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Arabidopsis SMO2 modulates ribosome biogenesis by maintaining the RID2 abundance during organ growth
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Ribosome biogenesis is a process of making ribosomes that is tightly linked with plant growth and development. Here, through a suppressor screen for the smo2 mutant, we found that lack of a ribosomal stress response mediator, ANAC082 partially restored growth defects of the smo2 mutant, indicating SMO2 is required for the repression of nucleolar stress. Consistently, the smo2 knock-out mutant exhibited typical phenotypes characteristic of ribosome biogenesis mutants, such as pointed leaves, aberrant leaf venation, disrupted nucleolar structure, abnormal distribution of rRNA precursors and enhanced tolerance to aminoglycoside antibiotics that target ribosomes. SMO2 interacted with ROOT INITIATION DEFECTIVE 2 (RID2), a methyltransferase-like protein required for pre-rRNA processing. SMO2 enhanced RID2 solubility in E. coli and the loss of function of SMO2 in plant cells reduced RID2 abundance, which may result in abnormal accumulation of FIBRILLARIN 1 (FIB1) and NOP56, two key nucleolar proteins, in high-molecular-weight protein complex. Taken together, our results characterized a novel plant ribosome biogenesis factor, SMO2 that maintains the abundance of RID2, thereby sustaining ribosome biogenesis during plant organ growth.

INTRODUCTION

Ribosomes are the molecular machines responsible for protein synthesis, and their function is evolutionarily conserved across all kingdoms of life. In plant cells, the cytoplasmic (80S) ribosome is made up of two subunits, a 60S large subunit (LSU) and a 40S small subunit (SSU) (Sáez-Vásquez and Delseny, 2019). The 60S LSU is composed of three ribosomal RNAs (rRNAs) (25S, 5.8S, and 5S) and ~40 ribosome protein large subunits (RPLs), and the 40S SSU contains an 18S rRNA and ~30 ribosome protein small subunits (RPSs). Ribosome biogenesis begins with the transcription of the 45S rDNA genes in the nucleolus to produce a single polycistro nic precursor, 45S pre-rRNA (Weis et al., 2015). The resulting pre-rRNA transcript folds to associate with many ribosome biogenesis factors, an RNA chaperone and ribosomal proteins and is concurrently processed to generate a correctly assembled SSU Processome (Sáez-Vásquez and Delseny, 2019). Subsequently, the SSU Processome transitions to the pre-40S, which requires the release of most of biogenesis factors and the endonucleolytic cleavages of the pre-rRNA (Barandun et al., 2018;Du et al., 2020).

In yeast and human cells, the assembly and disassembly of SSU Processome are tightly coordinated with the pre-rRNA processing and the assembly of the ribosomal precursor particles of 60S LSU and 40S SSU that are exported to the cytoplasm, where the final assembly of the 80S ribosome is completed (Du et al., 2020;Singh et al., 2021;Vanden Broeck et al., 2022). However, these processes remain largely unknown in plants.

In view of the central function of ribosomes as cellular protein producers, ribosome biogenesis is tightly linked to development and stress responses in all species.

For example, aberrant ribosome biogenesis is typically associated with diverse developmental diseases known as ribosomopathies in humans (Narla and Ebert, 2010;Farley-Barnes et al., 2019). Similarly, many plant mutants with defects in ribosome biogenesis are known to be embryonic lethality or to have pleiotropic developmenta l abnormalities, such as retarded growth and narrow and pointed leaves (Wu et al., 2021).

These defects seem to be associated with structural disorders of the nucleolus resulting in cell cycle arrest and senescence (cell death/apoptosis), which are commonly referred to as nucleolar stresses (Ohbayashi et al., 2017;Matos-Perdomo and Machín, 2019).

1365313x, ja, Downloaded from https://onlinelibrary. wiley.com/doi/10.1111/tpj.16121 Under nucleolar stress, mammalian cells activate the Murine Double Minute2 (MDM2)/tumor protein53 (p53) pathway to coordinate cellular responses (Liu et al., 2016). However, plants lack homologs of either p53 or MDM2 (Hu et al., 2016;Sáez-Vásquez and Delseny, 2019). Recently, a NAC-family transcription factor, ANAC082, was characterized as a potential ribosomal stress response mediator because its loss of function could alleviate the developmental defects in several ribosomal mutants (Ohbayashi et al., 2017;Wang et al., 2020), suggesting that plants may also have a pathway involved in responses to nucleolar stress.

The Arabidopsis mutant small organ 2 (smo2) shows dramatic reduction in the sizes of organs including the root, stem, leaves, flowers, and fruits (Hu et al., 2010).

SMO2 encodes an Arabidopsis tRNA methyltransferase 112 (TRM112) homolog that participates in the modulation of cell cycle progression, and the Arabidopsis smo2 mutant exhibits decreased cell proliferation (Hu et al., 2010). In this study, we found that SMO2 interacts with ROOT INITIATION DEFECTIVE 2 (RID2), a methyltransferase-like protein involved in pre-rRNA processing. Deficiency of SMO2 reduced RID2 abundance and led to the disruption of ribosome biogenesis. Collective ly, our results demonstrated that SMO2 acts as a cofactor to maintain the abundance of RID2, thereby preventing the activation of nucleolar stresses that inhibit plant growth.

RESULTS

Growth retardation in the smo2 mutant was partially suppressed by ANAC082 deficiency.

Previously, we reported that SMO2 modulates cell proliferation during organ growth, with loss of function leading to a drastically short root, among other mutant traits (Hu et al., 2010). To investigate the underlying mechanism, we mutagenized smo2 seeds with ethyl-methanesulfonate to screen for suppressors of growth defects using root length as an indicator. In total, 123 suppressors of smo2 (designated as ssm) were obtained. Subsequently, these 123 ssm mutants were backcrossed with the smo2 mutant to generate F1 progenies and F2 population by F1 self-pollination. F2 plants that showed longer roots than the smo2 mutants made a mixed DNA pool and employed a next-generation sequencing-based strategy to characterize the casual mutation. Nine alleles of ANAC082 were isolated and had a longer root than its parental line, the smo2 mutant (Figure 1A and 1B; Supplemental Figure 1). A mutant, ssm1-8 smo2 was randomly selected for further analysis. The ssm1-8 smo2 mutant has a causal mutatio n in the SSM locus that was pinpointed to the codon at position 433 of the AT5G09330 gene, in which there was a substitution from glutamine (CAG) to a premature stop codon (TAG). Furthermore, an anac082-4 T-DNA insert mutation was crossed into the smo2 mutant to generate the anac082-4 smo2 double mutant and examined primary root growth. Unsurprisingly, primary root growth of anac082-4 smo2 was restored to an extent similar to that of ssm1-8 smo2 (Figure 1B and 1D; Supplemental Figure 2A and 2C). Additionally, we crossed ssm1-8 smo2 with anac082-4 smo2 to produce F1 progenies and found all F1 progenies exhibited longer roots than the smo2 mutant, confirming that ANAC082 is involved in the growth inhibition by the smo2 mutatio n.

Beside the partial suppression of primary root growth, we noticed that the rosette defects in the smo2 mutant were significantly less severe in the absence of ANAC082 (Figure 1C and 1E; Supplemental Figure 2B). These observations support the presence of a genetic link between SMO2 and ANAC082 in the regulation of root (organ) growth.

The smo2 mutant shows nucleolar stress ANAC082 has been shown to participate in the response to nucleolar stress during plant growth (Ohbayashi et al., 2017). The mutations on ANAC082 alleviate the growth defects of the smo2 mutation, hinting that the smo2 mutant may show nucleolar stress.

To test this speculation, we first crossed a nucleolar-specific green fluorescent protein (GFP) marker, FIB1-GFP, into smo2 to observe the nucleolus size. The smo2 mutant had obviously larger nucleoli than Col-0 (Figure 2A). Furthermore, we preformed immunoblotting analysis with FIB1 antibody to measure area ratio of nucleolus/nuc le us and found that the smo2 mutant exhibited higher area ratio of nucleolus/nuc le us compared to Col-0 (Figure 2B), further indicating the role of SMO2 repressing nucleolar stress. This enhanced ratio in the smo2 mutant could be also partially suppressed by the loss of function of ANAC082; while no difference in area ratio of nucleolus/nucleus was detected between anac082-4 and Col-0 (Figure 2B).

It is worth noting that the smo2 mutant exhibits other pleiotropic developmenta l defects, namely pointed rosette leaves, aberrant leaf venation accompanied by disconnected free ends, unfertilized ovules, and a decreased number of normal seeds in the silique (Figure 3). These defects were apparently restored in the smo2 complementation line (C-smo2) (Figure 3), which harbors a 2.5-kb wild-type SMO2 genomic DNA fragment from the promoter to the 3′-untranslated region (Hu et al., 2010). These developmental defects resemble those of several known ribosome biogenesis mutants (Hang et al., 2014;Sáez-Vásquez and Delseny, 2019), implying that SMO2 may play a role in ribosome biogenesis.

Deficiency of SMO2 leads to defective rRNA processing

Ribosome biogenesis initiates in the nucleolus (Sáez-Vásquez and Delseny, 2019).

rRNA molecules are structural components of the ribosome (Weis et al., 2015).

Aberrant processing of pre-rRNA is usually associated with nucleolus disorganiza t io n and leads to nucleolar stress (Hang et al., 2021). To test whether the deficiency of SMO2 results in defective pre-rRNA processing, we performed northern blot analyses to determine the abundance of pre-rRNA intermediates using two specific probes (S7 and S43) against internal transcribed spacer 1(ITS1) and a specific probe (S9) against ITS2, (Figure 4A). As shown in Figure 4B, the intermediates 32S, 27SA/B, and 18S-A3 accumulated at higher levels in the smo2 mutant than in the wild-type plants (Col-0) and the complementation line (C-smo2). These results demonstrate that SMO2 is involved in pre-rRNA processing.

Next, we performed a set of circular reverse transcription polymerase chain reaction (cRT-PCR) assays to detect the precise 3' and 5' ends of pre-rRNA intermediates. In Arabidopsis, up to three 35S pre-rRNA processing pathways have been proposed, namely the minor 5'ETS-first pathway, the major ITS1-first pathway and the ITS2-first pathway (Sáez-Vásquez and Delseny, 2019). Before the A2 cleavage, 32S pre-rRNA is produced by the 5'ETS-first pathway, and 18S-A3 and 27SA/27SB pre-rRNAs are mainly produced by the major ITS1-first pathway. The 32S rRNA intermediates were notably accumulated in the smo2 mutant compared with Col-0 (Figure 5A, 5B and 5E). We also found that two pre-18S rRNA intermediates, P-A3 and P'-A3, were obviously less abundant in the smo2 mutant, whereas 18S-A3 was more abundant (Figure 5C-F). P-A3, P'-A3, and 18S-A3 are produced by the major pre-rRNA processing pathway ITS1-first, demonstrating that SMO2 mainly functions in this pathway. However, accumulation of 32S indicates that the minor processing pathway 5'ETS-first is also affected.

SMO2 interacts with RID2

SMO2 is an Arabidopsis homolog of mammalian TRM112 (Hu et al., 2010). It has been shown that the yeast TRM112 counterpart interacts with BUD23 to participate in 18S rRNA processing (Figaro et al., 2012;Sardana and Johnson, 2012). It is interest ing to note that RID2, the yeast BUD23 homolog in Arabidopsis, has also been found to be involved in pre-rRNA processing (Ohbayashi et al., 2011), and the rid2-1 mutant has the same defects we observed in the smo2 mutant (Ohbayashi et al., 2011). We therefore postulated that the molecular role of SMO2 in plant pre-rRNA processing may be achieved by the regulation of RID2 activity. To test this, we first performed bimolecular fluorescence complementation (BiFC) analysis in Nicotiana benthamiana leaves. After transient co-expression of RID2-YFP N (N-terminal half of yellow fluorescent protein) and SMO2-YFP C (C-terminal half of YFP), YFP fluorescence was observed, but no YFP fluorescence was detected in leaves co-expressing either YFP C and RID2-YFP N or SMO2-YFP C and YFP N (Supplemental Figure 3A). This YFP signal was located within the nucleus labeled with the mCherry protein fused with a nuclear localization signal (NLS-mCh) (Supplemental Figure 3B) and overlapped with the nucleolus marker FIB1-mRFP (Figure 6A), suggesting that the interaction of SMO2-RID2 occurs in the nucleolus.

To provide further evidence for SMO2-RID2 interaction, we performed a pulldown assay in which SMO2 was co-expressed with either a polyhistidine and small ubiquitin-related modifier protein (SUMO)-tagged RID2 (RID2-SUMO-6xHIS) or the control SUMO-6xHIS protein in Escherichia coli, followed by purification on Nickel-NTA agarose resin. RID2-SUMO-6xHIS, SUMO-6xHIS, and SMO2 were detected in the flow through using His (α-His) and/or SMO2 (α-SMO2) antibodies (Figure 6B).

During the purification step, SMO2 co-eluted with RID2-SUMO-6xHIS but not SUMO-6xHIS (Figure 6B), suggesting that SMO2 interacts with RID2 in vitro. The SMO2-RID2 interaction was further validated in vivo by performing coimmunoprecipitation assay using plant cells (Figure 6C).

SMO2 regulates RID2 abundance

Strikingly, we noticed that most of the RID2-SUMO-6xHIS protein was present in E. coli inclusion bodies and was insoluble, whereas the solubility of RID2-SUMO-6xHIS was increased when it was co-expressed with SMO2 (Figure 7A), providing an in vitro clue that SMO2 might be essential for RID2 solubility as well as maintena nce of its functional structure. To investigate the reciprocal impacts of these proteins in vivo, we generated a reliable RID2-GFP overexpression line and crossed it with the smo2 mutant. Compared with the strong intensity of RID2-GFP fluorescence in wild type, only faint fluorescence could be observed in the smo2 mutant, suggesting that SMO2 is indispensable for RID2 abundance in plants (Figure 7B and 7C). To provide more convincing evidence, we generated an anti-Arabidopsis RID2 antibody (α-RID2) by immunizing rabbits and then detected the RID2 protein levels in Col-0 and the smo2 mutant. Consistent with the role of SMO2 in maintaining RID2 abundance, a signific a nt decrease of RID2 in the smo2 mutant was observed (Figure 7D). Meanwhile, we examined the RID2 transcripts and found that RID2 transcript level in the smo2 mutant is significantly higher than that in Col-0 (Supplemental Figure 4). These data explicitly demonstrate that SMO2 is crucial for RID2 abundance. to various antibiotics. We found that the smo2 mutant displays remarkable resistance to three aminoglycoside antibiotics, namely gentamicin, spectinomycin, and kanamycin, and retains a higher total chlorophyll content in its cotyledons compared with the wild type (Supplemental Figure 5). Aminoglycoside antibiotics preferentially target the ribosomal acceptor site (A site) during translation and lead to a delay in translocatio n and translation elongation by altering allosteric control, disrupting the decoding progress, and causing misreading (Kanazawa et al., 2018), indicating that the smo2 mutation might lead to the change of ribosome structure.

FIB1 and NOP56 were accumulated in high-molecular-weight protein complex in the smo2 mutant

The yeast RID2 homolog acts to dissociate assembly factors at the transition of the ribosomal small subunit (SSU) Processome towards a pre-40S particle (Black et al., 2020). Because SMO2 affects RID2 abundance (Figure 8), we speculated that SMO2 deficiency disrupts the disassembly of the SSU Processome. To address this, we examined the levels of two key nucleolar components, FIB1 and NOP56, which were previously used to indicate defective disassembly of SSU Processome in the prmt3 mutant (Hang et al., 2021). We observed dramatic accumulation of FIB1 and NOP56 in the smo2 mutant (Supplemental Figure 6). Furthermore, gel filtration analysis showed that high molecular weight fractions of FIB1 and NOP56 in the smo2 mutant accumulated in higher levels than Col-0 and C-smo2 plants, suggesting that SMO2 promotes the disassembly of the 90S/SSU Processome at early pre-rRNA processing stages (Figure 8).

DISCUSSION

Previously, we reported that SMO2 modulates cell cycle progression during organ growth in Arabidopsis (Hu et al., 2010); however, its underlying mechanism is largely elusive. Here, we found that SMO2 is required for proper ribosome biogenesis, a crucial biological event for plant growth and development. In support of this finding, the smo2 mutant exhibited defects reminiscent of ribosomal mutants, such as serrated and pointed leaves, partial infertility, and aberrant venation in the cotyledons and true leaves (Figure 3). Furthermore, the mutant exhibited abnormal nucleolus morphology (Figure 2), aberrant accumulation of pre-rRNA intermediates (Figure 4 and 5), and increased tolerance to aminoglycoside antibiotics (Supplemental Figure 5).

The depletion of SMO2 may activate nucleolar stress, which, at least partially, contributes to the aberrant organ growth in the smo2 mutant (Figure 1) (Hu et al., 2010).

The transcriptional factor p53, which is thought to drive animal cell cycle arrest or apoptosis in response to nucleolar stress, is not present in plants. However, the plant functional counterpart of p53 specifically in sensing of nucleolar stress, a NAC-family transcription factor, ANAC082, has been identified to coordinate plant growth and development in response to nucleolar stress (Ohbayashi et al., 2017); the loss of ANAC082 alleviates the developmental defects in several ribosomal mutants (Ohbayashi et al., 2017;Wang et al., 2020). In our study, the smo2 anac082 double mutant displayed better growth fitness in comparison with the smo2 single mutant (Figure 1B-1E; Supplemental Figure 2), implying that smo2 deficiency causes nucleolar stress. It is expected that there are downstream effectors of ANAC082 involved in cell division regulation that cope with smo2-induced nucleolar stress, which remain to be identified in the future.

In addition, in a previous study, we showed that the smo2 mutant shows increasing expression of the G2/M marker CYCB1;1:β-glucuronidase during organogenes is, suggesting that the mutant experiences an arrest in the G2 or M phase during cell cycle Different from the Arabidopsis smo2 mutant, TRM112-deficient yeast exhibits overaccumulation of 35S pre-rRNA, but a significant reduction of precursors of the 5.8S and 25S rRNAs (the 7S and 27S pre-rRNAs) (Figaro et al., 2012;Sardana and Johnson, 2012). In TRM112-knock-down human cells, the level of the 18S-A3 precursor was also increased, but 30S was moderately reduced (Zorbas et al., 2015). These differe nt accumulation patterns of pre-rRNA precursors among various SMO2/TRM112deficient organisms may be consistent with different rRNA processing pathways existing in different organisms (Sáez-Vásquez and Delseny, 2019).

In yeast, TRM112 acts as cofactor of BUD23 methyltransferases and is required for Bud23 stability to regulate BUD23 abundance (Black et al., 2020). In this study, we found that SMO2 interacts with RID2, an Arabidopsis homolog of BUD23, demonstrating that the TRM112-BUD23/SMO2-RID2 complex is widely present in eukaryotic organisms. In the SMO2-depleted plants, a dramatic reduction in RID2 abundance was detected compared with the wild-type plants (Figure 7). A weak RID2 mutant, rid2-1, displays similar defects as the smo2 mutant including defects in organ growth and pre-rRNA processing (Ohbayashi et al., 2011), suggesting that the role of SMO2 in pre-rRNA processing may be achieved by maintaining the availability of RID2. Yeast RID2 homolog, BUD23 promotes the final disassembly of the small subunit Processome (Black et al., 2020). In this study, we also observed an enrichme nt of NOP56 and FIB1 in high-molecular-weight protein complex in the smo2 mutant, suggesting that SMO2-RID2 complex is functional conserved in the disassembly of the small subunit Processome between plant and yeast. Furthermore, this abnormal is also reported to act as a cofactor of the human 18S rRNA m6A methyltransfe rase METTL5 and the methyltransferase of the eukaryotic release factor 1, HEMK2 (Heurgué-Hamard et al., 2006;Li et al., 2019;Van Tran et al., 2019). There are METTL5 and HEMK2 homologs in Arabidopsis according to genome annotatio ns, even though METTL5 has not been characterized in plants. Recently, Arabidopsis HEMK2 was reported to participate in the termination of translation, and lack of HEMK2 was found to cause severe developmental defects (Kailasam et al., 2020).

Considering the growth defects in the Arabidopsis loss-of-function mutants hemk2 and trm11 (Chen et al., 2010;Kailasam et al., 2020), it is mostly likely that SMO2 acts as a cofactor of Arabidopsis HEMK2 and TRM11 and regulates their stability to fine-tune organ growth. In addition, SMO2 modulates abscisic acid responses during seed germination (Hu et al., 2010). Therefore, it will be interesting to investigate how SMO2 coordinates distinct biological processes (ribosome disassembly, translation release, tRNA methylation, and rRNA modification) in response to developmental and environmental cues in plants.

Taken together, we propose a working model to illustrate how SMO2 modulates ribosomal biogenesis during plant growth and development (Supplemental Figure 8).

In wild-type plants, SMO2 ensures that the SSU Processome is properly disassembled 

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana seeds were surface sterilized and plated on half-stre ngth Murashige & Skoog (MS) medium supplemented various sugars and antibiotics as indicated. After 2 days at 4℃, the seeds were transferred into a plant incubator (22℃ and a 16/8-hour day/night photoperiod) for further germination and growth. The smo2 mutant, smo2 complementation line (C-smo2), and anac082-4 mutant (SALK_132606) were described previously (Hu et al., 2010;Ohbayashi et al., 2017). 

Screen of the

Analysis of Nucleoli

For the observatin of the nucleolus, the open reading frame of FIB1 was cloned into the entry vector pDONR207 and then recombined into the vector pCambia1305-GFP via an LR reaction to generate the 35S:FIB1-GFP plasmid, which was transformed into wild-type plants to obtain FIB1-GFP transgenic plants (FIB1-GFP/Col-0). Subsequently, FIB1-GFP was introduced into the smo2 mutant to generate FIB1-GFP/smo2 plants. The resulting plants harboring FIB1-GFP were used to observe nucleolus morphology with confocal laser-scanning microscopy. The nuclei and nucleoli of Col-0, smo2, anac082-4 and anac082-4 smo2 were measured as described previously by immunolocalization (Pasternak et al., 2015). Simply, the roots of 7-d-old seedlings were sampled into 24-well microplates and fixed for 40 min at 37 °C with PIPES buffer solution (50 mM PIPES, pH 6.9, 2% paraformaldehyde, 5 mM MgSO4, and 5mM EGTA, pH 6.9 and 0.1% Triton X-100). A 1:500 dilution of primary FIB1 antibody and a 1:1000 dilution of the Alexa Fluor 488-labeled Goat Anti-Mouse lgG secondary antibody from Beyotime (A0423) were used. Nuclei were stained for 10 min with 0.5µg mL -1 DAPI and washed for 5 min before mounting the samples on slides.

The cell nucleolus and nuclei in root meristem zone were observed with confocal laserscanning microscopy and the size was measured with Image J tools. The 5′ and 3′ extremities of various rRNA precursors were determined by cRT-PCR. A total of 10 µg RNA was self-ligated using T4 RNA ligase. cDNAs were synthesized using the PrimeScriptTM RT reagent Kit (Takara, Dalian, China) and amplified with gene-specific primers (Supplemental Table 1).

The RID2 transcription expression was analyzed by quantitative RT-PCR with a LightCycler 480 (Roche). For each reaction, three technical repeats and three biologic a l repeats were done. The relative expression of RID2 was normalized by the two reference genes, ACTIN2 and EMB2386. Primers of RID2, ACTIN2 and EMB2386 for RT-PCR are listed in Supplemental Table 1. the optical density of the bacteria at OD600 nm was 0.6. After overnight growth, the cells were collected and lysed with buffer (20 mM Tris-HCl, 500 mM NaCl, 10 mM imidazole, 10% glycerol, 1% Triton-100, and 1:200 protease inhibitor cocktail). After centrifugation, the supernatant was loaded on Ni-NTA resin. The column was washed with elution buffer (20 mM Tris-HCl, 500 mM NaCl, 10% glycerol) with an imidazo le gradient. The eluted fractions were collected. The proteins were separated by SDS-PAGE and stained with Coomassie blue or transferred to nitrocellulose for the detection of RID2-SUMO-6xHIS and SUMO-6xHIS with anti-His antibodies (GenScript, A00186) and SMO2 with a specific antibody generated in our lab.

Analysis of SMO2-RID2 interactionsFor

For the co-immunoprecipitation assay, the RID2 antibody was captured by protein A/G magnetic beads. Total proteins from Col-0 and 35S:SMO2-Flag plants were extracted and incubated with the protein A/G magnetic beads and beads with RID2 antibody. After washing, 5% of the total protein from Col-0 and 35S:SMO2-Flag plants and protein after Co-IP were separated by SDS-PAGE and transferred to nitrocellulose for the detection of RID2 with a specific antibody and SMO2 with Flag antibody (Merk, F7425).

Analysis of RID2 Solubility

For analyzing the solubility of RID2 in E. coli cells, RID2-SUMO-6xHIS and SMO2 were expressed in E. coli strain BL21 (DE3), either separately or together, with the plasmids mentioned above. The non-induced cells and cells induced with IPTG (0.3 mM) were collected and lysed with buffer (20 mM Tris-HCl, 500 mM NaCl, 10 mM imidazole, 10% glycerol, 1% Triton-100, and protease inhibitors). The pellets and soluble proteins were separated by centrifugation for the detection of RID2 and SMO2.

For the analysis of RID2 abundance in plants, we first generated 35S:RID2-GFP 

Analysis of Antibiotic Resistance

The seeds were placed directly on half-strength MS medium in the absence (Mock) and presence of 5 µg ml -1 spectinomycin, 33 µg ml -1 kanamycin, or 50 µg ml -1 gentamic in.

After 7 days, representative seedlings were photographed and chlorophyll content was analyzed as described by Porra et al. (Porra et al., 1989).

The Immunoblotting to Detect FIB1 and NOP56

For detecting the protein levels of FIB1 and NOP56, total proteins were extracted with lysis buffer (50 mM Tris-HCl [pH 8.0], 10 mM EDTA, 1% SDS, 1 mM DTT, and protease inhibitors). The HSC70 protein levels was determined as a reference.

For gel filtration assays, seedlings (2 g) were ground thoroughly in lysis buffer ], 25 % glycerol, 20 mM KCl, 2 mM EDTA, 2.5 mM MgCl2, 250 mM sucrose, 1 mM dithiothreitol, and protease inhibitors) at 4 ℃ . The resulting suspension was filtered through a mesh nylon filter (70 µm) and then centrifuged at 13,000 g for 20 min. Finally, the sample was filtered through a mesh nylon membrane (0.22 µm) and fractionated by gel filtration.

For protein immunoblots, the proteins were separated by SDS-PAGE and transferred to PVDF membranes. Immuno-detection was performed as described as previously (Wang et al., 2012). FIB1 and NOP56 antibodies were generated in our lab and the HSC70 antibody was purchased from Agrisera (AS09592). 

The

  smo2 mutant is tolerant to antibiotics rRNAs are the linchpins of ribosome biogenesis (Sáez-Vásquez and Delseny, 2019). In this regard, the defects of the smo2 mutant in pre-rRNA processing prompted us to investigate the roles of SMO2 in ribosome function by monitoring plant responses 1365313x, ja, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/tpj.16121 by Portail BibCNRS INSB, Wiley Online Library on [06/02/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

  progression(Hu et al., 2010). The same type of arrest has been widely reported for cell cycle-related mutants suffering from DNA damage(Hu et al., 2016; Schnittger and De Veylder, 2018), providing a clue that SMO2 interferes with cell cycle progression by regulating cell division effectors identical to those involved in DNA damage responses.For example, SIAMESE-RELATED cyclin-dependent kinase inhibitors, such as SMR5 and SMR7, are directly regulated by a plant functional p53 homolog, a suppressor of gamma response 1 (SOG1)(Yi et al., 2014; Yoshiyama, 2016). The involvement of these known effectors makes them good candidates for studies aimed at deeper dissection of SMO2 functions.

  1365313x, ja, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/tpj.16121 by Portail BibCNRS INSB, Wiley Online Library on [06/02/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons LicenseIn the smo2 mutant, obvious accumulation of 32S rRNA and 27SA/27SB pre-rRNAs was observed (Figure4and 5), indicating that the defective cleavage in the smo2 mutant occurs around the A2 site (Figure9). As the A2 site is cleaved by the disassembly of the SSU Processome in eukaryotic organisms(Black et al., 2020), we postulate that SMO2 is required for the disassembly of the SSU Processome at the transition of the SSU Processome to pre-40S particles. To a great extent, SMO2 serves the same function as TRM112 does in yeast(Black et al., 2020). In agreement with this, the yeast mutant ∆trm112 also shows defects in pre-rRNA processing and cell growth.

  accumulation might increase the activity of 90S/SSU Processome, because the processing of P-A3 and P'-A3 pre-rRNAs in the smo2 mutant was increased, which result in reduction of their levels (Figure5).Besides Bud23, TRM112 interacts with several other methyltransferases, which are involved in the methylation of tRNA, rRNA, and protein in yeast and/or human cells. TRM112 forms a complex with two tRNA methyltransferases, TRM11 and TRM9.Similar to yeast TRM9 and TRM11 (Purushothaman etal., 2005), Arabidopsis TRM9 and TRM11 are required for the U34 modifications 5-methoxycarbonylmethyluridine and the methylation of methyl-2-guanosine at position 10, respectively(Chen et al., 2010; Leihne et al., 2011). The growth of Arabidopsis TRM9 loss-of-function mutant is indistinguishable from that of wild-type plant(Leihne et al., 2011), while the Arabidopsis TRM11 mutant exhibits early flowering and a short root(Chen et al., 2010). TRM112

  into pre-40S particle, thereby sustaining protein translation for organ growth and alleviating nucleolar stress. In the smo2 mutants, however, the loss of SMO2 reduces RID2 abundance, leading to defects in disassembly of the SSU Processome and pre-rRNA processing. These defects in turn trigger nucleolar stress and protein translatio n errors. In response to nucleolar stress, ANAC082-dependent stress responses are activated to delay cell cycle progression. The partial recovery of organ growth in anac082-4 smo2 may be due to abnormal protein translation.

  Suppressors of the smo2 Mutants and the Isolation of Causal Mutation Around 2.5 g smo2 seeds (M0 generation) were soaked in a 50 mL plastic tube with 40 mL of 100 mM phosphate buffer at 4°C overnight. The tube was put upright to allow the seeds to settle and decant the excess phosphate buffer. Next, 40 mL of fresh 100 mM phosphate buffer containing a final concentration of 0.4% ethyl methanesulpho na te (EMS) were added into the tube and incubated 8 h at room temperature with gentle nutation. The EMS-mutagenized smo2 seeds were washed thoroughly 20 times with water and planted on 1/2 MS medium and subsequently transferred into the soil. Approximately the seeds of 30,000 M1 plants were collected for 200 pools and each pool contained the seeds of 150 M1 plants. Approximately 3000 M2 seeds from each pool were screened using root length as an indicator to obtain the suppressors of the smo2 mutant (ssm mutant). Next, the suppressors were back-crossed with the smo2 1365313x, ja, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/tpj.16121 by Portail BibCNRS INSB, Wiley Online Library on [06/02/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License mutant to generate F1 progenies and F2 population by F1 self-pollination. F2 plants with long roots to make a mixed DNA pool and employed a next-generat io n sequencing-based strategy to clone the casual mutation with the Mutmap tool (Takagi et al., 2015). Analysis of cotyledon and leaf venation patternsThe cotyledons and first leaves of 21-day-old plants were fixed overnight in a solution consisting of 90% (volume/volume) ethanol and 10% (volume/volume) acetic acid at room temperature. Next, the samples were dehydrated in an ethanol series and cleared overnight with an HCG solutio n (chloral hydrate: glycerol: water = 8:1:2, weight: volume: volume). The venation patterns were drawn from images photographed with an Olympus microscope.

  1365313x, ja, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/tpj.16121 by Portail BibCNRS INSB, Wiley Online Library on [06/02/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons LicenseNorthern Blot Analysis, Circular RT-PCR Assay and Quantitative RT-PCRTotal RNA was isolated from 14-day-old seedlings using TRIzol reagent (Takara, Dalian, China) according to the manufacturer's instructions. To detect the accumula tio n of pre-rRNAs, northern blotting was performed as previously described(Hang et al., 2014). Total RNA (10 µg) was separated on a 1.2% (w/v) agarose/formaldehyde gel and transferred to a Hybond N+ membrane by capillary elution. The DNA probes were labeled with γ-32 P-ATP by T4 polynucleotide kinase (New England Biolabs, M0201).Hybridization was performed overnight at 45 °C in Church buffer. The blots were washed and exposed to a storage phosphor screen. The signals were detected by a Typhoon TRIO scanner.

  BiFC assays, plasmids were constructed using the 35S-Px-nYFP and 35S-Px-nCFP vectors. The open reading frames of RID2 and SMO2 were cloned into the entry vector pDONR207, and then recombined into the empty vectors via LR reactions to generate RID2-nYFP and SMO2-cYFP. These constructs were transformed into the Agrobacterium AH109 strain by heat shock transformation. N. benthamiana leaves were infiltrated with the mixed Agrobacterium strains. Fluorescence signals were detected 48 h after infiltration using a confocal laserscanning microscope (FV10-ASW, Olympus, Tokyo, Japan) with excitation at 488 nm and detection with a 500-530 nm band-pass filter for YFP.
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  For co-elution assays, the open reading frames of RID2 and SMO2 without stop codons were amplified and digested by Nde I and BamH I. The resulting fragments of RID2 and SMO2 were cloned into the vectors pSUMO-His6 and pET11a. Subsequently, the plasmids were transformed/co-transformed into E. coli strain BL21 (DE3). HIStagged RID2 (RID2-SUMO-6HIS) and SMO2 were induced by IPTG (0.3 mM) when

  transgenic plants (RID2-GFP/Col-0), which were then crossed with the smo2 mutant to generate 35S:RID2-GFP in the smo2 background (RID2-GFP/smo2). Fluorescence signals were detected under a confocal microscope and quantified as an indicator of RID2 stability in plants. For the direct measurement of RID2 in plants, seedlings (0.2 g) were ground in lysis buffer (50 mM Tris-HCl [pH 8.0] 10 mM EDTA, 1% SDS, 1 mM DTT, and protease inhibitors). The protein levels were detected with RID2-specific antibodies (produced by our lab). The histone H3 antibody (Abcam, ab1791) and proteins detected by Ponceau S staining were used as the references.
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Figure 1 .

 1 Figure 1. The ssm1 Mutation Restores Growth of the smo2 Mutant. (A) Schematic representation of the ANAC082 locus. The coding region of ANAC082 (AT5G09330) is indicated as black rectangles and untranslated regions (UTRs) as gray rectangles. The T-DNA insertion in anac082-4 is indicated by a triangle.

(

  B-C) Morphologies of 7-day-old seedlings (B) and 21-day-old plants (C) of Col-0, smo2, ssm1-8, and ssm1-8 smo2. Bars = 1 cm. (D-E) Quantification of root length of 7-day-old seedlings (D) and rosette diameter of 21-day-old plants (E) of Col-0, smo2, ssm1-8, and ssm1-8 smo2. The widest diameter of rosette leaves the leaf tips of opposite rosette leaves are measured. Data represent mean ± SD (n > 18). Statistically significant differences compared with wild-type (Col-0) plants are indicated; * P value < 0.01 (twotailed Student's t-test).
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Sequence data from this article can be found in the Arabidopsis Genome Initiative database under the following accession numbers: SMO2, At1g22270; ANAC082, At5G09330; RID2, AT2G17410; FIB, At5g52470; NOP56, At1g56110; HSC70, At5g02500.
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(B)

The accumulation of pre-rRNAs in Col-0, smo2, and C-smo2. Northern blot analyses to detect the pre-rRNAs are performed using the probes (S7, S9, and p43) indicated in (A). The RNA is stained with ethidium bromide (EB stain) as a loading control. (F) The results of cRT-PCR cloning of 18S intermediates (P-A3, P'-A3, 18S-A3, and 18S-A2). The cRT-PCR products used for cloning are derived from (D) using the r4/r6 primer pair. Poly(A), template reverse transcribed from oligo-dT purified RNA; Total, template reverse transcribed from total RNA. The number of clones obtained is indicated in the table, and the number of polyadenylated clones is marked in parentheses. (B) The co-elution assay. RID2 is tagged at the C-terminus with SUMO-6xHIS (RID2-SUMO-6xH IS ), and SUMO-6xHIS is used as negative control. RID2-SUMO-6xHIS and SUMO-6xHIS are co-expressed with untagged SMO2 (SMO2) in E. coli strain BL21 (DE3). Subsequently, the total protein is extracted for co-elution assays using a nickel affinity matrix. The resulting gels are stained with Coomassie blue (upper panel) or transferred to nitrocellulose for the detection of RID2 with His antibody (anti-His , middle panel) and SMO2 with SMO2-specific antibody (anti-SMO2, bottom panel). Different samples from the cells co-expressing RID2-SUMO-6xHIS with SMO2 (left) and those co-expressing SUMO-6xHIS with SMO2 (right) are separated on an SDS-PAGE gel and labeled as follows: uninduced culture (1), induced total bacterial extract (2), flow-through (3), co-elution in a 50 mM imidazole-containin g buffer (15 μL of eluted fraction in each lane, 4, 5, and 6); co-elution in a 100 mM imidazole-containin g buffer (15 μL of eluted fraction, 7), and molecular mass marker (8). Molecular weight (MW) is shown in kDa on the left.

(C) The co-immunoprecipitation assay. Total protein from 7-d-old seedling of Col-0 and 35S:SMO2-Flag plants is extracted for the co-immunoprecipitation and specific antibody against RID2 is used for detecting RID2 protein and commercial Flag antibody is for SMO2.