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Probing in vivo RNA Structure With Optimized DMS-MaPseq in Rice
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RNA transcripts form various secondary and tertiary structures that have a wide range of regulatory functions. Several methods have been developed to profile in vivo RNA secondary structure in prokaryotes and eukaryotes. These methods, such as dimethyl sulfate (DMS) mutational profiling with high-throughput sequencing (DMS-MaPseq), couple small chemical-mediated RNA modifications with next-generation sequencing. DMS-MaPseq, a powerful method for genome-wide and target-specific RNA secondary structure profiling, has been applied in yeast, mammals, Drosophila, and Arabidopsis thaliana, but not in crops. Here, we used DMS-MaPseq to conduct a target-specific and genome-wide profile of in vivo RNA secondary structure in rice (Oryza sativa). The DMS treatment conditions were optimized for rice leaf and root tissues. To increase the sequencing depth and coverage of low-abundance transcripts in genome-wide DMS-MaPseq, we used streptavidin-biotin depletion to reduce the abundance of highly expressed chloroplast transcripts during library construction. The resulting target-specific and genome-wide rice DMS-MaPseq data were of high quality and reproducibility. Furthermore, we used DMS-MaPseq to profile the in vivo RNA secondary structure of an OsmiR399 target region located at 5′UTR of OsPHO2, which participates in rice phosphate homeostasis. An unfolded RNA structure downstream of miRNA target site was observed in predicted in vivo RNA secondary structure, reminiscence of the TAM (Target Adjacent nucleotide Motif) involved in mRNA structure-mediated regulation in miRNA cleavage. Our study optimized DMS-MaPseq for probing in vivo RNA secondary structure in rice, facilitating the study of RNA structure-mediated regulations in crops.
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INTRODUCTION

RNA transcripts form diverse secondary and tertiary structures via intra- and inter-molecular RNA base pairing. In living cells, RNA folding is dynamic and largely dependent on the cellular context. Growing evidence has shown that in vivo RNA structure has critical functions and plays important regulatory roles in numerous biological processes, such as precursor messenger RNA (mRNA) processing, RNA stability, RNA trafficking, translation and phase separation in prokaryotes and eukaryotes (Bevilacqua et al., 2016; Vandivier et al., 2016; Yang et al., 2018; Zhu et al., 2021). In plants, many studies have revealed the versatility of in vivo RNA structures, involving in splicing, polyadenylation, translation, microRNA (miRNA) biogenesis, miRNA-mediated RNA silencing, mRNA long-distance transport, RNA N6-methyladenosine (m6A) modification, plant development, ambient stress responses, and other processes (Ding et al., 2014; Kwok et al., 2015a; Hawkes et al., 2016; Zhang et al., 2016, 2019; Foley et al., 2017; Cho et al., 2018; Deng et al., 2018; Su et al., 2018; Wang et al., 2018; Wu et al., 2019; Chung et al., 2020; Kramer et al., 2020; Tack et al., 2020; Yang et al., 2020a,b, 2021; Gawronski et al., 2021; Liu et al., 2021; Reis et al., 2021).

Several methods coupling small chemical-mediated RNA modification with high-throughput sequencing have been developed to precisely profile complicated in vivo RNA secondary structures at a single nucleotide resolution (Spitale et al., 2013, 2015; Ding et al., 2014; Rouskin et al., 2014; Wu and Bartel, 2017; Mustoe et al., 2018; Weng et al., 2020). Many probing chemicals are applied, such as selective 2′-hydroxyl acylation analyzed by primer extension (SHAPE) reagents, DMS, N3-kethoxal, glyoxals and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (Ding et al., 2014; Rouskin et al., 2014; Spitale et al., 2015; Mitchell et al., 2018, 2019; Weng et al., 2020). DMS is one of the most widely used chemicals for in vivo RNA secondary structure probing due to its high reactivity and strong ability to penetrate cells (Kubota et al., 2015; Zhu et al., 2021). DMS modifies the Watson-Crick face of unpaired adenosine (A) and cytosine (C) to N1-methyladenosine (m1A) and N3-methylcytidine (m3C; Wells et al., 2000). The DMS-elicited modifications block traditional reverse transcription (RT), generating RT stops at complementary DNA (cDNA).

In so-called RT stop methods, 3′ ends of cDNA mapped to the transcriptome indicate the single-stranded regions of RNAs (Kwok et al., 2015b). Two early genome-wide in vivo RNA structure probing methods, Structure-seq (Ding et al., 2014) and DMS-seq (Rouskin et al., 2014), were developed based on the RT stop method and successfully applied in bacteria, yeast and plants (Ding et al., 2014; Rouskin et al., 2014; Burkhardt et al., 2017; Ritchey et al., 2017; Su et al., 2018; Zhang et al., 2018; Tack et al., 2020). However, RT stop-based methods require appropriate DMS treatment with single-hit kinetics conditions, otherwise over-reaction by DMS causes highly skewed distribution of RT stops near the primer-binding sites. In addition, 3′ end RNA structure information is difficult to obtain due to short sequencing reads at the 3′ end of RNA. Another limitation is that degraded RNAs introduce false positive signals in the RT stop methods (Wu and Bartel, 2017; Zubradt et al., 2017; Yang et al., 2020a).

Alternatively, a new strategy called mutational mapping (MaP) was developed (Siegfried et al., 2014; Zubradt et al., 2017). Instead of using RT stops, the DMS-MaPseq method transfers DMS modifications on RNAs to cDNA mutations via a special RT enzyme called thermostable group II intron reverse transcriptase (TGIRT; Mohr et al., 2013; Zubradt et al., 2017). TGIRT mostly generates mismatch mutations on cDNA, with few insertions or deletions (indels). Therefore, TGIRT is preferred over other MaP methods that use an RT with SuperScript II (SSII) plus Mn2+, as this generates high numbers of indels (Zubradt et al., 2017). The high-fidelity of TGIRT endows the DMS-MaPseq method with single-nucleotide resolution and a high signal-to-noise ratio (Zubradt et al., 2017). Furthermore, DMS-MaPseq can be used to specifically investigate the RNA structure of low-abundance transcripts and isoforms (Zubradt et al., 2017; Guenther et al., 2018; Wang et al., 2018). Recently, two algorithms, DREEM (Detection of RNA folding Ensembles using Expectation-Maximization; Tomezsko et al., 2020) and DRACO (Deconvolution of RNA Alternative COnformations; Morandi et al., 2021), were developed to identify coexisting alternative RNA conformations of the same transcripts based on DMS-MaPseq data.

In plants, DMS-MaPseq was first used in a study of miRNA biogenesis. Wang et al. (2018) used target-specific DMS-MaPseq to profile the secondary structure of primary miRNAs (pri-miRNAs) between the wild-type (WT) and the mutant of the SWI/SNF chromatin remodeling factor CHROMATIN REMODELING 2 (CHR2)/BRAHMA in Arabidopsis thaliana. It demonstrated that CHR2 remodels the secondary structure of pri-miRNAs to impede miRNA biogenesis (Wang et al., 2018). Later, the authors optimized genome-wide DMS-MaPseq for Arabidopsis materials (Wang et al., 2019). In addition, a recent study performed DMS-MaPseq, as well as SHAPE-seq, to query the RNA structure of chloroplast transcripts and revealed RNA structure-mediated translational regulation of psbA and other plastid genes with weak Shine-Dalgarno sequences (Gawronski et al., 2021). However, the use of DMS-MaPseq in plants has been limited to Arabidopsis.

In this study, we optimized DMS-MaPseq for profiling the in vivo RNA secondary structure in rice (Oryza sativa; Figure 1). We optimized DMS treatment conditions for rice leaves and roots. Then we assessed the quality and reproducibility of our target-specific and genome-wide DMS-MaPseq data. To improve the sequencing depth and coverage for genome-wide DMS-MaPseq, we adopted a streptavidin-biotin depletion approach to reduce the abundance of highly expressed chloroplast transcripts during library construct. Then, we validated the feasibility of our rice DMS-MaPseq data for in vivo RNA secondary structure prediction. Finally, we used our RNA structure data to model the in vivo RNA secondary structure of a key regulator of rice phosphate (Pi) homeostasis. Altogether, the optimized DMS-MaPseq for rice could facilitate the study of RNA structure-mediated biological functions in crops.
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FIGURE 1. Workflow of optimized target-specific and genome-wide DMS-MaPseq in rice.




MATERIALS AND METHODS


Plant Material and Growth Conditions

Rice (Oryza sativa ssp. Japonica Nipponbare) seedlings were grown in a hydroponic nutrient system at 30°C under a 12 h light-12 h dark cycle. Three-week-old seedlings were harvested for DMS treatment.



DMS Treatment

DMS treatment was performed as described (Wang et al., 2018, 2019). Three-week-old rice seedlings grown in hydroponic solution were collected and immersed in 20 ml of 1× DMS reaction buffer (40 mM HEPES pH 7.5, 100 mM KCl and 0.5 mM MgCl2). Then, 200, 300, 400, 500, or 600 μl of DMS (MACKLIN, Cat#: D824267) was added to the reaction buffer to give a final concentration of 1, 1.5, 2, 2.5, and 3%, respectively. For DMS treatment control, leaves of 3-week-old Arabidopsis grown on the soils were collected and treated with 1% DMS. For the no DMS control, the same volume of DEPC-treated water was added into the reaction buffer. DMS treatment was performed for 15 min at 30°C with shaking at 250 rpm or under vacuum (approximately 12 psi) at room temperature without shaking. After the DMS treatment, 6 ml of β-mercaptoethanol (Sigma, Cat#: M6250) was added to a final concentration of 23% and incubated under vacuum for 5 min to quench the DMS reaction. Then, the samples were washed three times with DEPC-treated water, frozen in liquid nitrogen, and ground to fine powder.



RNA Extraction

The powdered rice materials (0.1 g) were mixed with 1 ml of Trizol reagent (invitrogen, Cat#: 15596018) and total RNA was extracted following the manufacturer’s protocol. Denatured agarose gel electrophoresis was used to validate the integrity of total RNA.



Primer Extension Assays

The DMS treatment was validated by a primer extension assay as previously described (Wang et al., 2018, 2019) with some modifications. For each sample, 3 μg of TURBO DNase (Thermo Fisher, Cat#: AM2238) treated total RNA was mixed with 0.25 μl of 2 μM biotinylated 18S rRNA RT primer (Supplementary Table 1). The mixture was precipitated by ethanol and re-suspended in a 12 μl of RNase-free H2O. The solution was heated to 75°C for 3 min and put on ice for at least 1 min. Then, 4 μl of 5× First Strand buffer (250 mM Tris–HCl pH 8.3, 375 mM KCl, 15 mM MgCl2), 1 μl of 0.1 M DTT, 1 μl of 10 mM dNTPs and 1 μl of SUPERase-In RNase Inhibitor (Thermo Fisher, Cat#: AM2694) were added. The mixture was heated at 35°C for 15 min, and 1 μl of SuperScript III reverse transcriptase (Thermo Fisher, Cat#: 18080093) was added. The reaction was incubated at 55°C for 1 h, then inactivated by heating at 70°C for 15 min. Following phenol-chloroform extraction and ethanol precipitation, the cDNA was size-fractionated on a 10% urea-polyacrylamide gel. Next, the cDNA was transferred to a positively charged nylon membrane (GE Healthcare, Cat#: RPN303B) via a semi-dry blotter (Bio-rad). Immobilized cDNA was detected following the procedure of the chemiluminescent nucleic acid detection module kit (Thermo Fisher, Cat#: 89880) and the signal was collected with iBright1500 (Thermo Fisher).



Target-Specific DMS-MaPseq

Target-specific DMS-MaPseq was performed as described (Zubradt et al., 2017; Wang et al., 2018) with some modifications. Following DNase treatment, 3 μg of non-DMS-treated sample or 6 μg of DMS-treated sample was mixed with 0.5 μl of 10 μM gene-specific RT primers mixture (Supplementary Table 1). The mixture was precipitated and re-suspended in a 10 μl of Tris-KCl solution (50 mM KCl and 10 mM Tris-HCl, pH 7.5). The solution was heated at 75°C for 3 min, followed by incubation at 57°C for 15 min. Then, 4 μl of 5× First-Strand buffer, 1 μl of 0.1 M DTT, 1 μl of SUPERase-In RNase inhibitor (Thermo Fisher), 1 μl of RNase-free H2O and 1 μl of TGIRT-III (InGex, Cat#: TGIRT50) were added to the solution. After incubation at room temperature for 30 min, 2 μl of 10 mM dNTPs was added and reverse transcription was conducted at 60°C for 2.5 h. Then, 2 μl of 2.5 M NaOH was added to stop the reaction and decay the RNA. The mixture was incubated at 95°C for 3 min and neutralized by adding HCl. Next, the cDNA was purified with RNAClean XP beads (Beckman). Then, the targets were amplified with KOD-FX hot-start DNA polymerase (Toyobo) using gene-specific primers (Supplementary Table 1). PCR products were gel purified and normalized according to band intensity. The library was constructed with NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB). The libraries were quantified using Agilent TapeStation before sequencing by 2 × 250 bp paired-end reads on the Illumina Novaseq 6000 at Novogene.



In vitro Transcription of Biotinylated Anti-chloroplast RNA Probes

Chloroplast genes were amplified using listed primers containing T7 promoter sequence (Supplementary Table 1) and cloned into TA/Blunt-Zero vector (Vazyme). The resulting plasmids were used as the PCR template to amplify DNA templates for in vitro transcription. Then, PCR products were gel purified with a PCR purification kit (Vazyme). The reaction mixture including 250 ng of purified DNA templates, 1 μl of 100 mM ATP, 1 μl of 100 mM GTP, 1 μl of 100 mM CTP, 0.4 μl of 100 mM UTP, 0.8 μl of 50 mM biotin-16-UTP (Lucigen), 1.5 μl of T7 RNA Polymerase Mix (NEB) and 1 μl of SUPERase-In RNase inhibitor (Thermo Fisher) was incubated at 37°C overnight. Then, TURBO DNase (Thermo Fisher) was added to digest the DNA template at 37°C for 1 h. Finally, RNA probes were purified by RNAClean XP beads (Beckman) and mixed with a final concentration of 160 ng/μl anti-PSBA probes, 70 ng/μl anti-RBCL probes, 15 ng/μl anti-PSAB probes, 15 ng/μl anti-PSAA probes, 10 ng/μl anti-PSBC probes, 10 ng/μl anti-PSBB probes, and 10 ng/μl anti-PSBD probes.



Chloroplast RNA Depletion

Total RNA was extracted from DMS-treated rice leaves and was treated with TURBO DNase (Thermo Fisher). One microgram of DNase-treated total RNA was mixed with 0, 0.25 or 0.5 μl anti-chloroplast RNA Probe mixture in a 20 μl hybridization reaction (50 mM Tris-HCl pH 7.5, 100 mM NaCl). The mixture was put in a thermocycler at 68°C for 5 min, then ramped down by −0.1°C/s to 22°C, and finally held at 22°C for 5 min. Then, 100 μl of Dynabeads MyOne Streptavidin C1 (Thermo Fisher, Cat#: 65001) was washed and re-suspended in 40 μl of 2× binding and washing buffer according to the manufacturer’s manual. Biotinylated probe-target hybrids were immobilized by streptavidin beads twice. The depleted RNA solution was precipitated by ethanol and re-suspended in 10 μl of RNase-free H2O. Then, 0.75 μl of random primer and 0.75 μl of 10 mM dNTP were added to 10 μl of RNA. The mixture was heated to 65°C for 5 min and incubated on ice for at least 1 min. cDNA was synthesized by adding 4 μl of 5× First-strand buffer, 0.75 μl of 0.1 M DTT, 0.75 μl of SUPERase-In RNase inhibitor (Thermo Fisher) and 0.5 μl of TGIRT (InGex), and 2.5 μl of RNase-free H2O. The reverse transcription was performed at 25°C for 10 min, then 42°C for 30 min, then 60°C for 1.5 h. Next, 2 μl of 2.5 M NaOH was added to stop the reaction and decaying RNA. The expression of chloroplast RNAs were measured by RT-PCR. The intensity of PCR products was quantified by ImageJ. The primers used for RT-PCR were listed in Supplementary Table 1.



Genome-Wide DMS-MaPseq

Genome-wide DMS-MaPseq was performed as described (Wang et al., 2019) with some modifications. DMS-MaPseq library was constructed using Illumina TruSeq® Stranded Total RNA Sample Prep Plant kit (Illumina) and TGIRT enzyme (InGex). Following DNase treatment and RNA purification using RNasey Mini Kit (QIAGEN), 1 μg DMS treated or untreated total RNA was mixed with 0.25 μl of home-made biotinylated anti-chloroplast RNA Probe mixtures and rRNA removal Probes (Ribo-zero rRNA removal kit for plant, illumina). The mixture was incubated in the thermocycler at 68°C for 5 min, and ramped down by −0.1°C/s to 22°C, and finally held at 22°C for 5 min. Then, probe-target hybrids were removed following the kit’s protocol. DMS-MaPseq libraries were constructed as described (Wang et al., 2019). The libraries were sequencing by 2 × 150 nt paired-end reads on Novaseq 6000 at Novogene.



Sequencing Alignment and Analysis

Data analysis for target-specific or genome-wide DMS-MaPseq was performed as described (Wang et al., 2019; Tomezsko et al., 2020). Briefly, after read quality filtering with TrimGalore,1 clean reads were mapped to the reference genome using TopHat2 with parameter settings: --library-type fr-firststrand --no-novel-juncs -N 15 --read-gap-length 10 --read-edit-dist 15 --max-insertion-length 5 --max-deletion-length 5 -g 3. In that, the 10% mismatch tolerance setting (-N 15 for 150 nt sequencing reads) is based on a previous study (Zubradt et al., 2017). Next, uniquely mapped reads were extracted from the bam file using the Linux command grep with NH:I:1 tag. After discarding mismatches located within 3 nt of an indel, mutations and sequencing depth were counted from the uniquely mapped bam file. The DMS mutation signal was calculated for each adenine (A) and cytosine (C) nucleotide as mismatch/sequencing depth. The used Python scripts are described in the previous study (Wang et al., 2019).



In vivo RNA Structure Prediction

Based on the DMS mutation signal, the secondary structures were modeled by RNAStructure (Reuter and Mathews, 2010).3 DMS signals were color coded on structure models using VARNA.4



Graph Drawing

Graphs with dot plots (individual data points) were drawn using GraphPad Prism 85, R,6 or Adobe Illustrator CC.



Accession Codes

The GEO accession number of the DMS-MaPseq data in this study is GSE197245.




RESULTS


Optimization of DMS Treatment Conditions for Rice

DMS-MaPseq requires that DMS penetrates into cells to modify RNA in vivo. However, rice absorbs a lot of silicon from the soil and deposits it in the leaves, stem, and husks to form silica bodies (Ma and Yamaji, 2006). These silica bodies serve as a physiological barrier, which not only resists pathogen infection and lodging but also hinders chemical penetration (Tamai and Ma, 2003; Ma et al., 2006). To optimize the DMS treatment conditions for rice tissues, we treated 3-week-old rice leaves with varying DMS concentrations (1, 1.5, 2, 2.5, and 3%, v/v) and different incubation conditions (30°C with shaking at 250 rpm for 15 min, or with vacuum for 15 min). We also treated 3-week-old Arabidopsis leaves as a reference. As seen in the Arabidopsis sample, total RNAs of DMS-treated rice samples were slightly degraded while untreated RNA was intact (Figure 2A), consistent with previous finding that high DMS concentrations cause RNA degradation (Wang et al., 2019). Moreover, the extent of decay was correlated with the DMS concentration, in which RNA treated with higher concentrations of DMS appeared more severely decayed. This indicated DMS modifications on the RNAs. We also found that shaking- and vacuum-treated samples exhibited similar RNA degradation patterns in denaturing agarose gel electrophoresis (Figure 2A).
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FIGURE 2. Optimization of DMS treatment for different rice tissues. (A,B) Images of denaturing gel electrophoresis showed the integrity of total RNA from untreated and DMS-treated rice leaves (A) and roots (B). (C) 18S rRNA primer-extension assays validated the extent of DMS modification on RNA under various DMS concentrations and incubation conditions. The extent of DMS modification is indicated by the ratio of the signal intensity of total truncations to full-length cDNA (Relative truncations/full length). The ratio of truncations/full length was normalized to that of untreated samples, where the number was arbitrarily set to 1.


Unlike Arabidopsis that is a taproot system dominated by the primary root, rice has a fibrous root system dominated by vast crown roots and lateral roots. Rice roots contain multiple layers of cortex cells from several to more than 10 layers, impeding the penetration of DMS into inner cells (Henry et al., 2017). To assess the efficacy of the DMS treatment conditions on rice roots, we treated roots of 3-week-old hydroponically cultured rice plants with different DMS concentrations (from 1 to 3%, v/v) and incubation conditions (shaking or vacuum for 15 min). Consistent with the leaf results, total RNAs of root samples were modified under our DMS treatment conditions (Figure 2B). Of note, the treatments with greater than 2% DMS caused very severe RNA decay (Figure 2B), which may compromise subsequent profiling of in vivo RNA structure. This suggested the optimal DMS treatment varies for different tissues. The tested DMS treatments for rice roots are much harsher than the optimized condition for Arabidopsis roots (0.75% DMS and 1 min incubation; Tack et al., 2020), indicating DMS is more difficult to penetrate rice roots than Arabidopsis roots.

To further measure the extent of DMS modification of RNA, we performed primer extension assays for 18S ribosome RNA (rRNA) in untreated and DMS-treated leaf samples. The primer extension assay was modified from a previously published protocol (Wang et al., 2018), with some modifications. Briefly, we used a 5′ end biotinylated 18S rRNA-specific primer and chemiluminescent detection, instead of 32P-labeled primer and autoradiography. Compared to the untreated samples, DMS treatments led to less full-length cDNA and more truncations (Figure 2C), implying DMS modifications of RNA. Consistent with this, image quantification showed that higher DMS concentrations caused an increase in the ratios of truncations-to-full-length cDNA (Figure 2C). Of note, the vacuum-treated samples had a moderately higher truncations-to-full-length cDNA ratio than the corresponding shaking-treated samples, suggesting that DMS penetrates into plant cells more efficiently under vacuum than shaking (Figure 2C).

Altogether, these results suggested that our DMS treatment conditions efficiently modified in vivo RNA. Higher DMS concentration treatment results in more DMS modifications on RNA, but also causes greater RNA decay that deteriorates the quality of DMS-MaPseq library (Figure 2). We recommended using 1–2% DMS with shaking or vacuum for rice leaves and 1% DMS with shaking for rice roots.



Assessment of Target-Specific DMS-MaPseq Data

DMS alkylates A and C located in single-stranded regions. Then, DMS lesions on RNA are decoded as mismatches on cDNA through TGIRT (Zubradt et al., 2017). To assess the quality of DMS-MaPseq data with different DMS treatment conditions, we amplified a region of 18S rRNA (93–445 nt) from untreated and treated samples, followed by target-specific DMS-MaPseq and bioinformatic analysis. We examined the enrichment of DMS-induced mismatches on nucleotides. Compared to the untreated sample, the percentage of mismatches located at A and C, but not guanosine (G) and thymidine (T), was dramatically increased in DMS-treated samples (Figure 3A). This indicates high signal-to-noise ratios in our DMS-MaPseq data. Furthermore, higher DMS concentrations led to more mismatches in A and C, indicating a dosage-dependent effect of DMS on RNA modification (Figure 3A). In addition, vacuum treatment generated more mismatches than shaking, consistent with the results of the primer extension assay (Figures 2C, 3A). We also found root sample with 1% DMS and 15 min shaking treatment exhibited a similar mismatch percentage on each nucleotide with leaf samples of Arabidopsis and rice, suggesting that 1% DMS with 15 min shaking is optimized to rice root tissue (Figure 3A).
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FIGURE 3. High-quality of target-specific DMS-MaPseq data in rice. (A) Total mismatch percentage on each nucleotide in untreated and DMS-treated 18S rRNA region (93-445nt). (B) High correlation of DMS-MaPseq signal for A and C nucleotides in tested 18S rRNA (93–445 nt) region under varying DMS concentrations and incubation conditions. Pearson’s r values are shown. The data in X-axis and Y-axis were mismatch/total mutation rate in corresponding DMS treatment conditions. (C) Ratiometric DMS signals of each A and C were plotted along 18S rRNA sequence. Similar Gini index values indicated the high similarity in distribution pattern of DMS mutation signals in different DMS-treated samples. TSS, Transcriptional start site. (D) Nucleotides 98–390 of the phylogenetic rice 18S rRNA structure was color-coded according to the DMS mutation signal from DMS-MaPseq. (E) High correlation between DMS mutation signal and 18S rRNA phylogenetic structure. The ratiometric DMS signal per position normalized to the highest mismatch/total in the displayed region, which was set arbitrarily to 1.0. In tested 18S rRNA region (from 98 to 390 nt), 78.57% (true positive) of As and Cs that showed high DMS mutation signal (defined as normalized DMS activity ≥ 0.1) in our DMS-MaPseq data corresponded to single-stranded regions in the phylogenetic structure, whereas 63.27% (true negative) of As and Cs that showed low DMS mutation signal (defined as normalized DMS activity ≤ 0.05) in our DMS-MaPseq data corresponded to base-paired regions in the phylogenetic structure. Of the 21.43% (false positive) nucleotides (defined as normalized DMS activity ≥ 0.01) that were annotated as base-paired in phylogenetic structure, 66.67% nucleotides were positioned either at the end of a helix or proximal to a bulge or loop, which were known be flexible. Corrected for these positions, the values in parentheses showed higher true positive and lower false positive percentages.


Then, to assess the fidelity of DMS-MaPseq data from the different DMS treatments, we conducted a correlation analysis among samples treated with different DMS concentrations. The results revealed excellent correlation in the DMS mutation signals (the ratios of mismatches to total reads) among the 1, 2, and 2.5% DMS-treated samples (Figure 3B). We also compared DMS mutation signals between shaking and vacuum treatment and observed high correlation (Figure 3B). In addition, the different DMS treatments resulted in highly similar DMS mutation signals distribution patterns along the tested region of 18S rRNA (Figure 3C). These results showed high fidelity of the in vivo RNA structure data generated by various treatments, suggesting that the DMS-MaPseq method can tolerate high DMS concentrations.

To test whether our DMS-MaPseq data accurately profiled in vivo RNA secondary structure, we mapped our DMS mutation signals of 1% DMS treated leaf sample to the evolutionally conserved 18S rRNA secondary structure (Ding et al., 2014). The results revealed high consistency between our DMS mutation signals and the well-known 18S RNA secondary structure, indicating our DMS-MaPseq data are consistent with the in vivo RNA structure (Figures 3D,E).

In summary, these results demonstrated the high quality of our rice DMS-MaPseq data.



Optimization of Genome-Wide DMS-MaPseq for Rice Materials

Genome-wide DMS-MaPseq requires extensive sequencing depth and coverage to generate reliable global RNA structure information (Zubradt et al., 2017; Wang et al., 2019). However, for species with large genome sizes, such as crops, in-depth sequencing would be costly and a computational burden. One way to address this issue is to reduce the amount of highly expressed transcripts (Wang et al., 2019).

Since chloroplast transcripts are highly expressed and account for almost half of the total coding RNA in plant leaves, we adopted a streptavidin-biotin depletion approach to decrease the abundance of chloroplast transcripts from total RNA (Figure 4A). Several highly expressed chloroplast transcripts were selected, which account for approximately 55% of the total amount of chloroplast RNAs. Next, we made biotinylated anti-chloroplast RNA probes through in vitro transcription with biotin-UTP. Denatured RNA gel images showed the high purity of these home-made biotinylated RNA probes (Figure 4B). We annealed the biotinylated probes on DMS-treated total RNA and depleted the targeted chloroplast transcripts with streptavidin magnetic beads (Figure 4A, see section “Materials and Methods”). RT-PCR results showed that, compared with the no-probe control, the amount of targeted chloroplast transcripts was decreased in probe-treated samples, suggesting that our depletion method was successful (Figure 4C). The result also showed a dosage-dependent effect of antisense probes on RNA depletion (Figure 4C). In addition, we observed the depletion efficiency of PSBC and PSAB is lower than other targeted chloroplast transcripts, indicating insufficient annealing between probes and targets (Figure 4C). It might contribute from DMS-induced modifications at the Watson-Crick face of A and C that compromise the probe-target annealing, or from the strong intramolecular RNA structure in targets that impedes probe interaction.
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FIGURE 4. Specific depletion of highly-expressed chloroplast transcripts. (A) Workflow of the streptavidin-biotin depletion approach for reducing abundance of highly-expressed chloroplast RNAs. (B) Images of denatured gel electrophoresis showed home-made biotinylated RNA probes were high purity. (C) RT-PCR results showed efficient depletion of specific chloroplast transcripts using antisense biotinylated RNA probes.


Notably, this streptavidin-biotin depletion approach could be applied to reduce tissue-specific highly-expressed transcripts in different tissue samples, increasing the sequencing depth and coverage of genome-wide DMS-MaPseq.



Application of Genome-Wide DMS-MaPseq on Rice Materials

To apply genome-wide DMS-MaPseq on rice materials, we chose total RNAs from untreated and 1% DMS-treated leaf samples to construct genome-wide DMS-MaPseq libraries. rRNAs were depleted with Ribo-Zero Kit and the amount of chloroplast transcripts were reduced by the streptavidin-biotin depletion approach discussed above. Then, following a previously published protocol for Arabidopsis materials (Wang et al., 2019), we prepared the libraries for rice using a commercial RNA-seq library kit with some modifications in the RT step to be compatible with TGIRT (Figure 1). We generated one biological repeat for untreated and three biological repeats for DMS-treated samples. After sequencing and quality filtering, we mapped clean reads to the Oryza sativa L. ssp. Nipponbare reference genome (MSU Rice Genome Annotation Project Release 7) by TopHat with 10% mismatch tolerance (Zubradt et al., 2017). For both untreated and treated samples, most reads were mapped to the reference genome.

Next, we assessed the quality of our genome-wide DMS-MaPseq data. Compared with the untreated sample, the increased mismatches were specific to A and C in DMS-treated samples (Figure 5A). This is consistent with the mode of DMS modification. Moreover, the mismatch ratio of A was slightly higher than that of C, similar to the published results in human, yeast, and Arabidopsis (Zubradt et al., 2017; Wang et al., 2019). Next, we used Pearson’s r value and Gini index to measure the reproducibility among three DMS-treated biological replicates and obtained a high r value and a small Gini index difference among repeats, indicating the strong reproducibility of our data (Figure 5B). Therefore, we merged the DMS-MaPseq data of the three DMS-treated biological replicates for further analysis.
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FIGURE 5. High-quality of genome-wide DMS-MaPseq data in rice. (A) Total mismatch percentage on each nucleotide in untreated and DMS-treated samples. (B) Reproducibility between DMS-treated biological repeats were measured by Pearson’s r value and Gini index. (C) Ratiometric DMS signals of each A and C were plotted along U1 snRNA sequence. (D) The RNA secondary structure of 4-way junction region of U1 snRNA was predicted based on DMS-MaPseq data. The ratiometric DMS signal per position normalized to the highest mismatch/total in the displayed region, which was set arbitrarily to 1.0. White cycles indicated nucleotides without read coverage.


To validate the feasibility of our genome-wide DMS-MaPseq data for in vivo RNA secondary structure prediction, we used our DMS mutation signals as constraints to predict the in vivo RNA secondary structure of U1 small nuclear RNA (snRNA) with known RNA structure. The predicted RNA secondary structure exhibited a four-way junction, highly consistent with the reference structure (Krummel et al., 2011; Figures 5C,D). Altogether, these results demonstrated that genome-wide DMS-MaPseq could be applied to rice materials and produce high-quality in vivo RNA structure information.



In vivo RNA Secondary Structure Modeling

We applied our optimized DMS-MaPseq to investigate the regulatory functions of in vivo RNA secondary structure in rice. miRNA-mediated cleavage participates in various aspects of developmental and stress responses by suppressing gene expression or translation in plants (Rogers and Chen, 2013; Li et al., 2017). miR399 was the first identified miRNA involved in stress responses in plants (Fujii et al., 2005; Bari et al., 2006; Chiou et al., 2006). It is a key regulator of inorganic phosphate (Pi) homeostasis and the phosphate-starvation response pathway (Fujii et al., 2005; Bari et al., 2006; Chiou et al., 2006). miR399 binds to the 5′UTR of PHO2 and reduces its expression through post-transcriptional miRNA-mediated cleavage of the PHO2 mRNA (Lin et al., 2008; Pant et al., 2008). PHO2 encodes a ubiquitin-conjugating E2 enzyme, that participates in protein degradation of the Pi exporter PHO1 (Liu et al., 2012). The effect of mRNA structure on miRNA-mediated cleavage has been studied in human, C. elegant, Drosophila, and Arabidopsis (Ameres et al., 2007; Long et al., 2007; Yang et al., 2020a), but it is unclear how mRNA structure regulates miR399-mediated cleavage.

Detecting the effect of mRNA structure on miR399-mediated cleavage requires probing in vivo RNA structure of PHO2 before cleavage. Regular genome-wide RNA structure probing methods only provide population-average RNA structure information, resulting in that RNA structures of pre-cleaved and cleaved miRNA-target mRNAs are indistinguishable. However, target-specific DMS-MaPseq can probe isoform-specific RNA secondary structures (Zubradt et al., 2017). Therefore, we used target-specific DMS-MaPseq to profile the in vivo RNA secondary structure of the OsmiR399 target site and its flanking region of pre-cleaved OsPHO2 transcripts in rice. The DMS-MaPseq data showed no obvious difference in DMS mutation signals between the miRNA target site and its flanking region, consistent with a previous finding that miRNA target sites are not structurally accessible for binding the miRNA-induced silencing complex (Yang et al., 2020a; Figure 6A).
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FIGURE 6. Profiling RNA secondary structure of a OsmiR399 target site located at 5′UTR of OsPHO2. (A) Ratiometric DMS signals of each A and C were plotted along the tested 5′UTR of OsPHO2. The OsmiR399 target site was shown by a black line. (B) The RNA secondary structure of an OsmiR399 target site located at 5′UTR of OsPHO2 was predicted based on our DMS-MaPseq data. The ratiometric DMS signal per position normalized to the highest mismatch/total in the displayed region, which was set arbitrarily to 1.0.


Next, we modeled the in vivo RNA secondary structure of this region based on our DMS-MaPseq data and observed a single-stranded structure immediately downstream of the miRNA target site (Figure 6B). Our predicted in vivo RNA secondary structure supported a published conclusion that the single-stranded structure downstream of miRNA target sites, named Target Adjacent nucleotide Motif (TAM), facilitates miRNA cleavage (Yang et al., 2020a). Our results suggested a regulatory function of mRNA structure on miR399-mediated Pi homeostasis, and also validated that our optimized DMS-MaPseq method could be used to investigate the biological function of in vivo RNA secondary structure in rice.




DISCUSSION

RNA structure is considered to be another layer of gene expression regulation, participating in various aspects of RNA metabolism (Bevilacqua et al., 2016; Vandivier et al., 2016; Yang et al., 2018; Zhu et al., 2021). However, compared to model species, studies of in vivo RNA structure-dependent biological functions in crops are rare (Deng et al., 2018; Yang et al., 2021).

There are some hurdles for RNA structure study in crops. First, the complexity of the cell wall and presence of multiple cell layers hinder penetration of small chemicals into cells to react with RNA. For instance, rice deposits silica bodies on the leaf and stem surface to resist pathogen infection and abiotic stress (Ma and Yamaji, 2006), which also block penetration of small chemicals, thereby hindering chemical-modification-based in vivo RNA structure probing. Furthermore, rice roots contain multiple layers of cortex cells (from several to more than 10 layers), while Arabidopsis roots contain only one cortical-cell layer (Henry et al., 2017). Multiple cell layers hinder chemical uptake in inner cells. To deal with this issue, we tested several DMS treatment conditions, including varying DMS concentrations and incubation conditions. We balanced the DMS-induced mutation ratio and RNA decay, and suggested that 1–2% DMS is suitable for rice leaf samples and 1% DMS is suitable for rice root samples (Figure 2). Our DMS treatment optimization for rice could serve as a reference for other crops, such as wheat (Triticum aestivum) and maize (Zea mays).

Secondly, due to their large genome size, crops require substantially more sequencing reads than Arabidopsis to achieve sufficient sequence depth and coverage for reliable genome-wide RNA structure information. The genome size of rice is relatively small compared to other major cereal crops, but it is still approximately threefold larger than the Arabidopsis genome (Yu et al., 2002). The level of coverage needed for the DMS-MaPseq method, such as 20× mismatch coverage, dramatically increases sequencing costs. In addition, low-abundance transcripts are difficult to detect. To solve this problem, some studies used etiolated plants and mRNA enrichment to reduce the amount of highly-expressed chloroplast RNAs (Deng et al., 2018; Su et al., 2018). The downsides of this are that etiolated plants are under stress condition, and mRNA enrichment could miss RNAs lacking a poly(A) tail. Alternatively, we used a streptavidin-biotin depletion approach to specifically reduce the abundance of highly-expressed chloroplast transcripts from total RNA, allowing for greater sequencing depth and coverage of low-expressed transcripts (Figure 4). Another strategy is using the target-specific DMS-MaPseq method to specifically profile the RNA secondary structure of low-expressed genes. It is worth noting that target-specific DMS-MaPseq can also detect in vivo RNA secondary structure from different isoforms (Figure 6; Zubradt et al., 2017).

The first in vivo RNA structurome of rice was profiled by the Structure-seq (Deng et al., 2018). Both Structure-seq and DMS-MaPseq use DMS modification for RNA structure probing. DMS modifications on RNA are decoded through RT mutation in our optimized DMS-MaPseq method, instead of RT stop in Structure-seq. DMS-MaPseq increases RNA structure information content in sequencing data and reduces false-positive signals from unwanted RNA decay (Wang et al., 2021). However, RT mutation-based DMS-MaPseq method requires a greater sequencing depth to generate accurate RNA structurome (Zubradt et al., 2017; Wang et al., 2019). Together, our optimized DMS-MaPseq is complementary to the Structure-seq.

Studies have shown that RNA structure plays important roles in abiotic stress responses in plants (Anderson et al., 2018; Su et al., 2018; Chung et al., 2020; Kramer et al., 2020; Tack et al., 2020; Reis et al., 2021). However, the biological functions of RNA structure in plant nutrient-deficiency stress are still elusive. Pi is an essential nutrient for crop growth and production (Oldroyd and Leyser, 2020). Due to the low solubility and slow diffusion of Pi in soil, approximately 70% of global cultivated land suffers from Pi deficiency (Raghothama, 1999; Lopez-Arredondo et al., 2014; Paz-Ares et al., 2022). To sustain modern agriculture and global crop yield, it is of great importance to understand plant Pi-starvation responses (PSR) and improve Pi utilization efficiency of crops. A recent report showed that the Pi-starvation induced long non-coding RNA cis-NATPHO1;2 enhances the translation of the Pi exporter gene PHO1;2 via an internal RNA–RNA interaction and RNA structure change (Reis et al., 2021). Here, we used target-specific DMS-MaPseq to profile the in vivo RNA secondary structure of an OsmiR399-target region of OsPHO2, which is a key PSR gene involved in Pi transport (Lin et al., 2008; Pant et al., 2008; Liu et al., 2012). We found a single-stranded region downstream of the miR399 target site (Figure 6), which may facilitate miRNA-mediated cleavage (Figure 6). These findings shed light on the regulatory function of RNA structure in plant nutrient metabolism. As OsPHO2 contains five miR399 target sites, it would be interesting to investigate whether single-stranded RNA structure are exhibited in other miR399 target regions. Moreover, the miR399-PHO2 regulatory mechanism is conserved across angiosperms (Bari et al., 2006), whether such RNA structure exists beyond rice also be an attractive topic for future study.

In this study, we presented an optimized and powerful DMS-MaPseq method for studying the biological functions of RNA structure in rice. We hope that this method, together with other advanced RNA structure probing approaches, will promote RNA structure-guided molecular breeding and crop improvement.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: National Center for Biotechnology Information (NCBI) BioProject database under accession number GSE197245.



AUTHOR CONTRIBUTIONS

ZW conceived and designed research. QJ, SH, and GW conducted experiments. QJ and LZ performed data analysis. ZW and QJ wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by grants from the National Key Research and Development Program of China (2021YFF1000402) and the National Natural Science Foundation of China (32170262).



ACKNOWLEDGMENTS

We thank colleagues and all Wang lab members for suggestions and discussion during the course of this work. We thank Changhao Li for bioinformatics advice and Jiaying Zhu for helpful comments on the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.869267/full#supplementary-material



FOOTNOTES

1https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/

2https://ccb.jhu.edu/software/tophat/index.shtml

3http://rna.urmc.rochester.edu/RNAstructure.html

4http://varna.lri.fr/

5https://www.graphpad.com/scientific-software/prism/

6https://www.r-project.org/



REFERENCES

 Ameres, S. L., Martinez, J., and Schroeder, R. (2007). Molecular basis for target RNA recognition and cleavage by human RISC. Cell 130, 101–112. doi: 10.1016/j.cell.2007.04.037 

 Anderson, S. J., Kramer, M. C., Gosai, S. J., Yu, X., Vandivier, L. E., Nelson, A. D. L., et al. (2018). N(6)-Methyladenosine inhibits local ribonucleolytic cleavage to stabilize mRNAs in Arabidopsis. Cell Rep. 25, 1146.e3–1157.e3. doi: 10.1016/j.celrep.2018.10.020 

 Bari, R., Pant, B. D., Stitt, M., and Scheible, W. R. (2006). PHO2, microRNA399, and PHR1 define a phosphate-signaling pathway in plants. Plant Physiol. 141, 988–999. doi: 10.1104/pp.106.079707 

 Bevilacqua, P. C., Ritchey, L. E., Su, Z., and Assmann, S. M. (2016). Genome-wide analysis of RNA secondary structure. Annu. Rev. Genet. 50, 235–266. doi: 10.1146/annurev-genet-120215-035034

 Burkhardt, D. H., Rouskin, S., Zhang, Y., Li, G. W., Weissman, J. S., and Gross, C. A. (2017). Operon mRNAs are organized into ORF-centric structures that predict translation efficiency. Elife 6:e22037. doi: 10.7554/eLife.22037 

 Chiou, T. J., Aung, K., Lin, S. I., Wu, C. C., Chiang, S. F., and Su, C. L. (2006). Regulation of phosphate homeostasis by microRNA in Arabidopsis. Plant Cell 18, 412–421. doi: 10.1105/tpc.105.038943 

 Cho, H., Cho, H. S., Nam, H., Jo, H., Yoon, J., Park, C., et al. (2018). Translational control of phloem development by RNA G-quadruplex-JULGI determines plant sink strength. Nat. Plants 4, 376–390. doi: 10.1038/s41477-018-0157-2 

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

 Deng, H., Cheema, J., Zhang, H., Woolfenden, H., Norris, M., Liu, Z., et al. (2018). Rice in vivo RNA structurome reveals RNA secondary structure conservation and divergence in plants. Mol. Plant 11, 607–622. doi: 10.1016/j.molp.2018.01.008 

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

 Foley, S. W., Gosai, S. J., Wang, D., Selamoglu, N., Sollitti, A. C., Koster, T., et al. (2017). A global view of RNA-protein interactions identifies post-transcriptional regulators of root hair cell fate. Dev. Cell 41, 204–220.e5. doi: 10.1016/j.devcel.2017.03.018 

 Fujii, H., Chiou, T. J., Lin, S. I., Aung, K., and Zhu, J. K. (2005). A miRNA involved in phosphate-starvation response in Arabidopsis. Curr. Biol. 15, 2038–2043. doi: 10.1016/j.cub.2005.10.016 

 Gawronski, P., Enroth, C., Kindgren, P., Marquardt, S., Karpinski, S., Leister, D., et al. (2021). Light-dependent translation change of Arabidopsis psbA correlates with RNA structure alterations at the translation initiation region. Cell 10:322. doi: 10.3390/cells10020322 

 Guenther, U. P., Weinberg, D. E., Zubradt, M. M., Tedeschi, F. A., Stawicki, B. N., Zagore, L. L., et al. (2018). The helicase Ded1p controls use of near-cognate translation initiation codons in 5′ UTRs. Nature 559, 130–134. doi: 10.1038/s41586-018-0258-0 

 Hawkes, E. J., Hennelly, S. P., Novikova, I. V., Irwin, J. A., Dean, C., and Sanbonmatsu, K. Y. (2016). COOLAIR antisense RNAs form evolutionarily conserved elaborate secondary structures. Cell Rep. 16, 3087–3096. doi: 10.1016/j.celrep.2016.08.045 

 Henry, S., Dievart, A., Divol, F., Pauluzzi, G., Meynard, D., Swarup, R., et al. (2017). SHR overexpression induces the formation of supernumerary cell layers with cortex cell identity in rice. Dev. Biol. 425, 1–7. doi: 10.1016/j.ydbio.2017.03.001 

 Kramer, M. C., Janssen, K. A., Palos, K., Nelson, A. D. L., Vandivier, L. E., Garcia, B. A., et al. (2020). N(6)-methyladenosine and RNA secondary structure affect transcript stability and protein abundance during systemic salt stress in Arabidopsis. Plant Direct 4:e00239. doi: 10.1002/pld3.239 

 Krummel, D. A. P., Oubridge, C., Leung, A., Li, J. D., and Nagai, K. (2011). Crystal structure of a ten-subunit human spliceosomal U1 snRNP at 5.5 angstrom resolution. Biophys. J. 100:198a. doi: 10.1016/j.bpj.2010.12.1297

 Kubota, M., Tran, C., and Spitale, R. C. (2015). Progress and challenges for chemical probing of RNA structure inside living cells. Nat. Chem. Biol. 11, 933–941. doi: 10.1038/nchembio.1958 

 Kwok, C. K., Ding, Y., Shahid, S., Assmann, S. M., and Bevilacqua, P. C. (2015a). A stable RNA G-quadruplex within the 5′-UTR of Arabidopsis thaliana ATR mRNA inhibits translation. Biochem. J. 467, 91–102. doi: 10.1042/BJ20141063

 Kwok, C. K., Tang, Y., Assmann, S. M., and Bevilacqua, P. C. (2015b). The RNA structurome: transcriptome-wide structure probing with next-generation sequencing. Trends Biochem. Sci. 40, 221–232. doi: 10.1016/j.tibs.2015.02.005 

 Li, S. J., Castillo-Gonzalez, C., Yu, B., and Zhang, X. R. (2017). The functions of plant small RNAs in development and in stress responses. Plant J. 90, 654–670. doi: 10.1111/tpj.13444 

 Lin, S. I., Chiang, S. F., Lin, W. Y., Chen, J. W., Tseng, C. Y., Wu, P. C., et al. (2008). Regulatory network of microRNA399 and PHO2 by systemic signaling. Plant Physiol. 147, 732–746. doi: 10.1104/pp.108.116269 

 Liu, T. Y., Huang, T. K., Tseng, C. Y., Lai, Y. S., Lin, S. I., Lin, W. Y., et al. (2012). PHO2-dependent degradation of PHO1 modulates phosphate homeostasis in Arabidopsis. Plant Cell 24, 2168–2183. doi: 10.1105/tpc.112.096636 

 Liu, Z., Liu, Q., Yang, X., Zhang, Y., Norris, M., Chen, X., et al. (2021). In vivo nuclear RNA structurome reveals RNA-structure regulation of mRNA processing in plants. Genome Biol. 22:11. doi: 10.1186/s13059-020-02236-4 

 Long, D., Lee, R., Williams, P., Chan, C. Y., Ambros, V., and Ding, Y. (2007). Potent effect of target structure on microRNA function. Nat. Struct. Mol. Biol. 14, 287–294. doi: 10.1038/nsmb1226 

 Lopez-Arredondo, D. L., Leyva-Gonzalez, M. A., Gonzalez-Morales, S. I., Lopez-Bucio, J., and Herrera-Estrella, L. (2014). Phosphate nutrition: improving low-phosphate tolerance in crops. Annu. Rev. Plant Biol. 65, 95–123. doi: 10.1146/annurev-arplant-050213-035949 

 Ma, J. F., Tamai, K., Yamaji, N., Mitani, N., Konishi, S., Katsuhara, M., et al. (2006). A silicon transporter in rice. Nature 440, 688–691. doi: 10.1038/nature04590

 Ma, J. F., and Yamaji, N. (2006). Silicon uptake and accumulation in higher plants. Trends Plant Sci. 11, 392–397. doi: 10.1016/j.tplants.2006.06.007

 Mitchell, D. 3rd, Assmann, S. M., and Bevilacqua, P. C. (2019). Probing RNA structure in vivo. Curr. Opin. Struct. Biol. 59, 151–158. doi: 10.1016/j.sbi.2019.07.008 

 Mitchell, D., Ritchey, L. E., Park, H., Babitzke, P., Assmann, S. M., and Bevilacqua, P. C. (2018). Glyoxals as in vivo RNA structural probes of guanine base-pairing. RNA 24, 114–124. doi: 10.1261/rna.064014.117 

 Mohr, S., Ghanem, E., Smith, W., Sheeter, D., Qin, Y. D., King, O., et al. (2013). Thermostable group II intron reverse transcriptase fusion proteins and their use in cDNA synthesis and next-generation RNA sequencing. RNA 19, 958–970. doi: 10.1261/rna.039743.113 

 Morandi, E., Manfredonia, I., Simon, L. M., Anselmi, F., van Hemert, M. J., Oliviero, S., et al. (2021). Genome-scale deconvolution of RNA structure ensembles. Nat. Methods 18, 249–252. doi: 10.1038/s41592-021-01075-w 

 Mustoe, A. M., Busan, S., Rice, G. M., Hajdin, C. E., Peterson, B. K., Ruda, V. M., et al. (2018). Pervasive regulatory functions of mRNA structure revealed by high-resolution SHAPE probing. Cell 173, 181.e18–195.e18. doi: 10.1016/j.cell.2018.02.034 

 Oldroyd, G. E. D., and Leyser, O. (2020). A plant’s diet, surviving in a variable nutrient environment. Science 368:eaba0196. doi: 10.1126/science.aba0196 

 Pant, B. D., Buhtz, A., Kehr, J., and Scheible, W. R. (2008). MicroRNA399 is a long-distance signal for the regulation of plant phosphate homeostasis. Plant J. 53, 731–738. doi: 10.1111/j.1365-313X.2007.03363.x 

 Paz-Ares, J., Puga, M. I., Rojas-Triana, M., Martinez-Hevia, I., Diaz, S., Poza-Carrion, C., et al. (2022). Plant adaptation to low phosphorus availability: core signaling, crosstalks, and applied implications. Mol. Plant 15, 104–124. doi: 10.1016/j.molp.2021.12.005 

 Raghothama, K. G. (1999). Phosphate acquisition. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 665–693. doi: 10.1146/annurev.arplant.50.1.665

 Reis, R. S., Deforges, J., Schmidt, R. R., Schippers, J. H. M., and Poirier, Y. (2021). An antisense noncoding RNA enhances translation via localized structural rearrangements of its cognate mRNA. Plant Cell 33, 1381–1397. doi: 10.1093/plcell/koab010 

 Reuter, J. S., and Mathews, D. H. (2010). RNAstructure: software for RNA secondary structure prediction and analysis. BMC Bioinformatics 11:129. doi: 10.1186/1471-2105-11-129 

 Ritchey, L. E., Su, Z., Tang, Y., Tack, D. C., Assmann, S. M., and Bevilacqua, P. C. (2017). Structure-seq2: sensitive and accurate genome-wide profiling of RNA structure in vivo. Nucleic Acids Res. 45:e135. doi: 10.1093/nar/gkx533 

 Rogers, K., and Chen, X. (2013). Biogenesis, turnover, and mode of action of plant microRNAs. Plant Cell 25, 2383–2399. doi: 10.1105/tpc.113.113159 

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

 Siegfried, N. A., Busan, S., Rice, G. M., Nelson, J. A. E., and Weeks, K. M. (2014). RNA motif discovery by SHAPE and mutational profiling (SHAPE-MaP). Nat. Methods 11, 959–965. doi: 10.1038/Nmeth.3029 

 Spitale, R. C., Crisalli, P., Flynn, R. A., Torre, E. A., Kool, E. T., and Chang, H. Y. (2013). RNA SHAPE analysis in living cells. Nat. Chem. Biol. 9, 18–20. doi: 10.1038/nchembio.1131 

 Spitale, R. C., Flynn, R. A., Zhang, Q. C., Crisalli, P., Lee, B., Jung, J.-W., et al. (2015). Structural imprints in vivo decode RNA regulatory mechanisms. Nature 519, 486–490. doi: 10.1038/nature14263 

 Su, Z., Tang, Y., Ritchey, L. E., Tack, D. C., Zhu, M., Bevilacqua, P. C., et al. (2018). Genome-wide RNA structurome reprogramming by acute heat shock globally regulates mRNA abundance. Proc. Natl. Acad. Sci. U. S. A. 115, 12170–12175. doi: 10.1073/pnas.1807988115 

 Tack, D. C., Su, Z., Yu, Y., Bevilacqua, P. C., and Assmann, S. M. (2020). Tissue-specific changes in the RNA structurome mediate salinity response in Arabidopsis. RNA 26, 492–511. doi: 10.1261/rna.072850.119 

 Tamai, K., and Ma, J. F. (2003). Characterization of silicon uptake by rice roots. New Phytol. 158, 431–436. doi: 10.1046/j.1469-8137.2003.00773.x

 Tomezsko, P. J., Corbin, V. D. A., Gupta, P., Swaminathan, H., Glasgow, M., Persad, S., et al. (2020). Determination of RNA structural diversity and its role in HIV-1 RNA splicing. Nature 582, 438–442. doi: 10.1038/s41586-020-2253-5 

 Vandivier, L. E., Anderson, S. J., Foley, S. W., and Gregory, B. D. (2016). The conservation and function of RNA secondary structure in plants. Annu. Rev. Plant Biol. 67, 463–488. doi: 10.1146/annurev-arplant-043015-111754 

 Wang, X.-W., Liu, C.-X., Chen, L.-L., and Zhang, Q. C. (2021). RNA structure probing uncovers RNA structure-dependent biological functions. Nat. Chem. Biol. 17, 755–766. doi: 10.1038/s41589-021-00805-7 

 Wang, Z., Ma, Z., Castillo-Gonzalez, C., Sun, D., Li, Y., Yu, B., et al. (2018). SWI2/SNF2 ATPase CHR2 remodels pri-miRNAs via serrate to impede miRNA production. Nature 557, 516–521. doi: 10.1038/s41586-018-0135-x 

 Wang, Z., Wang, M., Wang, T., Zhang, Y., and Zhang, X. (2019). Genome-wide probing RNA structure with the modified DMS-MaPseq in Arabidopsis. Methods 155, 30–40. doi: 10.1016/j.ymeth.2018.11.018 

 Wells, S. E., Hughes, J. M. X., Igel, A. H., and Ares, M. (2000). Use of dimethyl sulfate to probe RNA structure in vivo. RNA 318, 479–493. doi: 10.1016/S0076-6879(00)18071-1

 Weng, X., Gong, J., Chen, Y., Wu, T., Wang, F., Yang, S., et al. (2020). Keth-seq for transcriptome-wide RNA structure mapping. Nat. Chem. Biol. 16, 489–492. doi: 10.1038/s41589-019-0459-3 

 Wu, X., and Bartel, D. P. (2017). Widespread influence of 3′-end structures on mammalian mRNA processing and stability. Cell 169, 905.e11–917.e11. doi: 10.1016/j.cell.2017.04.036 

 Wu, D., von Roepenack-Lahaye, E., Buntru, M., de Lange, O., Schandry, N., Perez-Quintero, A. L., et al. (2019). A plant pathogen type III effector protein subverts translational regulation to boost host polyamine levels. Cell Host Microbe 26, 638.e5–649.e5. doi: 10.1016/j.chom.2019.09.014 

 Yang, X., Cheema, J., Zhang, Y., Deng, H., Duncan, S., Umar, M. I., et al. (2020b). RNA G-quadruplex structures exist and function in vivo in plants. Genome Biol. 21:226. doi: 10.1186/s13059-020-02142-9 

 Yang, S. L., DeFalco, L., Anderson, D. E., Zhang, Y., Aw, J. G. A., Lim, S. Y., et al. (2021). Comprehensive mapping of SARS-CoV-2 interactions in vivo reveals functional virus-host interactions. Nat. Commun. 12:5113. doi: 10.1038/s41467-021-25357-1 

 Yang, S. Y., Lejault, P., Chevrier, S., Boidot, R., Robertson, A. G., Wong, J. M. Y., et al. (2018). Transcriptome-wide identification of transient RNA G-quadruplexes in human cells. Nat. Commun. 9:4730. doi: 10.1038/s41467-018-07224-8 

 Yang, M., Woolfenden, H. C., Zhang, Y., Fang, X., Liu, Q., Vigh, M. L., et al. (2020a). Intact RNA structurome reveals mRNA structure-mediated regulation of miRNA cleavage in vivo. Nucleic Acids Res. 48, 8767–8781. doi: 10.1093/nar/gkaa577 

 Yu, J., Hu, S. N., Wang, J., Wong, G. K. S., Li, S. G., Liu, B., et al. (2002). A draft sequence of the rice genome (Oryza sativa L. ssp indica). Science 296, 79–92. doi: 10.1126/science.1068037 

 Zhang, Y., Burkhardt, D. H., Rouskin, S., Li, G. W., Weissman, J. S., and Gross, C. A. (2018). A stress response that monitors and regulates mRNA structure is central to cold shock adaptation. Mol. Cell 70, 274.e7–286.e7. doi: 10.1016/j.molcel.2018.02.035 

 Zhang, W., Thieme, C. J., Kollwig, G., Apelt, F., Yang, L., Winter, N., et al. (2016). tRNA-related sequences trigger systemic mRNA transport in plants. Plant Cell 28, 1237–1249. doi: 10.1105/tpc.15.01056 

 Zhang, Y., Yang, M., Duncan, S., Yang, X., Abdelhamid, M. A. S., Huang, L., et al. (2019). G-quadruplex structures trigger RNA phase separation. Nucleic Acids Res. 47, 11746–11754. doi: 10.1093/nar/gkz978 

 Zhu, J., Li, C., Peng, X., and Zhang, X. (2021). RNA architecture influences plant biology. J. Exp. Bot. 72, 4144–4160. doi: 10.1093/jxb/erab030 

 Zubradt, M., Gupta, P., Persad, S., Lambowitz, A. M., Weissman, J. S., and Rouskin, S. (2017). DMS-MaPseq for genome-wide or targeted RNA structure probing in vivo. Nat. Methods 14, 75–82. doi: 10.1038/nmeth.4057 

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

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

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

OPS/images/fpls-13-869267-g005.jpg
rvalue

Mismatch percentage (%)

Untreated Repl  Rep2  Rep3

Leaves DMS-treated Leaves
Rep1-Rep2 Rep1-Rep3 Rep2-Rep3

1.00
075
0.50 |
0.25
0.00 | |

-01 00 01-01 00 01-01 00 01

Gini index difference

o U1DMS(+)
s 04] = AorC |
202
£ 02
5
i
o1 |
: |

5 [ | L

Position (26-122 nt, from TSS)
Normalized

DMS reactivity :
4 &
o=t

0 6. i
03 Lot
H ;






OPS/images/fpls-13-869267-g006.jpg
>

OsPHO2 untreated
.0101=A

Sooo
88589
SRS

Mismatch/total
cocoooo

000 borerttens ” i

047 mA OsPHO2 DMS-treated
=C

Mismatch/total
ocoooo
o
S

OsmiR399 target site
position (903-985nt, from TSS)

Normalized
DMS reactivity
1.0

0.6
03

0

miR399
target site

=





OPS/images/fpls-13-869267-g003.jpg
Untreated
. 010 =AurC
€250 ma
§20] = oas
£ me
Z1s oo
20 Shaking 1% DMS
5 0301 Gin index = 0.73 —AorC
|I !
gu o8 BUen BRs0 naol I- 2L Lan)
H s
O 1% 2% 25% 2 25% [ 1% (0 1eoms | oo Tkl i
Shaking T6min vacuum 15min shaking Tmin SRS
oo ) Gin index = 0.7
Teaves 030 rers
010
005
03| r=og7 04 =089 %4 o5 il I
= S S E
o2 £03 w02 Shaking 2.5% DMS
g > 2 k] Gii ndex = 0.74
g . 2oz gog 3|0, RS
£ Sa1 Soal L £ 010 ;
o 5 oni”™ HE J
00 _01 02 03 00 01 02 03 00 D1 02 03 20001y wli |
b 1% Shaking 1% Shaking 2% RN e
-1 08 (=09 08 ’ 0404 Giniindex = 078 CLUis
< . % g
B4 o So4 (ol
£ £ £ 0%
fos fod ool - anle PR i 1
7 . g . g
Vacuum 2% DMS
00 02 04 00 02 04 00 02 04 06 : =AorC
Vacuum 1% Vacuum 1% Vacuum 2% 010 i
08 08 00
7=0%8
e e MNHI\\‘\
Jos Soa o Vacum 2 % OV
£ £ iniindex = 0.7
¢ FLE 202 s o =A0rC
- 2 010 1
ool 00 oss
00 07 0z 03 60 0T 0Z 03 oo oz o4 ookl Y L L
Shaking 1% ‘Shaking % Shaking 2.5%

Position (93-445nt, from TSS)

Normaiized
DMS reactivity
1.0y

0.1

Mutationtotal
Shaking DMS (+) 1%
High Low

Single-stranded  78.57% (9285%)  36.73%

Basepaied  2143% (M%) 6927%





OPS/images/fpls-13-869267-g004.jpg
PSBA-25cycles
RBCL-23cycles
PSAB-26cycles

@ biotinylated
& streptavidin beads

— non-chloroplast RNA

—— chloroplast RNA
~— anti-chloroplast Probe

005 0.07
049 0.19

054 0.38
——  — PSAA-30cycles

Probe Mixture
0.25ul 0.5u
003 0.00

1

z
i
k)
g
g
1
1
1

o
o

¢
e

Anti-PSBB-3(474nt)
o ( )

“ Anti-PSBB-2(440nt)
Anti-PSBB-1(307nt)

Magnet
c

Anti-PSBA-2(527nt)
Anti-PSBA-1(427nt)

Anti-RBCL-1(1224nt)

Anti-PSBD-2(499nt)

Anti-PSBD-1(520nt)
Anti-PSBC-2(614nt)
Anti-PSBC-1(789nt)
Anti-PSAA-2(1164nt)
Anti-PSAA-1(1088nt)
&

Anti-PSAB-2(1036nt)

Anti-PSAB-1(1103nt)

——  PSBC-28cycles

106 050

1

PSBB-28cycles

017 0.04

1

PSBD-28cycles

056 0.12

1

~ Actin-30cycles





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Probing in vivo RNA Structure With Optimized DMS-MaPseq in Rice



		Introduction



		Materials and Methods



		Plant Material and Growth Conditions



		DMS Treatment



		RNA Extraction



		Primer Extension Assays



		Target-Specific DMS-MaPseq



		In vitro Transcription of Biotinylated Anti-chloroplast RNA Probes



		Chloroplast RNA Depletion



		Genome-Wide DMS-MaPseq



		Sequencing Alignment and Analysis



		In vivo RNA Structure Prediction



		Graph Drawing



		Accession Codes









		Results



		Optimization of DMS Treatment Conditions for Rice



		Assessment of Target-Specific DMS-MaPseq Data



		Optimization of Genome-Wide DMS-MaPseq for Rice Materials



		Application of Genome-Wide DMS-MaPseq on Rice Materials



		In vivo RNA Secondary Structure Modeling









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Footnotes



		References



















OPS/images/fpls-13-869267-g001.jpg
DMS treatment RNA extraction

QS
no X

AN

RNA priming Reverse transcription  Library generation ~ DMS signal calculation

Target-specific

|

g
-— - 3
=t g4
e 5

T2
Genome-wide kN H
ity =ttt g
Bt AUGACCUAGACC
e
) — #Mismatch ==Indexing adapter
«Methylated A or C Gene-specific primer it cirand cDNA

— Random primer QTGIRT ~ Second strand cDNA





OPS/images/fpls-13-869267-g002.jpg
A Leaves
tice seedlings At
shaking, 15min vacuum, 15min
() 115 2 253 () 115 2 25 3 () 1 %DMS

roots of rice seedlings
shaking, 15min vacuum, 15min
() 115 2 253 () 1 15 2 25 3 %DMS

Leaves

tice seediings At
shaking, 15min vacuum, 15min RT
DMS () 1% 2% 2.5% (-) 1% 2% 2.5% (-) 1% primer

D - o o D o - D= TN

& - - —
- - -
- - - -~

gag-%ia
Tee *e=

1391511 712 1 7.85 12.06 17.88 1 9.28
Relative truncations/full-length

3

-—-25nt






OPS/images/cover.jpg
’ frontiers
in Plant Science

Probing in vivo RNA Structure With
Optimized DMS-MaPseq in Rice









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Plant Science





