopsis Homologs of the Petunia HAIRY MERISTEM Gene Are Required for Maintenance of Shoot and Root Indeterminacy. Plant Physiol. 2011, 155, 735–750. [Google Scholar] [CrossRef]

	



Palatnik, J.F.; Allen, E.; Wu, X.; Schommer, C.; Schwab, R.; Carrington, J.C.; Weigel, D. Control of leaf morphogenesis by mi-croRNAs. Nature 2003, 425, 257–263. [Google Scholar] [CrossRef]

	



Schommer, C.; Palatnik, J.F.; Aggarwal, P.; Chételat, A.; Cubas, P.; Farmer, E.E.; Nath, U.; Weigel, D. Control of Jasmonate Biosynthesis and Senescence by miR319 Targets. PLoS Biol. 2008, 6, e230. [Google Scholar] [CrossRef]

	



Tang, G.; Reinhart, B.J.; Bartel, D.P.; Zamore, P.D. A biochemical framework for RNA silencing in plants. Genes Dev. 2003, 17, 49–63. [Google Scholar] [CrossRef]

	



Chi, W.T.; Fung, R.; Liu, H.C.; Hsu, C.C.; Charng, Y.Y. Temperature-induced lipocalin is required for basal and acquired ther-motolerance in Arabidopsis. Plant Cell Environ. 2009, 32, 917–927. [Google Scholar] [CrossRef]

	



Tiwari, L.D.; Khungar, L.; Grover, A. AtHsc70-1 negatively regulates the basal heat tolerance in Arabidopsis thaliana through affecting the activity of HsfAs and Hsp101. Plant J. 2020, 103, 2069–2083. [Google Scholar] [CrossRef] [PubMed]

	



Dufresne, P.J.; Thivierge, K.; Cotton, S.; Beauchemin, C.; Ide, C.; Ubalijoro, E.; Laliberté, J.-F.; Fortin, M.G. Heat shock 70 protein interaction with Turnip mosaic virus RNA-dependent RNA polymerase within virus-induced membrane vesicles. Virology 2008, 374, 217–227. [Google Scholar] [CrossRef]

	



Xiong, L.; Schumaker, K.S.; Zhu, J.-K. Cell Signaling during Cold, Drought, and Salt Stress. Plant Cell 2002, 14, S165–S183. [Google Scholar] [CrossRef] [PubMed]

	



Michel, B.E.; Porter, J.R.; Sheridan, R.P. Evaluation of the Water Potentials of Solutions of Polyethylene Glycol 8000 Both in the Absence and Presence of Other Solutes. Plant Physiol. 1983, 72, 66–70. [Google Scholar] [CrossRef] [PubMed]

	



Ruggiero, B.; Koiwa, H.; Manabe, Y.; Quist, T.M.; Inan, G.; Saccardo, F.; Joly, R.J.; Hasegawa, P.M.; Bressan, R.A.; Maggio, A. Uncoupling the Effects of Abscisic Acid on Plant Growth and Water Relations. Analysis of sto1/nced3, an Abscisic Acid-Deficient but Salt Stress-Tolerant Mutant in Arabidopsis. Plant Physiol. 2004, 136, 3134–3147. [Google Scholar] [CrossRef]

	



Iuchi, S.; Kobayashi, M.; Taji, T.; Naramoto, M.; Seki, M.; Kato, T.; Tabata, S.; Kakubari, Y.; Yamaguchi-Shinozaki, K.; Shinozaki, K. Regulation of drought tolerance by gene manipulation of 9-cis-epoxycarotenoid dioxygenase, a key enzyme in abscisic acid biosynthesis in Arabidopsis. Plant J. 2001, 27, 325–333. [Google Scholar] [CrossRef]

	



Alzwiy, I.A.; Morris, P.C. A mutation in the Arabidopsis MAP kinase kinase 9 gene results in enhanced seedling stress tolerance. Plant Sci. 2007, 173, 302–308. [Google Scholar] [CrossRef]

	



Yoo, S.-D.; Cho, Y.-H.; Tena, G.; Xiong, Y.; Sheen, J. Dual control of nuclear EIN3 by bifurcate MAPK cascades in C2H4 signalling. Nat. Cell Biol. 2008, 451, 789–795. [Google Scholar] [CrossRef]

	



Polydore, S.; Axtell, M.J. Analysis of RDR1/RDR2/RDR6-independent small RNAs in Arabidopsis thaliana improves MIRNA annotations and reveals unexplained types of short interfering RNA loci. Plant J. 2018, 94, 1051–1063. [Google Scholar] [CrossRef] [PubMed]

	



Matsui, A.; Iida, K.; Tanaka, M.; Yamaguchi, K.; Mizuhashi, K.; Kim, J.-M.; Takahashi, S.; Kobayashi, N.; Shigenobu, S.; Shinozaki, K.; et al. Novel Stress-Inducible Antisense RNAs of Protein-Coding Loci Are Synthesized by RNA-Dependent RNA Polymerase. Plant Physiol. 2017, 175, 457–472. [Google Scholar] [CrossRef] [PubMed]








[image: Ncrna 07 00028 g001 550] 





Figure 1. Small RNA population breakdowns for the six Arabidopsis RDR proteins and two of their cofactors (SGS3 and RDM12). The smRNAs were mapped to unbiased 500 nt genomic bins; the smRNA populations identified in Col-0 and smRNAs lost in rdr1–6, rdm12, and sgs3 mutant plants (as specified) were plotted based on smRNA length and 5′ terminal nucleotide. 
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Figure 2. Heatmap of Gene Ontology (GO) enrichment terms for significantly more abundant transcripts in rdr1–6, sgs3, and rdm12 mutants as compared to Col-0. The significantly more abundant transcripts (p-value < 0.05; edgeR) are plotted on the heatmaps and clustered by GO terms (p-value < 0.05; DAVID). Each column indicates a mutant genotype (as specified), each row presents a GO term (as specified), colors correspond to the log10 of p-value associated with each GO term, with red color showing the highest levels of significant enrichment within that GO category. (A) GO terms for biological processes. (B) GO terms for cell components. (C) GO terms for molecular function. 
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Figure 3. The rdr6 and sgs3 mutant plants are hypersensitive to ABA treatment. (A) Representative images of Col-0, sgs3, and rdr6 seedlings grown under 0, 1, and 5 μM ABA treatment for five days. From left to right, the genotypes are as indicated. Seedlings were transferred to a new nontreatment plate for photographing. (B) (Left) Relative root length of Col-0 and rdr6 seedlings under 0, 1, and 5 μM ABA treatment, x-axis denotes each genotype and ABA concentration used for treatment, y-axis shows the relative root length compared to Col-0 0 μM ABA treatment. A total of 185 seedlings were measured for these treatments. (Right) Relative root length of Col-0 and sgs3 seedlings under 0, 0.5, and 1 μM ABA treatment. A total of 452 seedlings were measured for this treatment. * denontes p-values < 0.05; Mann-Whitney test. 
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Figure 4. Results show rdr6 and sgs3 are less sensitive to PEG8000 and salt treatment. (A) Representative images of seedlings of the indicated genotypes grown without (upper) or with 20% PEG800 treatment in solution (lower) for four days. From left to right, the genotypes are Col-0, sgs3, and rdr6. (B) Percentage of cotyledon opening at day 4 with or without 20% PEG8000 treatment. The x-axis indicates the different genotypes, y-axis shows the percentage of cotyledon opening for each genotype. (C,D) The rate of seedling germination without (C) and with 200 mM NaCl (salt) (D) treatment. The x-axis of these graphs indicates developmental timing of the seedlings for the three genotypes, while the y-axis displays the percentage of germinated seedlings. Blue, orange, and grey lines denote Col-0, sgs3, and rdr6, respectively. (E) Respective images of seedlings of the indicated genotypes grown without (upper) or with 200 mM NaCl treatment (lower) for seven days. From left to right, the genotypes are Col-0, rdr6, and sgs3. (F) Percentage of cotyledon greening for seedlings of the three indicated genotypes after seven days of 200 mM NaCl treatment. The x-axis indicates the specific genotype, while the y-axis displays the percentage of seedlings with green cotyledons for each genotype. 
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Table 1. Summary of putative substrates for the six RDRs and two cofactors identified in TAIR10 annotated transcripts. Two strand indicates putative substrates appeared on both the sense and antisense strands, and total means the total number of putative substrates identified. For annotated transcripts, strand information is given. The population of putative RDR substrates that was significantly downregulated in the mutants when compared with Col-0 are shown (smRNA counts down by 1/3, FDR < 0.05).
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	Genotype
	Sense
	Antisense
	Two Strand
	Total





	rdr1
	48
	67
	21
	94



	rdr2
	12,488
	2302
	2261
	12,529



	rdr3
	1
	0
	0
	1



	rdr4
	37
	50
	24
	63



	rdr5
	46
	59
	26
	79



	rdr6
	74
	104
	54
	124



	sgs3
	107
	177
	65
	219



	rdm12
	136
	183
	72
	247
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Table 2. Shared putative substrates among RDRs, RDM12, and SGS3. Shared substrates are counted by overlapping the union of sense and antisense differentially abundant putative substrates found in Table 1.
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	rdr1
	rdr2
	rdr3
	rdr4
	rdr5
	rdr6
	sgs3





	rdr2
	10
	
	
	
	
	
	



	rdr3
	1
	1
	
	
	
	
	



	rdr4
	7
	10
	1
	
	
	
	



	rdr5
	5
	13
	1
	8
	
	
	



	rdr6
	3
	9
	0
	3
	4
	
	



	sgs3
	3
	69
	0
	6
	8
	27
	



	rdm12
	7
	58
	1
	9
	11
	5
	14
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
III >

I i

|

pe—
I
|

=

-- photosynthesis, light harvesting in photosystem

-- photosynthesis

protein—chromophore linkage

| T
--_- response to water deprivation
-- - response to cold

water transport
| .

response to cytokinin

-- mRNA cis splicing, via spliceosome

L:r:ﬂ ' response to light stimulus
-- response to far red light
response to chitin

h response to red light
Lj- - response to karrikin

— respanse to blue light

- defense response to bacterium

sexual reproduction
BN esponse o cadmiumon

— rRNA modification
protein catabolic process
-- @- response to salt stress
[ﬂj\ hyperosmotic salinity response
response to heat

i . | response to abscisic acid
i

nucleosome assembly

- response to osmatic stress
: response to desiccation
| photosynthesis, light harvesting
- negalive regulation of seed germination
\'- brassinosteroid mediated signaling pathway
_ regulation of seed germination

- response to wounding

rdr4  rdrS rdr6 sgs3 rdmi12

5 10 15 20 25
log (p-value)

chloroplast thylakoid membrane
chloroplast envelope
plastoglobule

thylakoid

chloroplast thylakoid
photosystem |l

chloroplast

photosystem |

light-harvesting complex
cytosolic ribosome

cell wall

chloroplast stroma

apoplast

plasmodesma

vacuole

membrane

plant-type cell wall

cytosol

nucleosome

thylakoid lumen

U2 snRNP

vacuolar membrane

Golgi apparatus

ribosome

plasma membrane

anchored component of plasma membrane
plastid

cytosolic small ribosomal subunit
cytosolic large ribosomal subunit
photosystem | reaction center

chloroplast thylakoid lumen

c :1 stromule
- nucleolus

-- pigment binding - cytoplasm

- chlorophyll binding rdri rdr2 rdr3 rdré4 rdrS rdr6 sgs3 rdmi2

[ lipid binding

- protein binding

aspartic-type endopeptidase activity

:._

aromatase activity

structural constituent of ribosome

=
u_

copper ion binding

alkane 1-monooxygenase activity
| ] mRNA binding
- fructose-hisphosphate aldolase activity
guercetin 7-O-glucosyltransferase activity
quercetin 3—-O-glucosyltransferase activity
rdrt  rdr2 rdr3 rdrd rdrS5 rdr6 sgs3 rdmi2





nav.xhtml


  ncrna-07-00028


  
    		
      ncrna-07-00028
    


  




  





media/file2.png
<0O0D
oooo

rdr2

rar1

Col-0

28

26

24

22

20

18

28

26

24

22

20

18

| |
00 +0- ¢0- €0-

T _
v'0- S°0-

| | | | |
90 S0 ¥0 €0 <¢0

L0 00

28

26

24

22

20

18

28

24
aH-

rdm12

rdrb5
20 22 26

18

SH =

o
o
o
1
<
o
1
o
<

24 26 28
E!-_

SQgs3

rar4

20 22

18

o T I =

o
8V}
o
1
¢
o
I
w0
?

26 28

24
rdré

20 22

18

rdr3
) _ ___________1::!%!

_ _
v0- 90-

o
(=
.y
T

suonje|ndod yNyws jo abejuadiad

20 22 24 26 28

18

20 22 24 26 28 18 20 22 24 26 28

18

—

00

| |

| |

| |

b i0=G 0= U FD=50~00=L0>

o
o

—

1'0-

—
—

Gl= =

vo-

oY
o
1

o
o

Size of smRNAs





media/file5.jpg
3

s | o | e

smaon

B






media/file3.jpg





media/file1.jpg





media/file7.jpg





media/file0.png





media/file8.png
)
.m -
4 o
?
£ : S ;.=
o
| L J sl | ©
o
3 -
> 2
— = * = i o
Q. ) o
I £ ™
w 0 ) v o
o c B
w o N m » m
(O] ® = o
Q
| 3 | s
< - O
3 | o
o o
o_a o < N ot N v ® © ¥ o ©° - o_.. © < o o
(=] o o =] - © o ©o o o o o o
o0 (y Aep) Buiuado uopa|A309o jo abejuasiad o (%) @3e4 uonyeuiwab Bulpasg ™ (2 Aep) Buiuaaib uopajA}o0s jo abejuasiag
9 M
@ m
@
3 | = B
© 5
o
=
Q
- _
© @
o N
o - _ S
] S o Z
(=] o« Z s
b O
o w N v ® o ¥ N o = £
m o - o o o (=] £ W
< ....Wo ”M. o (%) @3ea uoneuiwiab Bulpassg w S Y





media/file6.png
sgs3 rdré

5 uM ABA

Col-0

1 uM ABA

0 uM ABA

- vav W | gsbs

~vav Wi L 0-100

“vav W 60 £sbs

-vayv INA 0 g£sbs

-vav Wi 0 0-100

-—

o

0-109 juawjealj-uou o} pasedwos yibus| Joos aAne|dYy

-vav Wi g 9/ps

-vav Wi s 0-109

- vav Wi | 94ps

-vav WA L 0-190

- vav A 0 94pJ

-vav ar 0 0-109

—

T
-
o

0-109 juswjealj-uou o0} pasedwos Yibua| J001 aAje|BY

-vav Af 60 0-100

Genotype and treatment

Genotype and treatment





